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Abstract: The continuous growth of additive manufacturing in worldwide industrial and research
fields is driven by its main feature which allows the customization of items according to the customers’
requirements and limitations. There is an expanding competitiveness in the product development
sector as well as applicative research that serves special-use domains. Besides the direct use of
additive manufacturing in the production of final products, 3D printing is a viable solution that
can help manufacturers and researchers produce their support tooling devices (such as molds and
dies) more efficiently, in terms of design complexity and flexibility, timeframe, costs, and material
consumption reduction as well as functionality and quality enhancements. The compatibility of the
features of 3D printing of molds with the requirements of low-volume production and individual-use
customized items development makes this class of techniques extremely attractive to a multitude
of areas. This review paper presents a synthesis of the use of 3D-printed polymeric molds in the
main applications where molds exhibit a major role, from industrially oriented ones (injection,
casting, thermoforming, vacuum forming, composite fabrication) to research or single-use oriented
ones (tissue engineering, biomedicine, soft lithography), with an emphasis on the benefits of using
3D-printed polymeric molds, compared to traditional tooling.

Keywords: additive manufacturing; 3D-printed molds; polymeric materials

1. Additive Manufacturing Introduction

Additive manufacturing (AM), commercially as known 3D printing, rapid prototyping,
solid freeform fabrication, rapid manufacturing, desktop manufacturing, direct digital
manufacturing, layered manufacturing, generative manufacturing, tool-less model making,
etc., originates in the principles of topography and photo sculpture that uses a layered
method to create 3D-shaped objects [1]. Additive manufacturing research studies were first
conducted in the 1960s; techniques based on it were first commercialized around the 1980s
by 3D Systems company [2], and since then, it is under constant growth and evolution. The
layer-by-layer principle creates the most powerful advantage of AM, which is the ability
to create almost any possible shape, while decreasing the time of product development,
making it a solution to build complex and exotic structures that are difficult to achieve with
conventional manufacturing strategies [2,3]. Besides the complexity of geometries, AM is
promising due to the rapid production time, low to zero waste, and reduced labor costs,
with high precision and accuracy [4,5].

Although the most popular term “3D printing” is often used to refer to additive man-
ufacturing, in fact there are several individual layers processing manufacturing, depending
on the materials, machining, and design used. Besides the technological process that devel-
ops with the aid of computer-assisted automated equipment, additive manufacturing has
an entire engineering process preceding it consisting of model construction [3] generally

1
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using a virtual model built in a CAD software [6] or an acquisition of a physical model
by a 3D scanner [7]. However, despite the complexity of the designing process, additive
manufacturing techniques still have multiple advantages in several technical situations
and applications in comparison to the multi-step conventional manufacturing methods [1],
as synthesized in Figure 1.
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Figure 1. Main advantages versus main disadvantages of additive manufacturing compared to
traditional manufacturing techniques.

It is important to mention that although AM is becoming more and more attractive
and utilized in an expanding range of fields, there are still some areas in which traditional
manufacturing exhibits major advantages compared to AM. Probably the most important
consideration to be analyzed when choosing between these two routes is the production
volume needed, which is a clear decisive factor, that consequently engages several other
factors like additional time, total costs, and process global efficiency. The balance of all
these factors in medium- to large-volume production is without a doubt ensured by the
traditional manufacturing features, as the continuous production of a large number of parts
will drastically diminish the cost per each part as well as amortize the initial high-cost
investments. More than that, series production does not require design flexibility or product
customization at any point after the production has started but rather requires a high
resistance of the obtained products; therefore, the design benefits of AM are canceled in this
situation. On the other hand, for low-volume production or customized products (such as
individual-use cases that are crucial in patient-related medical areas), the issues associated
with a large number of parts and less flexibility in the design become excrescent; therefore,
AM features become major advantages in these situations. Besides the major issues related
to time and costs, performance needs to be considered, in terms of materials and products’
properties. For AM, there is a smaller range of polymeric materials available, and most
of them are thermoplastics with medium-range mechanical and thermal performance
especially over repeated cycles of production and use, while the metallic alternatives
generally require expensive and high energetic consumption equipment. In terms of
product performance, when fine details together with complex functional design are
required, the increase in AM parameters demands greatly diminishes the time-reduction
advantages, with the risk of eventual fatal errors generating waste, and consequently,
additional and unforeseen costs as well as time delays [8].

For both additive and traditional manufacturing, the features that represent major
advantages in some application domains become major disadvantages in other domains
and vice versa. Therefore, although the innovative and rapid benefits of AM could create
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the belief that this technique could replace traditional manufacturing, in reality, these
classes of manufacturing techniques complement each other, so they cover all necessary
industrial fields and respond to the specific needs of a growing number of applications
and newly appearing situations, such as the COVID-19 crisis. Thus, an effective approach
would be to consider AM’s unique features as an opportunity to cover areas where tra-
ditional manufacturing stumbles, or extend the use of traditional production processes,
or combine AM with traditional techniques, where the product is manufactured using a
hybrid technique (overprinting, over-molding).

Considering the great influence that the application specificity has on the selection of
additive manufacturing as a production method, ASTM F42-Additive Manufacturing [9]
introduced a classification of the AM processes into seven categories, according to the field
that it is applied in, that are presented in Figure 2.
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Figure 2. Main industry domains in which additive manufacturing is used.

In close connection to the categories of AM identified, a classification of the main AM
methods is presented in Table 1.

Additive manufacturing usage is expanding continuously in the last decade; nowa-
days, these technologies are successfully implemented in a wide variety of industries
that use concept models, functional models, patterns for investment and vacuum cast-
ing, medical models, and models for engineering analysis [6]. Therefore, besides the
classification of AM techniques, the ASTM Committee F42 on Additive Manufacturing
Technologies that is in charge of developing standards for additive manufacturing in a
variety of industry-specific applications, settings, and conditions divided them by applica-
tions into 10 subsections: aviation, spaceflight, medical/biological, maritime, transport and
heavy machinery, electronics, construction, oil/gas, consumer, and energy [10].

Nowadays, additive manufacturing still generates concerns about the quality of pro-
duced objects, high process failure rate, and/or higher associated cost and time of the
production process as opposed to traditional manufacturing [8]. As Sztorch et al. [8] empha-
sized in their study concerning the production of personal protection products required in
the COVID-19 crisis, there are situations in which the functionality of the product becomes
a decisive factor and the product is required to enter the market in a short period of time
and to be produced in large quantities, as extraordinary situations from the COVID-19
pandemic proved. They compared the launch of traditional injection molding together
with FFF to produce face shields, considering unit costs and production possibilities at
various timeframes, responding to the emerging immediate need for the quick provision
of personal protective equipment for medical services. The comparison showed that FFF
printing needs to be optimized by increasing the process speed by 6–10 times concomi-
tantly with increasing reproducibility and part quality and mechanical strength caused
by interlayer defects that need to be reduced. Polyamide 6 helmets proved to be a viable
alternative for rapidly launching the production of products by mold injection, while for
3D printing to compete with this, using large groups of printers could be considered an
option, but 3D printing can cover the buffer period until traditional injection molding

3
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enters into production, which responds to the immediate and urgent crisis requirements by
some niche fields.

Table 1. Classification of the main AM methods [9,11–15].

AM Class Materials Used Principle Techniques Advantages Disadvantages

Vat
Photo

Polymerization

Polymers
(UV-curable

photopolymer resins)

A liquid photopolymer
in a vat is exposed to

light source to be
selectively cured into

solid form

Stereolithography
(SLA); Digital Light

Processing (DLP);
Continuous Liquid

Interface Production
(CLIP); Daylight
Polymer Printing

(DPP)

Rapid processing
High quality finish of

the part

High costs
Extracting the 3D

object from the mold
generates issues

Material
Jetting

Polymers
(PP, HDPE, PS,
PMMA), Waxes

Droplets of material are
selectively deposited
(jetted) on a substrate
to build a 3D object

Material Jetting (MJ);
Multi-jet Modeling

(MJM); Nanoparticles
Jetting (NPJ); Drop
on Demand (DOD)

Less to zero waste

Difficult to apply in
structural parts
Post-processing

required

Binder
Jetting

Polymers
(PA, ABS), Metals

(stainless steel),
Ceramics (Sand

Glass)

Liquid bonding agent
that acts as adhesive is
selectively deposited to

join materials in
powder form

Powder Bed and
Inkjet Head (PBIH);

Plaster-based 3D
Printing (PP)

Rapid processing
No melting

Lower mechanical
performance

Post-processing
required

Material
Extrusion

Polymers
(ABS, Polyamides,

PC, PEI, PLA)

Thermoplastic polymer
filament is extruded
through a nozzle to

build a 3D object

Fused Deposition
Modeling (FDM);
Fused Filament

Fabrication (FFF)

Lower costs
Good mechanical and
structural properties

High availability
materials

Lower precision—
many factors

influence final model
quality

Accuracy and speed
Nozzle requires

technical attention

Sheet
Lamination Paper, Sheet Metals

Layers of material are
joined together using

an adhesive and
printed one after the

other (layer by layer) to
build a 3D object

Laminated Object
Manufacturing

(LOM)

Low costs
Acceptable accuracy

Limited material
alternatives

Post-processing
required

Power
Bed Fusion (PBF)

Metals (Stainless
Steel, Aluminum,

Titanium), Polymers
(Polyamides)

Laser or electron beam
melts or sinters the

material in powder to
build a 3D object

Selective Laser
Sintering (SLS);
Selective Laser
Melting (SLM);
Electron Beam
Melting (EBM);
Multi-Jet Fusion

(MJF)

Suitable for
prototyping

Complex geometries

High costs
Difficult to apply in

structural parts
Size limitations

Powder-fed
Directed Energy

Deposition (DED)

Metals (Stainless
Steel, Aluminum,

Titanium, etc.),
Ceramics, Polymers

An electron beam, laser
or arc energy source is

directed toward a
substrate material

where it impinges with
wire or powder

feedstock material and
melts, depositing the

material on the
substrate and building
the part layer by layer

Wire Arc Additive
Manufacturing
(WAAM); Laser

Metal Deposition
(LMD); Laser

Engineered Net
Shaping (LENS);

Laser Solid Forming
(LSF); Directed Light
Fabrication (DLF); 3D

laser cladding

Suitable for
repair/coat existing

parts
Machine large parts

with high
mechanical
properties

Not suitable for small
parts

Lower detail
accuracy and simple

geometries

Where: PP—Polypropylene, HDPE—high density polyethylene, PS—polystyrene, PMMA—polymethyl methacry-
late, PA—polyamide, ABS—acrylonitrile butadiene styrene, PC—polycarbonate, PEI—polyetherimides, PLA—
polylactic acid.

Therefore, it becomes more and more clear that additive manufacturing and traditional
manufacturing techniques as well as associated tooling are indeed not competitors, but
rather complement each other in order to be able to respond successfully and efficiently to
all the emerging requirements, technological evolution tendencies as well as exceptional
situations, such as the ones generated by the pandemic years.
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2. Additive Manufacturing Technologies That Use Polymers

The rapid evolution of additive manufacturing techniques adapted for polymeric
composites development has evolved together with the circular economy growth and
need for sustainability progress. As additive manufacturing of polymeric products and
tools successfully supports the recycling and reusing of waste and/or used products to
reintegrate them in a process chain, it greatly contributes to the circular economy concepts
related to reducing raw-material consumption, waste, energetic consumption as well as
costs related to manufacturing [16].

Since the birth of additive manufacturing, a multitude of methods have been intro-
duced, customized, and personalized in several applications, from medicine, biomedicine,
and tissue engineering to architectural design, automotive, aeronautics, and aerospace [17].
For plastic-based 3D-shaped products or tools, most studies and companies use material
extrusion and vat photopolymerization, as they both allow the integration of reinforcing
fibers into the polymer, and thus develop 3D-printed polymeric composites [3]. Material
extrusion uses Fused Deposition Modeling and/or Fused Filament Fabrication techniques.
The FDM additive manufacturing method was patented by Stratasys company in 1989 [18];
the term was trademarked in 1991 [19]. The term “Fused Filament Fabrication” began to be
used when referring to other devices than that patented by Stratasys which used the same
principles, in order to avoid litigation for copying their “FDM” trademark. Technically,
both terms describe the same principle.

The three most used 3D printing techniques of plastic materials are fused deposition
modeling, stereolithography, and selective laser sintering [20]. FFF/FDM and SLS use
thermoplastics, while SLA uses thermosets; each of the techniques is presented below.

2.1. Fused Deposition Modeling

Fused filament fabrication is one of the most common techniques for polymer-based
AM being widely used for printing components (from prototypes to functional end-use
parts) manufactured from thermoplastic polymers. As described in Table 1, fused deposi-
tion modeling uses thermoplastic filaments as extrusion materials. As Figure 3 illustrates,
the filament is subjected to heating until it reaches a molten state and extruded via the
rollers rotating in opposite directions, through the nozzle of the printer, which moves
in three degrees of freedom and deposits the polymer on a platform, building the part
layer by layer according to the instructions and coordinates given through the design
software-generated file [21].
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In general, the consumer-level FFF/FDM technique ensures lower resolution and
accuracy compared to other 3D printing processes using plastics, these two features being
greatly influenced by the thermoplastic filament properties and the parts generally needing
surface post-processing (i.e., chemical or mechanical polishing). Also, during the deposition
of the layers, the formation of voids between them is a common problem which imprints
a high closed porosity to the parts, influencing their capacity to bear mechanical loads.
Therefore, this technique using consumer-level equipment is generally not suitable for
complex designs or highly detailed parts, but it is a very attractive alternative for hobbies,
DIY (Do-it-Yourself), and basic laboratory research studies helping students, researchers,
engineers, and technicians. When using this technique on an industrial level, the available
equipment provides some solutions to the drawbacks, and a larger variety of thermoplastics
and even composites, but the price is commensurate with all the extra features [20,21].

The mechanical properties of components that are produced by FFF depend on the
printing parameters, which are optimized to maximize the part quality, the microstructure,
and the overall printing process economy [22,23]. FFF/FDM is currently confidently used
in space hardware manufacturing applications for launch vehicles and spacecrafts [23].
FFF/FDM use a wide range of thermoplastics, from engineering nylons, ABS, and PLA to
polyphenylene sulfide (PPS), polyetherimides reinforced with different fillers or blended
with polycarbonate (known as ULTEM 9085 [24]), glycol-added polyethylene terephthalate
(PET-G), thermoplastic polyurethanes (TPU), and high-tech thermoplastic consisting of
polyetheretherketone (PEEK) and polyetherketoneketone (PEKK) [25]. The different classes
of materials available to be 3D printed via FDM each possess specific advantages by their
unique properties including transparency, biocompatibility, FST (flame–smoke–toxicity)
certification, chemical resistance, heat resistance and strength, durability, etc., facilitating
the material selection according to the target application [25].

Table 2 presents a summary of some of the most widely used polymers for 3D printing
via FDM processing, showing their advantages and disadvantages when used in AM,
together with their major fields of application.

Table 2. Main polymers used in FFF/FDM 3D printing—advantages, disadvantages, applications
[20,26–37].

FFF Thermoplastics Advantages Disadvantages Applications

PLA Biodegradable, easy to print,
cost-effective

Low strength, low
durability, brittle

Consumer goods, toys, DYI,
packaging, biomedical

ABS
More durable than PLA,
impact-, heat-, chemical-,
abrasion-resistant

More challenging to print,
prone to warping

Consumer goods, tools,
automotive, electrical enclosures

Polyamides Durable, high strength, flexible Water uptake, delamination,
and poor adhesion when filled

Prosthetics, tools, encapsulations,
working prototypes,
mechanical components

PET-G Versatile, flexible, mechanical
strength, easy to print

Prone to dampness,
easily scratched

Packaging, mechanical parts,
printer parts,
protective components

TPU Rubber-like, flexible, durable Challenging to print Seals, gaskets, automotive,
medical supplies

HIPS Strength, flexible
Only compatible with ABS,
easy to recycle, good
support material

Protective packaging, containers

PVA Biodegradable, cost-effective Moisture uptake Support in overhanging parts,
sacrificial molds

PPS Mechanical strength, thermally
stable, chemically resistant

Low Tg, brittleness, low
impact strength, prone to
warping without fillers

Mechanical parts
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Table 2. Cont.

FFF Thermoplastics Advantages Disadvantages Applications

PEI High Tg, flame retardant,
mechanical strength

Expensive, susceptible
to cracking Automotive, aircraft parts

PEI/PC
High Tg, thermally stable,
mechanical strength,
chemically resistant

Water uptake Transport, automotive,
space applications

Carbon, glass, aramid
fibers composites Rigid, strong, tough

Compatibility limited to
expensive industrial FDM
3D printers

Functional prototypes, jigs,
fixtures, tooling

Where: HIPS—high-impact polystyrene, PVA—polyvinyl alcohol.

Besides the basic thermoplastic solutions for printing 3D parts, innovations in technol-
ogy and materials have expanded their unique properties and usage by adding different
compounds into the polymer and strongly enhancing the final products’ performance and
capacities [18]. There are applications that use FDM-printed parts from filaments infused
with metallic, glass or ceramic compounds, in which the polymers are melted away by
debinding and sintering to produce robust materials for electronics [18].

Amongst the tailored polymers for 3D printing are ULTEM materials, developed by
Stratasys, ULTEM 9085 [24] being widely used for space applications as it offers high
thermal stability, flame-retardant performance, chemical resistance, and high specific
strength [38]. Tailoring of ULTEM properties for the improvement of its performance
is presented in several research papers; most of them focus on improving its mechan-
ical properties by the modification of printing parameters (i.e., layer thickness, raster
angle and width, chamber temperature, print orientation, etc.) as well as the limitation
of water uptake [39–41], the strength variation range being between 45–85% compared to
injected parts.

It is clear that polymers can be successfully processed via AM methods, using them
in a multitude of forms and compositions, from single polymer and polymeric blends,
micro and nano composites, to short and long fiber-reinforced polymer composites, the
used technique depending on the chosen compounds’ processability features and target
application. In the past decade, notable progress has been made in the field of 3D printing
polymeric composites reinforced by fibers; considering the unique properties of polymers
combined with the enhancements ensured by fiber-reinforcing agents, the immense benefits
provided to the additive manufacturing sectors are of great value [42]. In the present,
Stratasys manufactures FDM filaments composed of Nylon 12 and carbon fibers to produce
parts as strong as aluminum, allowing the replacement of metal in different applications,
exhibiting the highest flexural strength of any FDM thermoplastic, which leads to the
highest stiffness-to-weight ratio [43]. However, for the development of molds, mechanical
stresses are only some of the factors that influence their viability in different applications;
therefore, strengthening with the aid of fibers is still limited to specific uses.

2.2. Stereolithography

Stereolithography was the first 3D printing technology and it remained until nowadays
one of the most widely used for professional applications, due to the highest resolution
and accuracy, high level of details, and high-quality surface finish that requires no further
processing. Due to the high precision of the technology and chemical bonding formation
between layers, the resulting parts are isotropic, and their mechanical performance is
not influenced by process parameter variation. Given all these factors, the technique is
optimum for highly detailed prototypes, such as molds, functional parts, patterns, jigs and
fixtures, jewelry, dental implants, and end-use parts [20].
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SLA belongs to the VAT polymerization class of AM techniques. According to Figure 4,
a liquid, photosensitive thermoset resin is poured into a vat (tank) and interacts with a UV
light for selective polymerization, the UV light curing the resin layer by layer until the final
part is obtained. In SLA, layer thickness (or height) is generally approximately 50 µm but it
can reach 10 µm, when extremely high quality is required, and time allows it.
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Besides all these advantages, the SLA technique uses a wide and versatile resin formu-
lation, covering several properties of tailoring (optical, mechanical, thermal, biocompatible).
The materials’ availability and properties are strongly dependent on the manufacturer and
associated printer equipment.

The most important advantages of all SLA resins are high stiffness, highly smoothness
of surface, and fine and high-level details, while the most important disadvantages are
their low elongation at break that leads to brittle fracture, susceptibility to creep and UV
radiation that affects their properties over time in outdoor applications [44]. Available
SLA resins exhibit properties similar to some thermoplastics (i.e., ABS, PC, PP, etc.), being
heat resistant by their high heat deflection temperatures (HDT), hard, flexible, impact-
resistant, biocompatible or transparent, depending on their type [45]. Table 3 presents some
of the main types of SLA resins, generally available at most manufacturers in different
registered tradenames. The most commonly commercial SLA resins are manufactured by
Formlabs, Protolabs, 3DLite, etc., each offering its own customized range of products for
this application. Amongst them, Formlabs offers the most comprehensive resin library with
over 40 SLA 3D printing material alternatives. In addition, the of the main types presented,
Formlabs offers additional SLA resin alternatives such as flame-resistant resins (designed
for indoor and industrial environments with high temperatures or ignition sources, like
interior parts in aircrafts, cars, trains, protective and internal consumer/medical electronics
components), Silicone 40A resins (first accessible 100% silicone 3D printing material with
superior properties of cast silicone suitable for small batches of silicone parts, customized
medical devices, flexible fixtures, masking tools, soft molds for casting urethane or resin),
draft resins (up to 4 times faster than standard resins and 10 times faster than FDM),
polyurethane resin (excellent long-term durability, stability to UV, temperature, humidity,
flame retardancy, chemical and abrasion resistance, sterilizability), resins for medical and
dental parts (biocompatible resins for producing medical and dental appliances), and
jewelry (for easy investment casting and vulcanized rubber molding, with intricate details
and strong shape retention) [20].
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Table 3. Main polymers used in SLA 3D printing—advantages, disadvantages, applications [20,44,45].

SLA Resins Advantages Disadvantages Applications

Standard High tensile strength, high
resolution, smooth surface finish

Very brittle (low elongation
at break)

Visual prototypes, art models,
concept models, looks-like
prototypes

Tough (ABS-like)

High stiffness, excellent resistance
to cyclic loads, compromise
between properties of durable
and standard resin

Not for parts with thin walls
(minimum 1 mm), low HDT,
brittle (low elongation
at break)

Functional prototypes,
mechanical assemblies, rigid
parts that require high stiffness,
housings and enclosures, jigs
and fixtures, connectors,
wear-and-tear prototypes

Durable (PP-like)
Highest impact strength and
elongation at break,
wear-resistant, flexible

Not for parts with thin walls
(minimum 1 mm), low HDT,
low tensile strength (lower
than tough resin)

Prototyping parts with moving
elements and snap-fits,
consumer products, and
low-friction and low-wear
mechanical parts, housings and
enclosures, jigs and fixtures,
connectors, wear-and-tear
prototypes

Heat-resistant HDT between 200–300 ◦C,
smooth surface finish

Poor impact strength, brittle,
not for parts with thin walls
(minimum 1 mm),
temperature resistance
increase decreases
elongation

Heat-resistant fixtures, mold
prototypes, hot air, gas and fluid
flow equipment, and casting
and thermoforming tooling,
heat-resistant mounts, housings,
and fixtures, molds and inserts

Ceramic-filled

Very stiff and rigid (high modulus
and low creep), very smooth
surface finish, good thermal
stability and heat resistance)

More brittle than the tough
and durable resins, brittle
(low elongation at break),
low impact strength

Molds and tooling, jigs,
manifolds, fixtures, electrical
application housings, and
automotive parts

Flexible and elastic resin
(rubber, TPU, silicone-like)

High flexibility (high elongation
at break), low hardness (simulates
an 80A durometer rubber), high
impact resistance, flexibility of
rubber, TPU, or silicone, bending,
flexing, and compression
resistance, repeated cycles
without tearing

Lack the properties of true
rubber, require extensive
support structures, UV
radiation sensibility, not for
parts with thin walls
(minimum 1 mm)

Objects that will be bent or
compressed, wearables
prototyping, multi-material
assemblies, handles, grips, and
overmolding, consumer goods
prototyping, compliant features
for robotics, medical devices,
and anatomical models, special
effects props and models

Clear resin

Polishes to near optical
transparency, moisture-resistant,
durable, large format
available, stiff

Requires secondary
operations for functional
part clarity

Parts requiring optical
transparency, millifluidics

SLA is known for creating high-resolution parts with good surface finish, but tensile
strength can sometimes be affected; therefore, the careful choice of the material used is an
important parameter for this technique as well [45].

2.3. Selective Laser Sintering

The SLS 3D printing technique belongs to the powder bed fusion AM class, which is
generally applied for metals but can be applied for polyamides and a few other thermo-
plastics within the polymeric materials class. Its ability to produce strong functional parts
at a high productivity rate generating low costs per part makes this technique trusted in a
wide range of industries for applications such as rapid prototyping, manufacturing aids,
low volume or custom production [20].

SLS 3D printing uses a high-power laser to sinter small particles of polymer powder
into a solid structure based on a 3D model, as illustrated in Figure 5. The printing process
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develops over three main stages: (1) preheating—during which the powder bed is heated
to a predefined temperature (bed temperature just below the softening temperature of
the polymer that is used to minimize the laser energy and eliminate any distortion of the
piece during cooling), held constant throughout the part-building process; (2) building
phase—core phase of the fabrication process involving several operations (the lowering of
the platform to receive the powder particles dragged by the roller or by the spreading blade,
laser beam melting of the layer of particles along a computerized trajectory, gradually
cooling down to the bed temperature for solidification); (3) cooling phase—during which
the heat source is switched off and the powder bed cools, gradually cooling until it reaches
the extraction temperature of the piece [46]. The unfused powder supports the printed part
during the process, so it eliminates the need for dedicated support.
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SLS is an optimum choice for the printing of complex geometries, generating isotropic
structures, and although surface finish is rather rough, post-processing is easy. As men-
tioned, compared to FFF/FDM and SLA, the available materials for SLS are very limited
(mainly polyamides, sometimes PP, flexible TPU, TPE, and more recently, PEEK and PEKK),
but the small class exhibits excellent mechanical performance, similar to injected parts [47],
as presented in Table 4.

SLS is one of the 3D printing techniques that generates parts with one of the most
isotropic compositions, and together with the use of high strength plastics, results in
high-performance products.

Comparing the three 3D printing processes that use polymers, each of them can be a
choice for different applications and requirements, as each of them has its own advantages
as well as disadvantages. FF/FDM offers low-cost consumer equipment alternatives and
uses widely available materials, SLA offers high accuracy, precision, and a smooth surface
finish using a large variety of functional materials, while SLS ensures strong functional
parts, without support structures during printing, and freedom of design. On the other
hand, each of the three techniques exhibit drawbacks that could make them unsuitable for
some applications. FDM only provides low accuracy and detail level with limited design
when consumer equipment is used, with professional equipment mitigating some of the
drawbacks but coming at a high cost. Parts that can be printed with SLA materials are
often sensitive to long-term exposure to UV light, making them generally inaccessible for
outdoor applications. SLS can be used with a limited range of materials and hardware
equipment costs are higher. The selection between the three technologies needs to take
into consideration all these aspects in the context of the cost investments, sustainability,
application requirements, and available materials and equipment.
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Table 4. Main polymers used in SLS 3D printing—advantages, disadvantages, applications [20,47–49].

SLS Resins Advantages Disadvantages Applications

PA12

Strong, stiff, durable,
impact-resistant and can
endure repeated wear and
tear; Resistant to UV, light,
heat, moisture, solvents,
temperature, and water

High porosity and low
molecular weight deteriorate
its mechanical properties,
especially ductility
and toughness

Functional and high-performance
prototyping, end-use parts, medical
devices, permanent jigs, fixtures,
and tooling

PA11
Similar to PA12, but higher
elasticity, elongation at break,
and impact resistance

Lower stiffness than PA12

Functional prototyping, structural
end-use parts, jigs, and fixtures,
snaps, clips, and hinges, orthotics
and prosthetics

Glass-filled PA12 Enhanced stiffness and
thermal stability

More brittle, reduced impact
resistance and flexibility

Robust jigs, fixtures, replacement
parts, parts subjected to sustained
loadings and high temperature,
threads, and sockets

Carbon fiber-filled PA11 Highly stable, lightweight,
high-performance material

More brittle, reduced impact
resistance

Replacement for metal parts,
tooling, jigs, fixtures, high-impact
equipment, functional
composite prototypes

Mineral-filled PA
Enhanced thermal properties,
dimensional stability, rigidity,
high HDT

Reduced impact resistance
and flexibility, rougher surface
than unfilled PA

Parts to withstand high
temperatures or mechanical loads

Aluminum-filled PA Dense, thermal, and
conductive properties

Reduced impact resistance
and flexibility

Parts with a metallic appearance,
mechanical parts that do not
experience high stress

Polypropylene Ductile, durable, chemically
resistant, watertight, weldable

Not as strong or rigid as other
3D-printed materials

Functional prototyping, end-use
parts, watertight housings, cases,
packaging prototypes, medical
devices (orthotics and prosthetics),
automotive interior components,
strong and chemically resistant
fixtures, tools, jigs

TPU

Flexible, elastic, rubbery,
resilient to deformation, high
UV stability, great shock
absorption

Limited heat resistance,
moisture sensitivity

Functional prototyping, flexible,
rubber-like end-use parts,
wearables and soft-touch elements,
padding, dampers, cushions,
grippers, gaskets, seals, masks,
belts, plugs, tubes, medical devices
(soles, splints, orthotics, prosthetics)

TPE
Elasticity, resistance to
abrasion and good UV and
ozone resistance

Temperature-sensitive, prone
to shrinking

Seals, gaskets, plugs, grips, handles,
over-molds, tubes, masks,
and gloves

PEEK, PEKK

Excellent mechanical strength,
stiffness, chemical resistance,
wear resistance, thermal
resistance

Low resistance to UV light,
low flexibility, expensive

Components subject to friction or
wear, surgical tools and implant,
applications that require superior
thermal resistance

3. Technologies That Use Molds

Molds represents one of the most used tools in the manufacturing industry with appli-
cations in several fields, from consumer goods to sports, medical, transport, and security.
In the high competitiveness encountered in the mold and tooling industry nowadays, the
time needed for a product to reach the market (time-to-market) represents an important
factor to be considered by the companies, along with the quality of both the product and
the mold, when building their tooling for development of products.
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In today’s competitive mold industry, a product’s time-to-market plays an important
role in the success of a company producing quality molds [50,51].

The molds and dies industry is the root of the manufacturing world, as they represent
key elements in mass production. Molds find extended use in a wide range of technological
processes, especially related to plastics (casting, injection, extrusion, compression, blow,
rotational molding, resin transfer, etc.). Dies are mostly associated with metals, being
implicated in technological processes like stamping, forming, metal injection, etc.

However, although tools are crucial for worldwide industrial fields, the molds industry
faces some challenges as digital tooling expands. First, it is a capital-intensive industry
in which the manufacturing costs are consistently increasing but the price of mold and
die increase does not occur at the same rate, thus threatening the survival of competitors,
automated shops, and factories which imply a decrease in human personnel and a lack of
trained personnel to operate the machines [52]. Last but not least, the materials used for
most of the industrial molds are expensive metallic ones, which require long timeframes and
expensive manufacturing as well as secondary preparation stages; these factors represent
unbalanced investment when low-volume production is needed or in application where
the manufactured parts need constant tailoring and customization.

Therefore, considering all these aspects in the global economic and technological
circumstances, it becomes urgent to direct the mold industry towards optimizing costs,
improved efficiency, and advanced forecasting. There are a series of promoters that can
significantly contribute to the aligning and allowing of the growth of the mold industry in
the current economical/technological worldwide trend, some of them being 3D printing
for prototyping, 5-Axis CNC precision machining, rapid tooling systems, and advanced
CAM/CAD tools [52].

The main technologies that use molds as a main tooling method are injection mold-
ing, melt compounding, vacuum bagging liquid injection molding, casting, thermoform-
ing, and composite fabrication, as well as different specific applications such as dedi-
cated/customized biomedical devices.

These molding processes imply the use of different mold components, depending on
the part targeted to be manufactured as well as the polymer type used. Thermoplastics
can be molded by melting followed by cooling, while thermoset can be molded into
different shapes by pouring/laying-up of resins in a liquid state and curing (at room or
high temperatures). Some of the most important molding processes are listed below [53]:

• Casting—it is the simplest molding process, as it requires simple tooling and low costs,
and can be performed at low pressures. The thermoplastic is heated until it reaches
a molten state, poured into the mold, and allowed to cool before extraction from the
mold. Although it allows the production of complex shapes, it can be used for parts
with a thickness higher than 12–13 mm.

• Injection molding—it is one of the most extensively used techniques for molding
plastics or metals as it allows the production of three-dimensional parts which can
be easily reproduced. The material brought in liquid form is inserted/injected at a
high pressure into a closed, cooled mold, filling it and taking its shape. The molded
material is extracted after complete cooling and solidification. It is a process suitable
for large quantity production (i.e., more than 30,000 parts per year). Despite the use of
expensive tooling (i.e., expensive metallic molds), the large volume production ensures
its cost-effectiveness; however, recent trends promote its use for smaller production
volumes with the tooling adaption.

• Extrusion molding—it is similar to injection molding, but with the difference that the
molten material is inserted/injected through a die and the obtained structure is linear
and rod-like (not necessarily cylindrical). After cooling, the rod structure can be cut at
different lengths depending on necessities.

• Compression molding—it is the most complicated molding process, in terms of labor,
being used only for large-scale production (such as a higher number of small parts
in boats, the automotive industry, etc.), and not for mass production. The liquid
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molten material is poured into a lower mold and compressed with an upper mold into
the desired shape and extracted after complete cooling and solidification. The high
temperatures used ensure material strength.

• Blow molding—it is a process mainly used for pipes and milk bottle production,
allowing the production of up to 1400 parts in a 12 h shift, with uniform wall thickness
achievement. Although it uses the standard concept, it requires several different mold
parts. The plastic in a melted state is injected into a cold mold, concomitant with air
blowing into an attached tube, pressing the plastic against the walls of the mold so
that it takes the shape of the mold. After complete cooling, the part is extracted.

• Rotational molding—it is an environmentally compatible process, as raw material
does not go to waste. The process involves high-speed rotating using two mechanical
arms, the mold that contains the hot liquid material, which uniformly coats the mold
surface, and the final part has a uniform wall thickness and hollow shape. It is widely
used for toys, tanks, and different other consumer goods.

The minimal requirements of 3D-printed molds come from the requirements imposed
by the molding technology used together with the molded material properties. The most
important requirements that a 3D-printed material has to respond to so that it can be used
as mold tooling are referred to in [54]:

• Suitable mechanical properties, especially in terms of high stiffness—for example,
injection molds must exhibit suitable mechanical performance to withstand the high
pressure used during injection while maintaining a good dimensional stability (no
deformation) and accuracy over multiple-use cycles.

• Suitable thermo-mechanical properties, in terms of resistance to high temperatures
without showing deformation, meaning that the polymer used needs to exhibit a high
value of heat deflection temperature in order to ensure a precise control of the process
and the required dimensional stability.

• Dimensional accuracy is crucial for the production of parts with a high level of details.

Considering the limitations that polymers have by their own physico-chemical nature
in the context of the materials requirements for molds and molded parts, using 3D-printed
molds, especially for the injection molding technologies, narrows down their beneficial use
to some technological situations such as referenced in [54]:

• When fast turnaround times are needed (1–2 weeks for 3D-printed molds as opposed
to 5–7 weeks for traditional ones);

• Low-volume production (applications where a maximum number of 50–100 parts
are needed);

• Small-size parts are to be produced (up to a maximum of 150 mm);
• Applications where design changes or iterations are foreseen.

The two 3D printing processes that can produce parts with high accuracy and smooth
surfaces without requiring complex post-processing are material jetting and SLA. Materials
jetting is used exclusively on an industrial scale, while SLA is available on both an industrial
and a consumer level, although the materials and capabilities cannot be considered for
high-end production [54].

Considering that in molding processes, the final part quality is greatly influenced by
the mold features, there are a number of factors to be taken into consideration in terms of
design to obtain the desired product quality via the desired process efficiency [55]:

• Selection of optimum material—the used materials need to withstand the parameters
required to be implemented during the molding process (i.e., temperature, pressure)
without melting, warping or deforming.

• Design considerations—the design of the mold needs to be optimized to build molds
for any molding processes, especially injection molding, as design items (i.e., number
of walls, wall thickness, draft angles, infill patterns, etc.) generate significant modifica-
tions to the quality and durability of the mold and consequently to the quality of the
part and cost investments in the technology for the product.
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• Testing trials and validation stages—as with any product or other processes, molds
printed via 3D need to be tested in terms of resistance to the conditions required by the
parameters used (thermal resistance, mechanical resistance and dimensional stability
at the processing temperatures, pressures generating mechanical loads and during a
required number of cycles), in order to establish the molds’ limitations and perform
adjustments if needed, before production starts.

• Production volume considerations—especially for injection molding that generally is
suitable for thousands of cycles, 3D-printed molds cannot surpass traditional metallic
tooling and can only be used when low-volume production (50–100) is possible due to
the modification of their properties after a number of cycles; therefore, they can only
be used in rapid prototyping, low-volume production, and other molding techniques
that require single use or constant tailoring of the design.

• Size and shape of the molds—the selection of the mold type needs to take into consid-
eration that it has to handle the size of the part to be manufactured, as generally mold
machines by CNC are larger, and molds produced by 3D printing exhibit some size
limitations compared to them.

• Surface finish—considering the high degree of surface finish offered by metallic molds
(aluminum or steel), 3D-printed molds tend to exhibit generally rougher surfaces,
decreasing the surface finish quality, without taking into consideration the degradation
scenarios during injection molding, for example, rendering them the less suitable
candidate in some applications.

• Draft angle—this factor needs to be considered especially for injection molding and
composite fabrication, as its correct selection can contribute significantly to the facile
extraction/demolding of the part at the end of the process.

As 3D printing technologies are in constant development and improving dynamics,
the use of tooling produced by additive manufacturing techniques continues to expand.
However, although AM appears to be replacing traditional tooling manufacturing, in
reality, these two classes of techniques are partners rather than competitors at the risk of
eliminating one another. Traditional manufacturing exhibits some clear benefits that could
not be ensured (at least in the near future) by the AM alternatives, such as the fact that it
allows high-volume production with lines that can run for 24 h daily, reduces cost-per-unit
due to amortization of upfront tooling costs, and provides strong part consistency due to the
possibility of repeating the same manufacturing cycles without deviation from the original
design intended [56]. The major drawbacks of traditional manufacturing represented by
the high waste of materials, inflexibility of the original design tailoring, and high costs for
production quantity below a large volume (medium to low to single-use) are actually the
major benefits of AM in their reversed form. Therefore, additive manufacturing emerges as
a solution for the fields where the major drawbacks of traditional manufacturing generate
a high level of impediments and disadvantages.

4. Applications That Use 3D-Printed Polymeric Molds

As already mentioned, there are sectors and applications in which traditional manufac-
turing techniques and their additional tooling cause significant technological and economic
issues. Therefore, the use of AM tooling can optimize the supply chain and productivity by
allowing the advanced and rapid customization of products, with improved functionality
and weight implying reduced lead times and costs. AM tooling manufactured with poly-
meric materials is particularly useful in the low-volume production of high-complexity
parts, where reiteration of design is a major requirement allowing the functionality im-
provement of the final product, and in the cases where weight reduction and fast lead times
of the tooling are an advantage [57].

4.1. 3D Printing of Molds for Injection Techniques

Injection molding is one of the most established and important processes for mass
production of objects and products from thermoplastics, usually without the need for
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additional finishing [58], being the second technology in plastic industry production, after
extrusion technologies [59]. Injection molding is a mass production process as it allows the
manufacturing of a large series of the same product with high quality [60,61].

One of the most important drawbacks of injection molding manufacturing is the high
costs and extended lead time for designing and procuring the molds [62]. Industrially,
the most commonly used materials for molds manufacturing are steels and aluminum,
considering their machinability, variety in composition and properties, heat treatment
possibility, higher thermal conductivity, and the ability to be coated for improved surface
finish and good polishing ability [63,64]. Molds that are manufactured for high-volume
production (up to millions of parts) require extreme durability and hardness/toughness
and have to maintain their dimensional stability and special properties for thousands
of thermal cycles [65]; therefore, steel alloys are the chosen material solution. However,
although these harder materials exhibit all the positive properties, their requirement for
special tooling imposed by the higher effort needed to mill them leads to a significant cost
increase [66]. Therefore, for lower volume production, the higher costs exhibited by steel
alloys machining into molds (generally achieved via CNC or electrical discharge machining
techniques [62]) would increase the technology expenses beyond economic effectiveness.
Additive manufacturing can bring important optimization advantages when combined
with formative manufacturing such as injection molding, due to the advances in machines’
design and materials [67]. Combining 3D printing for mold tooling seems to ensure a more
cost-effective route compared to traditional metallic molds. Recently, plastics companies
have shown an interest in using AM to manufacture molds for injection molding which can
be used to produce end components in low-volume production; however, until now, there
is no clear indication whether these parts are brought to market as independent products
or components of a product, nor is there any indication of the cycle life of a mold produced
using AM [68]. Rapid tooling is a term that describes the use of AM to achieve molds
ensuring shorter lead times compared to conventional techniques [69]. Three-dimensional
printing is a powerful solution for fabricating injection molds rapidly, with high flexibility
and involving low costs, as it requires limited equipment, saving valuable CNC time and
skilled operators for other high-value tasks. Molds manufactured via AM techniques can
be obtained from industrial machines as well as from small-size laboratory equipment
allowing design testing and iteration at a lower scale before investing in expensive tooling
for mass production [62]; this diminishes raw material consumption during trials and
non-profitable investment risks.

When choosing between 3D-printed and traditional tooling for injection molding
processes, the volume of production is a crucial factor to be taken into consideration, as the
features of AM can pass from advantages to disadvantages when large-volume production
is used. Therefore, the additive manufacturing features of fast launching of the concept,
high versatility and flexibility towards corrections required at almost any point during
production, achieving high complexity geometries without significant increase in costs, and
time and cost-effectiveness [64] represent major advantages when they are used as tooling
methods instead of traditional ones, in low-volume, single-use or highly customizable
case production.

Stratasys [70] summarizes a comparison between different methods to produce proto-
types via injection molding, in terms of the number of parts, materials, average mold cost
and average cost/past, which is presented in Table 5. However, Stratasys [70] mentions
the important observation that with the use of FDM methods, the mechanical properties
of the developed thermoplastic prototypes are not comparable with the ones obtained
via traditional injection molding, as both processes and injected materials are different.
Also, besides this, when producing a medium to a large volume of parts, although the
time, cost, and post-processing required to produce the injection mold are significant, the
long operation lifetime and large number of parts able to be manufactured compensate the
investment to such an extent that it fully amortizes.
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Table 5. Methods of producing polymer prototypes using different tooling methods [70–72].

Prototype
Production

Methods

Mold
Durability

Average Mold
Cost

Average
Cost/Part

Production
Average Cost Lead Time Design

Flexibility

FDM direct
3D printing N/A N/A Low to high Low to high Short to

medium High

Conventional
Molds and Tooling

High
(>10,000 parts)

High
(2000 USD) Low High Long Low

3D-Printed
Polymer Molds

and Tooling

Low
(1–10 parts)

Low
(50–80 USD) Low to medium Low Short High

3D-Printed Metal
Molds and Tooling

High
(>10,000 parts) High Medium to high Low to High Short to long Low

Considering all these aspects, polymeric materials are the most appropriate candidates
for low-volume production of molds via additive manufacturing. Special care needs to be
given to the properties of the polymer used for the mold versus the polymer to be injected
into the mold, as the choice for the mold needs to present melting temperature above
the one exhibited by the polymer used for injection. In this sense, there are companies
that developed molds via 3D printing, as well as research studies investigating these
technical alternatives. The company Formlabs manufactures polymeric molds via 3D
printing stereolithography using their customized photo-curable resins, suitable to replace
aluminum molds in injection molding applications for low-volume manufacturing, with
cost reductions that could reach 80–90% and time reduction by 90% [73]. Depending on
the necessities, Formlabs provides a large range of resins, each of them having one or
more advantages such as high molding temperature and pressure properties/increased
number of operation cycles/wall thickness/reduced costs [73]. However, their available
classes of resins exhibit heat deflection temperature values up to a maximum of 238 ◦C [73],
limiting their use with the injected materials to polymers with thermal resistance below
this temperature, such as commodity thermoplastics (i.e., PLA, PE, PP, PS). Formlabs
often applies encapsulation of the plastic molds into aluminum frames for better pressure
withstanding and preventing warping and deformation after several thermal cycles [64].
Figure 6 illustrates the major steps in the workflow of the injection molding process when
using 3D-printed molds.
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Stratasys also manufactures molds from their customized ABS photo-curable resin, but
using the PolyJet technique, in which the resin is jetted and UV-cured [74], provided with
additional cooling systems to maintain the temperature below 58 ◦C when injecting ABS.
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Using Stratasys printers, the Canadian Javelin company provided 3D-printed ABS molds
for injection applications, attesting that their products ensure a 50–70% cost reduction
compared to aluminum tools, while maintaining the same advantages offered by the metal
molds [75]. Meanwhile, Protolabs compared three manufacturing routes of a custom plastic
fitting for a motor housing: injection molding ABS parts with SLA 3D-printed molds,
industrial FDM ABS 3D printing, and traditional injection-molded ABS part [72], with their
summary recording that the first method reduced the lead time by four times and the costs
by almost 24 times compared to the traditional one. Their study concluded that 3D printing
the injection molds is the most cost-effective way for low-run injection molding and that
material jetting and SLA are the most suited technologies for 3D printing injection molds,
while the lifetime of molds can be improved by using some technical issues (i.e., using
wide draft angles, release compounds, keeping the part volume below 165 cm3) [72]. They
attested that depending on the material injected, 3D-printed molds could be used for cycles
between 30–100 runs [72].

Dizon et al. [67] investigated the possibility of using different 3D printing methods and
materials to manufacture polymeric molds for injection molding applications, starting from
Formlabs and Stratasys materials and techniques. Injection molds having a chosen geome-
try (in their case, a cube) were printed via three different techniques: stereolithography—
using the Formlabs printer and resin, PolyJet—using the Stratasys printer and materials,
and Fused Filament Fabrication—using the Intamsys printer and Evonik PEEK material.
For the molds manufactured by SLA and PolyJet made of photoreactive methacrylate-based
resin and ABS-based material, respectively, excellent finishes were acquired, but for the
ones manufactured via FFF from PEEK, the structure delaminated after the process. Good
dimensional accuracy of injected parts manufactured from PLA material was achieved
using molds manufactured by SLA and PolyJet printing.

As with the 3D printing market, stakeholders are facing more and more competition;
several companies and research laboratories have extended their applications to 3D-printed
molds for prototype part production, shortening research and development activities
time to 35% and reducing costs up to 90% [64]. In addition to this, applicative research
has attested that using 3D-printed molds allows an incomparable flexibility in terms of
geometry and design.

Chung et al. [76] have conceived a method for rapid and low-cost production of liquid
elastomer injection-molded devices that utilizes fused deposition modeling 3D printers for
mold design, enabling rapid prototyping of elastomer devices with complex geometries
and requirements, which is a hallmark of fields such as production of medical devices. The
authors created the mold from ABS material via fused modeling deposition, taking into
consideration surface smoothing for fine-tuning the mold by oversizing the mold (adding
extra material) and sanding to desired dimensions or treating ABS with acetone for gradual
dissolution. The low costs and reduced production time allow for several iterations of the
design that allow corrections or modifications according to the device geometry. However,
when using ABS material for molds, the low heat deflection temperature (90–100 ◦C) needs
to be taken into consideration as it lowers the operating temperature down to 70 ◦C, limiting
the range of polymers that can be injected. If higher curing temperatures are needed, other
FDM/FFF suitable materials can be taken into consideration, such as polycarbonate. An
ABS mold lasts around 20 uses before the ABS plastic wears out, cracks, or suffers damage
due to compressional stresses and heating cycles [76], and generally FDM/FFF-printed
molds can be used in direct rapid tooling for the limited number of shots in injection
molding [64].

In 2018, Altaf et al. [77] conducted a study during which parts made by ABS and nylon
mold inserts printed by the FDM technique showed a good performance, comparable to the
machine metal mold, for a small number of metal injection molding cycles, concluding that
enhanced polymer mold inserts could be a feasible choice in this process for low-volume
part production, prototype manufacturing, design validation, form and fit analysis, and
other upstream processes, prior to permanent mold manufacturing.
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Depending on the material used, geometries and sizes of injection molded parts,
as well as the additive manufacturing route used, Stratasys [70] attests that 3D-printed
molds can withstand producing from a few dozen to dozens of thousands of parts. The
ideal required molding temperature should not exceed 250–300 ◦C; therefore, polymers
with melting/molding temperature higher than 250 ◦C or that exhibit high viscosity in
the processing temperature domain will generate issues regarding the final products’
quality, and they will shorten the mold life. Depending on the parts’ geometries, size, and
complexity, and most importantly, the class of material injected, molds’ lifespan can vary
from a few dozens to tens of thousands of cycles. Generally, traditional molds withstand
more than 10,000 cycles with any polymeric-based material injected, while the metal laser-
sintered ones can reach this number only when injecting standard polyolefins, PS, ABS
or thermoplastic elastomers, the number decreasing below 100 parts when injecting fiber
glass-reinforced PC or PA, PPS or PPO (polyphenylene oxide) polymers. When injecting
products in cast resin manufactured molds, the standard thermoplastics can be formed
using the same mold up to hundreds of cycles, and only a few dozen when injecting fiber
glass-reinforced PC or PA, PPS or PPO. PolyJet molds can be used to produce standard
thermoplastics (polyolefins, PS, ABS or thermoplastic elastomers) in an average number
of 200–300 parts and a few dozen parts when injecting plastics like acetals, PC/ABS, and
glass fiber-reinforced PP [70].

Godec et al. [78] studied the AM PolyJet process and its possible application for the
production of bridge polymer molds for injection molding of a small quantity of the molded
parts together with design rules for PolyJet bridge molds, dividing 3D-printed molds into
three categories, depending on the durability [78]:

• soft (temporary) tool/molds (i.e., silicone molds)—as expected, they can be used for a
very limited number of cycles before they reach their usage period.

• bridge tool/molds (i.e., plastic molds)—can be used for small-batch production (i.e.,
hundreds to thousands) and they generally require shorter manufacturing periods,
their durability being strongly influenced by the material used for production within
them.

• hard tool/molds (i.e., metallic molds)—can be used for large-batch production (i.e.,
hundred thousand), similar to the molds manufactured by conventional methods, but
they require longer processing time and costs, compared to the other two categories.

In their studies, Godec et al. [78,79] attest that PolyJet molds are not intended to be
designed to replace soft or hard tools used in medium- and high-volume production, their
purpose being to fill the gap between them and sometimes act as substitutes for 3D-printed
prototypes. Although the major advantages are a short time for manufacturing and printing
at room temperature, successful injection molding using these molds requires taking into
consideration additional factors such (such as design, manufacturing, and post-processing).

Another study [80] focused on comparing different AM technologies (SLA, Laser
Sintering, and PolyJet) with different additive manufacturing polymers. The PolyJet resin
had similar behavior and properties to ABS and the mold was tested to inject elastomeric
polyethylene (injection temperature of 95 ◦C), polypropylene (injection temperature of 200
◦C), and ABS (injection temperature of 270 ◦C). The mold withstood before cracking to a
total of 20 parts (6 PE, 8 PP, and 6 ABS). For the LS method, the mold was produced from
polyamide 12 filled with 50% Al, and for the SLA, the materials used were tough resins
and high-temperature resins filled with 1/5% carbon nanotubes and graphene nanoplate.
The SLA-produced mold with tough resin suffered from warping after printing and UV
curing, producing a curved surface that makes this mold unusable for the injection of
plastic materials. The laser-sintered mold with PA50Al had the lowest surface definition
(detail finish), as expected, whereas the 3D-printed mold with ABS-like resin had the
highest surface definition. The manufactured molds were successfully validated for short
series productions and for obtaining final parts ready for product validation by using
conventional polymers as PP and technical polymers as ABS. Also using UV-curable resin,
but this time an acrylate-based one, Noble et al. [81] used an inkjet 3D printer to develop
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molds for the injection of parts for artificial photosynthesis device prototypes. The results
were promising; although the directly 3D-printed parts did not have adequate surface finish
for molding optical components, the surface finishing treatment (steel-shaft hot pressing,
printer resin coating, scrapper and buffer polishing) tested afterwards added improvement
to the final samples.

Also, in medical devices when higher resolutions are needed, FFF methods can be
replaced by SLA, if costs justify it. SLA is commonly used for prototyping and low-volume
runs of polyurethane devices by printing a mold master and casting a silicone mold around
the mold master to create the mold for polyurethane injection [76].

Although considered in the last decade as problematic materials from a sustainability
and circularity point of view, epoxy resins were also studied as candidates for injection
molds manufacturing [82]. Rahmati and Dickens [83] produced SLA injection molds using
SL epoxy that was successfully used to inject 500 PP and ABS parts. The molds’ failure
was caused by mechanical loadings in flexural or shear during the injection process, as the
temperature of the epoxy molds was reduced to 45 ◦C before each new cycle.

The studies performed by researchers and small-scale manufacturing companies tend
to attest that SLA-printed molds are generally feasible in replacing the expensive metallic
molds needed when producing medium-scale quantities with low melting temperature
thermoplastics such as PLA in a small-scale production facility.

Besides the widely known thermoplastic polymers processed by injection molding,
depending on their customization requirements, rubber molded products are also processed
via injection molding (organic rubber molding, Liquid Injection Molding or Thermoplastic
Rubber Injection) [84]. Structur3d, a developer of soft materials for additive manufacturing
builds, customized water-soluble PVA molds for use in custom-manufacturing rubber parts
through liquid injection molding. Their solution consisting of sacrificial dissolvable 3D-
printed molds allows the manufacturing of fine and complex design parts while removing
the drawbacks associated with damaging the rubber parts during extraction from the molds.
Moreover, sustainability is addressed, as the 3D-printed PVA molds exhibit suitable thermal
stability to withstand rubber processing temperatures, while being 100% biodegradable,
non-hazardous compounds that generate no hazardous by-products during removal by
water dissolution [85].

Besides the mold material selection and surface finish treatments, the mold design
greatly influences the time and costs invested in manufacturing and using the molds
(whether polymeric or metallic) in injection molding. The cooling system choice of injection
molding tools is an important factor that greatly influences the total production time, as
the cooling stage represents about half of the overall production cycle [86] and cooling
temperature, speed, and time generate strong effects on the injected polymer crystallization
kinetics [87].

Some of the earliest research studies involving 3D-printed mold cooling systems
design were performed in the early 2000s. Sachs et al. [88] compared surface temperature
achieved using 3D-printed molds with conformal channels and machined molds made of
stainless steel with straight channels, concluding that the printed ones exhibited a more
uniform surface temperature. Xu et al. [89] demonstrated simultaneous improvements
achieved with 3D-printed tools with conformal cooling channels in terms of production
rate and part quality as compared with conventional production tools.

Since the inception of research on the topic, several studies have been conducted [90–
93]; the subject still remains a challenge nowadays, as optimum configurations are still
discussed. Injection molding tools with conformal cooling channels can only be achieved by
additive manufactured molds, traditional die design being limited to straight drilled cooling
channels. Jahan and El-Mounayri [94] recently proposed a methodology to determine the
optimum design of conformal cooling channels in injection molds, their results showing
that for different plastic part designs, different channel configurations provide optimum
solutions when taking into consideration cross-section dimensions, section size, pitch
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distance, and mold wall to channel centerline distance. Their study provides a guideline
for an easier selection of conformal channels’ design parameters.

Besides the improvement of the thermo-mechanical performance of 3D-printed ma-
terials for injection molds requirements considering structural design and geometries,
literature attests to significant opportunities in terms of the research of polymers, compos-
ites, and nanocomposites to enable rapid tooling with toughened materials via 3D printing
techniques [64]. Considering injection molds, the need for toughened high-performance
polymer-based materials in terms of thermo-mechanical properties and behavior lead to
intense research on improving the fracture toughness, delamination, thermal properties,
and heat transfer. All these items could be achieved to a high extent with the use of 3D
printing methods to develop improved semi-crystalline thermoplastics as well as thermoset,
in formulations that involve nanoparticles addition [95,96]. Addition of graphene oxide
nanoparticles to 3D-printed TPU/PLA [95] led to high-quality complex shape nanocom-
posites parts with improved crystalline structure, 90 ◦C lower degradation temperature,
and approximately 170% higher compression modulus and 75% higher tensile modulus.
Besides graphene oxide, carbon nanotubes, nanoclays, nanosilica, and nanocellulose are
the most commonly used nanofillers added to 3D-printed materials [96]. Still, the use of
expensive nanofillers in applications destined for short lifecycle injection molds needs to
be very well balanced in terms of performance versus costs evaluation.

Besides the growing application of 3D-printed molds for injection molding of poly-
mers, research studies [97] extend injection molding to ceramic feedstocks from Al2O3 and
MoSi2 containing composite to produce a variety of parts with demanding geometries such
as spirals, cages, and helices. Sacrificial molds from PLA were 3D printed via FDM and
compared with DLP-printed ones, from water-soluble resin based on Polyvinylpyrrolidone,
showing that the latter one is more suitable for the high resolution required by the products
with small structural features. Although sacrificial, these molds imply costs smaller than
10 USD and production time in days of magnitude, compared to the traditional steel ones
that can costs from 10,000 to 100,000 USD depending on their complexity and require
production time from weeks to months.

4.2. 3D Printing of Molds for Casting Techniques

In casting, a hollow mold is created from a master, which can be hand-sculpted or
more recently 3D printed, that is afterwards immersed in a casting material (i.e., sand,
clay, concrete, epoxy, plaster, silicone) that hardens. Plastic or metal is poured into the
mold, and the master is either removed or burnt out to create the final part [98]. Metal
casting is widely used in jewelry, health care (especially dentistry), and engineering and
manufacturing (especially aerospace and automotive) applications for parts with fine
features or complex geometry [98]. Traditional molds designed for casting have a dense
structure, which makes the cooling stage problematic due to uneven capability in this sense
as the casting is wrapped inside a thick sand mold with low thermal conductivity [99]. Also,
traditional casting techniques require very high up-front tooling costs together with slow,
expensive, and laborious mold manufacturing [100]. In casting production techniques,
additive manufacturing has been utilized for the manufacturing of prototypes, patterns
(replicas of the final part), sand molds, cores and castings themselves, with an increasing
interest in the molds and cores production using AM [99].

Replacing expendable wax patterns with 3D-printed patterns in the process of invest-
ment casting (lost-wax casting) can generate substantial cost reduction, even after adding
printing equipment and material costs, by significant savings in terms of eliminating labor
and materials for injection-molded master patterns, soft inner molds, and wax filling-
associated expenses [100]. Literature attests to a wide range of studies for casting materials
using 3D printing of inorganic sand molds [101–105], and recent interest is moving towards
making the 3D-printed molds out of polymeric materials.

Photopolymerization technologies like SLA produce smooth and ultra-fine structure
detailed parts and are consequently a compatible technology to manufacture smooth and
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detailed molds [100]. SLA materials are available as casting resins containing wax for
direct investment (lost-wax) casting, which can be “burnt out” at the end of the process,
ensuring intact molds. Formlabs offers a solution in this sense as well, through their low
or high wax content resins for casting miniature parts design from ultra-fine structures
(i.e., wire filigree) to wide range (stone holes or engravings) [106]. Long before the 3D
printing era, vulcanized rubber molds were a major advancement in serial production,
allowing investment casting at scale [107]. Depending on the requirements in terms of
durability, three major rubber classes are available: organic rubber (destined for intense-use
wax molds as it has the highest tear strength), heat vulcanized silicone rubber (can respond
to a high level of detail, but has lower tear strength), and RTV silicon (destined for molding
around delicate details, but has the lowest tear strength) [107]. Three-dimensional printing
of vulcanized rubber molds for room temperature or even high temperature can be used
for the production of wax models’ quantity for investment casting wax of miniature-size
metal parts [108].

Recently, Fraunhofer IPA researchers combined additive manufacturing and injec-
tion molding to create the Additive Freeform Casting process which benefits from the
advantages of both technologies. They utilized the FDM process to print a mold (shell)
using water-soluble polymer, polyvinyl acetate (PVAc), which was afterwards filled with
polyurethane or epoxy resin and dried or cured, respectively. The shell was removed by
water immersion [109,110]. This combined free-form casting was found to bring advantages
when large, complex components are required in small quantities, while also saving weight.

Although casting using hard traditional molds ensures replication accuracy to the
nanometric level, these methods have a major disadvantage when complex designs are
needed, as they require the use of multipart or articulated molds and demolding becomes
challenging [111]. Koivikko and Sariola [111] tested different sacrificial molds made of dis-
solvable materials (HIPS, ABS, polyvinyl butyral-PVB, PVA) to cast silicone elastomers. The
3D-printed molds fabricated by fused filament were subjected to dissolution in limonene,
acetone, isopropanol/ethanol and water, applying different magnetic stirring and ultra-
sonication methods in order to evaluate their effect on dissolution time. ABS, PVB, and
especially PVA exhibited successful behavior; however, PVA-water is the material-solvent
team that is based on non-hazardous components and exhibits suitable dissolution rates,
with no secondary effect on the casted elastomer (although HIPS exhibited the fasted dis-
solution time, limonene caused swelling and cracking in the elastomer during the drying
stage). The proposed solutions allowed the manufacturing of overhangs and channels via
single-step cast.

Polyvinyl alcohol, derived from the hydrolysis of polyvinyl acetate, is also one of the
most accessible polymers from a technological and economical point of view for mold
development in both business and the Do-It-Yourself sector. Three-dimensional-printed
PVA molds allow the casting of highly detailed objects from metal fluid (mix of metal grit
in a resin binder that resembles bronze-like metals perfectly) that could not be made with
any other DIY or low-cost casting method, as it is incomparable, easier, and time-efficient
compared to using mold making and metal casting [112]. Designer Eliza Wrobel made
disposable 3D-printed PVA molds to cast a highly detailed figurine. The PVA molds,
printed using a ZMorph 2.0 SX multitool 3D printer, have the advantage of being ready-to-
use, not deforming once the material starts to give back heat, and dissolving completely
after 24 h water immersion. The cast figurines only needed sanding to remove resin residues
and 3D printing layers [112].

Polymer 3D printing of molds extended its use even in the more sensitive fields, like
medical implants. In 2016, in a preclinical study conducted in Singapore, Tan et al. [113]
obtained excellent cosmetic and cranial models results with patient-specific polymethyl-
methacrylate PMMA implants produced with low-cost 3D-printed PLA molds. In 2017,
the subject was applied in a clinic study, when a team of medical doctors at Joseph Univer-
sity of Beirut [114] adopted a similar route by printing single-piece molds from low-cost
PLA and using them to cast a customized PMMA cranioplasty implant, the applied work

21



Polymers 2024, 16, 1055

concluding that the technique is a cost-effective one for delayed reconstruction of various
cranial defects. Three-dimensional prints of anatomical structures could be produced
with sub-millimeter accuracy (<0.5 mm) compared to the original specimens. Although
the low-cost desktop printers for PLA can facilitate the access to this rapid prototyping
technology, the major disadvantage of applying this technique in medical fields and hos-
pitals is the need to master software programs by which the digital model of the mold is
designed. However, this drawback seems to become less and less major; considering the
high demand for 3D-printed tooling, the programs are constantly improving into more
user-friendly versions.

Still in the medical field, but towards pharmaceutical applications, Ajmal et al. [115]
cast tablets of indomethacin in hydroxypropyl methylcellulose (HPMC) and polyethylene
glycol (PEG) formulation using commercial PLA molds 3D printed via FDM with four
different designs (with a designed disintegration functionality, composed mainly of two
parts: a detachable cylinder and base/lid, which would separate into up to six sections)
established by CAD software. The PLA molds’ surfaces were lubricated with corn starch for
easier tablet removal; after drying the tablets at room temperature for 24 h, the 3D-printed
cylinder parts were removed and the tablets were detached from the molds (base/lid
part) using a scalpel. The experiments showed that the resolution influences the ease
of detachment in this method and proved in laboratory scale that fast customization
of patient-oriented pharmaceutical products can be successfully achieved by means of
rapid prototyping.

3D printing allows complex geometry and tailoring of different properties for the
optimization of the casting process especially in terms of easier and damage-free demolding.
Lv et al. [116] experimented with an innovative damage-free demolding method using a soft
ultra-fine mold made of polycaprolactone deposited via electrohydrodynamic printing on a
substrate in a predesigned printing path with high precision, used for the effective casting of
bio-hydrogels and tested for potential applications in microfluids and cell patterns. The soft
ultra-fine mold was framed and hydrogel precursor was poured into the frame and cured.
After the mold was detached from the substrate, the fibers were softly peeled from the
hydrogel with almost zero damage. The method allowed the damage-free detachment of the
generally brittle bio-hydrogels by reducing the demolding stress, with the method showing
potential to evolve as a general technique for micro/nanofabrication of brittle materials.

4.3. 3D Printing of Molds for Thermoforming

Thermoforming is a widely used technique in the processing of thermoplastics (gen-
erally ABS, PET, PETG, HIPS, PC, PP, PE) that involves heating of a plastic sheet over
a specific design tool (mold) so that it takes the design of the tool, which is intensively
utilized in packaging and consumer goods products, but also extended to automotive,
transport or other high-tech industries.

For the manufacturing of parts needed in small quantities, tools made of hardwood are
generally used and exhibit satisfactory behavior, while higher quantities, which implicate
superior wear stresses, and metallic materials, such as aluminum, are used for tools.
Traditional molds require additional processes such as drilling and milling, performed with
the use of robust equipment with high investment; therefore, the process can become cost-
effective when mass production of parts is needed. Small quantities require the use of molds
that are easy, quick, and inexpensive to manufacture. Therefore, additive manufacturing
seems to be the perfect solution in this sense as well.

Thermoforming can be performed using vacuum pressure (ideal to obtain parts pre-
cisely formed on one side), around 6.9 bar (for complex and intricate details, with surface
finish similar to injection molding), and mechanical forming (negative and positive molds
are pressed together, ideal for deep profiles). Thermoforming is mostly used for thermoplas-
tics. Once again, Formlabs developed their own guidelines and cases for the optimization of
thermoforming via 3D printing of molds or tooling, made of PS, PC, ABS, and HIPS, PETG,
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PE, and PP, which were evaluated for the replacement of aluminum molds for low-volume
manufacturing [117].

When designing a thermoforming tool for 3D printing (Figure 7), both the princi-
ples of thermoforming and the ones of additive manufacturing should be considered.
Three-dimensional-printed molds can ensure the same features as metal molds, but allow
increased design freedom with more intricate geometries [117]. Thermoforming tooling
requirements are related to their successful resistance to assembly, forming, and demolding
forces, temperatures, any coolants or mold release agents. Depending on the number of
parts to be thermoformed, the design, and the product requirements, the Formlabs resin
used to build the 3D-printed mold choice can be draft resin—for a quick simple design
iteration of large parts and one or more pieces, lower resolution but up to four times faster
than standard materials; grey resin—for high surface finish quality and detail parts in one
or more pieces, better accuracy, consistency, simpler support removal; rigid 10 K resin—
industrial-grade, highly glass-filled material capable of forming limited series of dozens
of parts with close to production cycle times, high HDT values (up to 218 ◦C), and tensile
modulus (10 GPa), it is suitable when conditions of forming are challenging [117]. Formlabs
tested thermoforming of thick PS sheets for up to 50 cycles, using 3D-printed molds from
Rigid 10 K Resin with cooling channels embedded, with execution times shorter by 3–7
times and costs reduced in half compared to traditional tooling, which exhibited quality
similar to aluminum tooling [117]. For materials with stronger performance, consisting
of PC, Formlabs tested molds 3D printed from draft resin and grey resin, exhibiting a
production time of 1 day and production cost lower than USD 400. For the testing of ABS
and HIPS molds, Grey Resin, Rigid 10 K Resin, and High-Temp Resin at 100 microns layer
height were used, achieving quality similar to those achieved with traditional tooling. For
the PETG, P,E and PP thermoforming, up to 20 parts of each were manufactured from
Rigid 10 K and Grey Resin molds, without reaching mold degradation. For thinner sheets,
after around 10 iterations of short cycle time, demolding issues started to appear, while
with ticker sheets produced using longer cycle times, there were no demolding issues and
quality was superior [117].
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Chimento et al. [118] have used 3D-printed molds manufactured from Zcorp 3DP
Zp130 (mixture of plaster, vinyl polymer and sulphate salt [119]) that were subjected to
post-processing using diluted cyanoacrylate (CA) and steam to increase strength while
maintaining a porous surface suitable for thermoforming, and Zcorp 3DP Zp140 designed
for water curing. The Zcorp-printed parts with different post-processing treatments were
compared to the traditional mold material—plaster of Paris (calcium sulfate hemihydrate).
Zp130 CA treated shower flexural strength comparable with 100% plaster samples, while
exhibiting smaller wear areas. In addition, no differences in thermoforming performance
were observed between the rapid prototyped specimen and traditional plaster specimens.
All the results indicate that 3D-printed molds are feasible for thermoforming prosthetic
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and orthotic devices such as prosthetic sockets while providing new flexibility, confirming
once again that high customizability prosthetic/orthotic devices can be easily fabricated by
3D-printed materials for rapid tooling.

Junk et al. [120] tested rigid PVC and PS sheets for thermoforming over an automotive
shape mold produced via 3D printing, concluding that although materials-associated costs
were higher than conventional aluminum or hardwood molds, the manufacturing process
hourly rate decreased to 19% and process overall costs decreased to 14% of the metal
mold-based process values. Besides economic considerations, the design can be easily
modified, by adding channels, holes or other additional geometry (spacers), and additional
operations related to the mold post-processing (such as drilling, CNC preparations) are
completely removed.

Serrano-Mira et al. [121] analyzed the feasibility of using low-cost AM techniques as
rapid tooling techniques to obtain thermoforming molds to quickly manufacture small
production batches of tactile graphics. They compared two low-cost AM techniques, 3DP
with cyanoacrylate infiltration and FDM with PLA, analyzing geometrical reproduction
of the molds and their suitability for 0.2 mm thick PVC sheets thermoforming of tactile
graphics. When printing small batches (tens of parts), 3DP appeared to be fast (approxi-
mately four times faster than PU prototypes) and economical, while FDM with low-cost
equipment appeared to be slower, but implicated lower materials and operating costs. Also,
compared to 3DP, FDM offers decreased results regarding details reproduction required in
tactile graphics, although this issue can be improved by using smaller diameter nozzles
and tailoring parameters.

Literature attests to a multitude of both research studies and small-scale production
cases in which thermoforming and vacuum-forming methods are performed with the use
of 3D-printed tools; this review points out some of the most diverse found.

4.4. 3D Printing of Molds for Composites Fabrication

Traditional manufacturing methods for fiber-reinforced polymer matrix composites
(FRP) require hard tooling for the molds or mandrels shaping the obtained part. In the
thermoset polymers area, one of the most important fields that uses molds extensively
is the composite fabrication, which is applied for fiber-reinforced thermoset via vacuum-
assisted transfer molding, resin transfer molding, prepreg processing, etc. These techniques
can develop at the room temperature and vacuum pressure, or high temperature and
supplemental pressure (in autoclave).

Traditional molds for composite fabrication are manufactured from metallic materials
(generally aluminum, steel or different alloys) but also non-metallic (specialized tooling
materials), but regardless of the raw material they are built from, they require significant
labor and machining, and consequently high costs, material waste, and long lead times for
even relatively simple part shapes. In this case, FDM printing demonstrated that it could
ensure significant cost and time reduction, while allowing design flexibility as well as rapid
and easy iteration even when complex geometries are required [122].

For the production of composite materials, different mold architectures are imple-
mented to obtain different types of geometry of the composite parts [123]:

• one-part mold—used in vacuum bagging methods (i.e., for hand lay-up, resin infusion,
prepregs, etc.) and generally for parts that need a glossy finish for one of the sides;

• two-parts mold—used in compression molding for parts that need both sides with a
glossy finish;

• bladder mold—used in pressure molding where one side is the mold, the other is the
bladder surface, for complex geometry that cannot be achieved via vacuum bagging
or compression molding due to the impossibility of demolding the composite;

• mold pattern for negative mold—used when multiple molds are needed for production
increase, a single pattern can be used to manufacture several molds.

Formlabs mentions some major factors to be considered in terms of the designing of
the molds for composite fabrication such as draft angle, minimum radius, the inclusion
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of locating pins and indents, inclusion of surface overrun, adding trim lines, all intended
to ease the process of technological challenges (i.e., ease of demolding, precise alignment,
air entrapment avoidance, repeatable quality, etc.). After design fractures are established,
there are also technology-related factors that need to be considered, such as the use of the
smallest layer height to optimize the resolution and demolding, the use of a release agent
for ease of demolding, avoiding the use of supports on molding faces not to interfere with
surface finish, and allowing resin to degas to avoid air inclusion [123]. Formlabs presented
three case studies using 3D-printed molds for composite fabrication [123]. The first one
was the development of three-layered carbon fabric epoxy composite by hand lay-up and
vacuum bagging using their Tough 1500 Resin to 3D print the mold via the SLA process;
in the end, compared with outsourced CNC-machined molds, the 3D-printed mold took
2 days to be produced compared to 4–6 weeks. With CNC machined, the total cost of
mold production was 310 USD compared to 900 USD for CNC machined. The second one
was the development of bidimensional carbon fiber-reinforced epoxy composites prepregs
in autoclave using their High Temp Resin on an SLA printer, estimating that the mold
would withstand around 10–15 similar cycles, due to the high temperature and pressure
in the autoclave. Although it is certainly not suitable for high-volume production, it can
be used for dedicated high-performance applications such as dedicated sports equipment,
customized tooling for aerospace or personalized prosthetics. The third case analyzed the
3D printing of patterns to cast molds for large series productions of prepreg composites,
using their High-Temp Resin with an SLA printer. Comparing the costs to CNC machining,
the 3D printing labor time extended over 1.5 h at a cost of USD 300 compared to 5.5 h at a
cost of USD 1100 for CNC, mold materials cost USD 50 for 3D printing compared to USD
220 for CNC, while the total cost of the process cost USD 350 for printing compared to
USD 1320 for CNC. The costs were reduced around four times on a basic part when using
printed pattern for molds.

Stratasys successfully applied its FDM technology for tooling applications to manufac-
ture and repair different composite lay-up configuration in low-volume quantity. However,
the materials limitation delayed the progress of this application as the prepreg required
temperature in the autoclave exceeding 180 ◦C was widely used in aircraft structures. Until
they developed ULTEM 1010 resin, based on high-performance polyetherimide, able to
withstand temperatures above 200 ◦C without deformation under mechanical loads [124],
Stratasys offered ABS, PC, and ULTEM 9085 materials as alternatives for withstanding
temperature values up to 85 ◦C, 135 ◦C, and 150 ◦C, respectively. Although PC and ULTEM
9035 HDT cover the 120–125 ◦C curing temperatures required by CFRP in the autoclave, the
use of ULTEM 1010 manages to successfully minimize thermal expansion impact [122]. The
guidelines of FDM-printed ULTEM 1010 tooling to build CFRP offered by Stratasys took
into account some key considerations for design, material, and testing of the tooling charac-
teristics. ULTEM 1010 performed successfully under harsher flexural loading conditions
(using a lower threshold for acceptance) for the equivalent of dozens of high-temperature
and -pressure autoclave cycles, anticipating they could exceed 100 cycles with successful
behavior of the tooling, the use of lower pressure, and temperature conditions increasing
the number of cycles even more [122]. In addition, the data presented suggest that for the
vacuum bagging only small pressures (out-of-autoclave) method widely used in aerospace
parts production, tool life ceases to be a major problem from creep-induced deformation
perspectives [122].

Besides tool life and thermo-mechanical performance on several cycles, when com-
posite materials are manufactured in molds, the materials compatibility is very important,
so that debonding of the part from the mold does not generate issues. There are several
polymer alternatives to be analyzed for 3D printing the molds for this application. For
example, polyethylene terephthalate glycol (PET-G) is highly recommended due to its
good capability to detach from the epoxy resin, while ABS molds should be avoided as
detachment of the epoxy resin composite could be problematic [125].
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In 2016, Oak Ridge National Laboratory collaborated with a team of industry partners
to 3D print and machine several large molds and test them in Boeing’s industrial autoclaves
to produce carbon fiber composite. The thermoplastic molds survived the high-temperature,
high-pressure conditions in the autoclave, which is used to cure aerospace-grade composite
parts [126]. The successful testing resulted in high-quality composite parts that can be
used in primary aircraft structures. Furthermore, the tools can be re-used to produce part
replicates—resulting in further time and energy savings [127]. Different tools made from
(PPS) with 50% by weight carbon fiber and Polyphenylsulfone (PPSU) with 25% carbon
fiber were developed. The initial tests performed on the molds intended to stabilize the
polymer system to withstand variable exposure to elevated temperature without substantial
changes in the polymer viscosity. The printed tools were used to fabricate aerospace-grade
epoxy reinforced by eight layers of carbon fiber. The tools were cleaned using isopropyl
alcohol (IPA), and then three coats of mold release (Frekote 700NC) were applied to the
mold surface. The pre-impregnated epoxy/carbon fibers were layed-up in the molds
and vacuum bagged. The tools were placed in a production autoclave and exposed to a
two-hour cure cycle of 176.6 ◦C and 620 kPa (90 psi). The tools were scanned after the
autoclave process and dimensional analysis and deviation measurements were performed
showing that deformations did not exceed 0.1 mm at the composite layup area. The project
demonstrated the viability of using additively manufactured parts in the tooling indus-
try to significantly reduce manufacturing costs and energy requirements by accelerating
production times [128].

However, even considering all these advancements, 3D-printed tools are not yet com-
mon in serial production of high-temperature, autoclave-cured parts for aerospace, as there
is still a need to expand the limited material alternatives and use certified properties and be-
havior of the tooling for these high-demanding applications. But, significant advancements
are steadily developing, as in 2019, CEAD (Netherlands) together with partners produced
17 tools printed with short carbon fiber-reinforced polyethersulfone thermoplastic that
have been used for more than two years by GKN Aerospace in Germany, for the serial
production of CFRP landing flaps for Airbus (France) A350 aircraft, moving even further
in 2023 by producing the tools using advanced tape layer additive manufacturing, that
involve long fiber in tape form instead of previously used short carbon fibers [129].

On a more research- and education-oriented level, Dynamism, leading provider of
professional 3D printing and Industry 4.0 solutions for enterprise, industrial, and education
applications, describes the development of the bare-bones carbon fiber process without the
specialized equipment needed for more technical processes and high-temperature epoxies.
They recommend some major guiding steps: the mold needs to be prepared with a release
agent (i.e., PVA helps to smooth out layer lines while providing a reliable release from
the epoxies), as it allows its use with most conventional resin systems (epoxy, polyester,
vinylester); this method is well compatible with hand layup with or without a vacuum
bag, in case resin infusion is required; considering that 3D prints are not 100% airtight, the
use of an envelope bagging method needs to be considered; if prepregs are used, the high
temperature required for curing makes the PRT-G mold incompatible with the process, as
the stress of the vacuum bag will lead to excessive warping and distortion [125].

Besides the widely known application in aerospace parts, CFRP can be used in other
various fields (i.e., medical domain). Munoz-Guijosa et al. [130] presented their study
on rapid printing of molds for lamination and autoclave curing of epoxy/carbon fibers
composite based in prepregs for customized articular orthoses. The molds were manufac-
tured via fused deposition modeling from PLA. In order to respond to the requirements
of the epoxy prepregs curing and lamination, in accordance with final product properties
related to ankle immobilizing, supporting, or protecting splint, the molds need to meet
strict geometrical, mechanical, and thermal specifications. Therefore, the molds need to
withstand the mechanical loads generated by the contraction of laminate during the curing
process, and those related added by pressure during temperature curing (0.1–0.8 MPa in
vacuum bagging or autoclave) maintain the required stiffness and strength at the curing
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temperature (that may be above 180 ◦C when an autoclave is used), and exhibit small mean
surface roughness (0.5 µm order) to ensure ergonomic/esthetical properties. Consider-
ing these requirements, the design must compensate for the drawbacks related to rapid
prototyping of molds. The authors created ABS outer shells of the mold, using a precise
dual-extruder BCN3D Sigma machine, and in the case of vacuum/pressure curing, the
shells were designed with flat areas for the attachment of the supplementary materials
needed (release films, breathers, vacuum valves, sealing tape). After printing of the shells,
the lamination surface is coated with epoxy resin to tailor the surface roughness. The
printed mold shells are filled with a plaster slurry (hardened and dehydrated at 50 ◦C/2 h),
having the role to improve mechanical endurance and heat absorption capacity. Therefore,
the thickness of the ABS shell must be minimum (1 mm in this case) as it gives the de-
sired geometry, but the thermal and mechanical properties are ensured by the plaster core.
Compared with mold manufactured by machining aluminum, the proposed rapid tooling
process ensures almost the same roughness (0.5 µm compared to 0.4 µm for Al), and costs
reduced more than 30 times. Although the 3D-printed molds are estimated to withstand
5–10 cycles, considering the customization for each personalized orthoses of patients, the
mold is not meant to be used more cycles than the maximum it withstands. The rapid
tooling process presented in this paper innovates through the use of conventional FDM of
basic thermoplastic polymers ensuring the improved mechanical and thermal properties
of the final tooling by filling the 3D-printed shells with clay, making the mold suitable for
epoxy CFRP lamination and autoclave curing.

Using 3D-printed molds and patterns in composite fabrication allows businesses to
reduce workflow complexity, expand flexibility and design opportunities, and reduce costs
and lead time.

4.5. 3D Printing of Molds for Tissue Engineering Scaffolds and Medical Applications

Tissue engineering seems to attract extensive research and medicine effort to develop
off-the-shelf scaffolds, as they are able to provide a framework for cell proliferation, migra-
tion, and attachment, emerging as popular treatments for bone regeneration and wound
healing, due to the mechanical properties that support tissue growth, and they also provide
a temporary framework for regeneration [131]. Additive manufacturing is a new and
emerging field in the tissue engineering sector in medicine. While 3D printing technologies
(mainly fusion deposition modeling, stereolithography, laser sintering, inkjet printing) have
been clinically deployed in cranio-maxillo-facial surgery, they are primarily used in the
areas of models, guides, splints, and implants [131,132]. The three main approaches to 3DP
in tissue engineering are bioprinting (printing live cells), printing acellular scaffolds, and
printing molds to be filled with engineered tissue [131,133]. One of the first preliminary
studies regarding the use of molds manufactured by 3D printing for scaffolds fabrication
for bone regeneration [134] used cryogel together with 3D printing to create CT-derived,
patient-tailored molds for scaffold fabrication. However, without sacrificial molds, the
debonding resulted in the scaffold damage when the mold was opened. Therefore, the
group of researchers advanced towards sacrificial (dissolvable) 3D-printed molds, manu-
factured from PVA, ABS, and HIPS, which dissolve in water, acetone, and d-limonene, to be
used to manufacture tissue engineering scaffolds (cryogels, hydrogels) for cleft-craniofacial
defects, which were characterized in terms of porosity, swelling kinetics, mechanical in-
tegrity, and cell compatibility. Cryogels were fabricated in PVA and ABS molds, while
hydrogels were fabricated in PVA and HIPS molds having 1 mm thickness. HIPS molds
required a long time to dissolve (5–8 h), making it difficult to remove the cryogels, being
fully formed after 24 h. PVA and ABS dissolved in 2–4 h, but the hydrogels in ABS were
very fragile and fractured during removal from the mold. All cryogels maintained accurate
shape, and showed spongious morphostructure, mechanical durability with approximately
27 µm average pore size, and 80–87% porosity and good biocompatibility. The nanoporous
and brittle structure of hydrogel scaffolds was somehow unsuitable for bone regeneration
application, but further improvement studies could mitigate these drawbacks [131].
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Sacrificial molds are a very attractive solution for tissue engineering scaffolds; the 3D
printing of this type of molds has been studied more and more in the past decade. PVA can
be readily printed using FDM printing devices both at the professional and DIY level [135],
being intensively used in medical applications due to its cytocompatibility [136,137]. Mo-
hanty et al. [138] studied the 3D printing of PVA via FDM for sacrificial molds to cast
elastomeric polydimethylsiloxane (PDMS) polymer scaffolds with structured channels.
Printing infill density was tailored between 20 and 80% during the process to obtain differ-
ent porosities of scaffolds, achieving 81.2% porosity at 80% infill for 150 cm2/cm3 surface
to volume ratio. This was the largest scaffold with so many channels fabricated at that time
(75 cm2 scaffold with 16,000 interconnected channels. The scaffolds were tested for in vitro
hepatocytes cells culture for a 12-day period and the results indicated that the scaffolds
produced in 3D-printed PVA molds led to a rapid, cheap, scalable, and compatible with
cell culture process. PDMS microfluidic channels structures were fabricated in 3D-printed
ABS molds, afterwards dissolved in acetone, resulting in channels down to 90 µm, with
500 µm diameter [139]. In a recent study, Brooks-Richard et al. [140] presented the design
and fabrication of MEW (melt electro-writing) tubular scaffolds with complex geometry
mimicking patient-specific vascular structures, on FDM 3D-printed PVA molds. The results
showed that PVA was a more suitable material than metal mandrel due to its low insula-
tive properties that improve the ability to produce highly ordered scaffolds, which were
easy and fast to remove in water without affecting the MEW scaffold fibers’ morphology
and alignment.

PVA molds are used in medical applications not only as sacrificial molds. In 2014, a
team of medical doctors fabricated an inverse replicate of the normal ear for a template
in first-stage microtia surgery. A negative mold of the ear was fabricated using rapid
prototyping with PLA, the printing process took 90 min, and required less than 1 USD total
cost for disposal, and the mold was sterilized for intraoperative use as a template to create
an autologous costochondral implant in its likeness [141].

The stomatology area researched the use of 3D printing of polymeric molds as a tool
for their patients’ customized needs. Yang et al. [142] fabricated novel TNZ dental fillers
which were indirectly produced by thermal pressing using customized 3D-printed molds,
manufactured from commercial filaments of PLA and ABS using a desktop printer.

Three-dimensional printers can produce anatomic models based on 3D ultrasound,
magnetic resonance imaging (MRI), and computed tomography (CT) scans [143–145]; there-
fore, they can be successfully used to generate patient-specific molds. MRI investigations
are of great use in the development of molds design and CAD architecture, which help
by offering predictions for future cases. Pokorni and Tesarik [146] developed molds from
PET-G polymer to produce phantoms of the human head tissues (skin, bone, cerebrospinal
fluid, brain), to mimic head geometry and evaluate stroke detection mechanisms that can
be further applied to patients. The design of the molds was developed from MRI-derived
scans. Different shapes and sizes of head forms were 3D printed via FDM with Prusa i3
MK2, using a 0.35 mm layer height and 0% infill for a faster and more material-effective
process. The printed molds were hollow, so basanite filler material was used to improve
their mechanical strength.

MRI investigation information was used in a medical case presented by Costa et. al. [147],
in which the anatomical registration of preoperative MRI and prostate whole-mount obtained
with 3D-printed, patient-specific, MRI-derived molds was compared with conventional
whole-mount sectioning, the study showing that 3D-printed molds for prostate specimen
whole-mount sectioning provides significantly superior anatomical registration of in vivo
multiparametric MRI and ex vivo prostate whole-mounts than conventional whole-mount
sectioning. The design was composed of several stages, using multiple software (i.e.,
Matlab for volumetric reconstruction extract and conversion to STL file, Netfabb for molds
generation based on a generic, SolidWorks for building of a parametrically controlled
three-part slicing mold with holes for fixative perfusion and slots for slicing alignment). In
the initial trial, the molds were printed on a commercial-grade ProJet 3510 Plus 3D Systems
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printer using a UV-curable resin (Visijet Crystals, 3D System), and after the parameters
establishment, the MRI-derived molds were fabricated on a consumer-grade 3D printer
(Leapfrog Creatr XL) using polylactic acid. Another study of medical cases presented the
development of 3D-printed PLA patient-specific molds in a prostate phantom model which
reduced the MRI-whole mount registration error relative to conventional sectioning. The
3D-printed molds showed the potential to improve prostate MRI-pathology correlations,
with the potential to be applied to other organs [148].

A team of medical doctors from the USA presented an algorithm to automatically
create 3D-printed molds guiding medial temporal lobe extraction for postmortem MRI,
with interactively positioned cut planes used in four hemispheres, their method reducing
errors and dependence on anatomical expertise while allowing more tissue to be spared
from each brain donation and enabling postmortem imaging at a larger scale [149].

Still in the field of high-resolution imagining medical tooling, Weadock et al. [150]
used 3D-printed molds for shaping bioabsorbable implants for customized surgical orbital
repair, improving fit, reducing tissue handling and postoperative edema, and reducing
surgical times. The orbital area images captured by computed tomography (CT) techniques
were used to create STL models of the molds and were edited to create the mirror of the area
and overlap it with the fractured side. Sterile or sterilizable molds printed using Formlabs
Form 2 printer were fabricated using the images and taken to the operating rooms and
used to shape the customized orbital implant for fracture repair in three patients, using
bioabsorbable implants.

Three-dimensional-printed molds from PLA were used to fabricate replicas of uterine
and fibroid elements, and a realistic model with silicone material uterus and fibroids was
used to help resistant simulated laparoscopic myomectomy at low cost. Previously used
molds can be repaired with silicone and reused by other residents [151]. Also, breast
reconstructive surgery benefits from the use of 3D-printed molds. Patient-specific 3D-
printed templates for intraoperative use were designed based on 3D stereophotogrammetry
images. The molds were printed from PLA using an Ultimaker 2 printer and then placed in
a sterile plastic sleeve to be used for the fitting of the free flap. Prior to anastomosis, the
flap was positioned in this sterile covered template, where the contours of the free flap
could be traced with a marker pen along the 3D-printed mold, and sutures can be placed
to maintain the flap shape. During breast reconstruction, the autologous flap was placed
inside the printed template to aid the surgeon in determining the shape and volume of the
autologous flap creating the desired breast dimensions. Patients were 3D-photographed 6
to 9 months post-operatively. The study showed that for both unilateral and bilateral breast
reconstructions, a mold can represent a useful, low cost, and fast processing tool added to
the autologous reconstruction procedure [152].

4.6. 3D Printing f Molds for Soft Lithography

A special use of casting method involving molds is soft lithography, a technique used
to create micro devices or three-dimensional structures by means of casting liquid polymer
precursor against a topographically patterned mold. Although it involves casting of a
polymer, it cannot be included in the general casting molding, as it is not an industrial-
type technique, but rather a science-oriented one, as it is broadly used in bio-imprinting
and micro/nanofabrication [153]. Soft lithography includes a cluster of methods that
uses soft polymeric materials to fabricate small-size devices such as stamps, channels, or
membranes with micro-sized features, being a reliable, easy, and low-cost process that
allows replicating 3D structures from cm down to micrometric dimensions. The most
common devices fabricated with this technique are microfluidics, intensively used in
cell biology.

The most common elastomer used in this technique is PDMS, a soft bio-compatible
elastomer that has high thermal and chemical stability, low toxicity, chemically inertness,
insulating properties, gas permeability, excellent optical transparency to UV and visible
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light, low cost, mechanically flexible and durable, and last but not least, it is easy to
mold [154,155].

Considering its unique properties, PDMS is of great interest in microfluidics appli-
cations (widely used in fluid mechanics, reagent mixture, cell biology, particle and cell
separation, metabolomics and proteomics, forensic, genetic analysis) as microchips, using
soft lithography. However, the costly and time-consuming master mold preparation, the
silane surface treatment of the mold required to prevent PDMS detachment problems that
can intervene in cell related studies, as well as different required designs of the structure
that can be technologically complicated to obtain represent some major impediments.
Therefore, 3D-printed molds stood out as an attractive alternative for molds fabrication in
soft lithography, methods like stereolithography and digital light processing being some of
the most suitable, especially for microfluidics and biomedical areas [156]. Resin or silicone
are the generally used materials for PDMS molds fabrication, but beside the fact that they
have higher costs than other materials available for 3D printing and require dedicated
printers [157], they also generate an effect of inhibition of the curing process of the resin
at the contact area of the PDMS with the mold [158], as full curing would be influenced
by residual catalysts and monomers [159,160]; therefore, mold surface treatment before
PDMS casting remains a challenge even for the 3D-printed ones. Studies attest to the use of
different standard pre-treatments of 3D-printed molds via UV curing, ethanol-sonication
surface cleaning, preheating, and silanization [156,161] while other studies use alternative
treatments such as ink airbrushing [162], a multiple-step procedure including UV treat-
ment, ethanol immersion, air plasma, and perfluorooctyl triethoxysilane treatment [163].
However, the protocols adopted in different research studies seem to be influenced by a
variety of factors; therefore, a standard protocol could not be established so far.

Bazaz et al. [156] proposed a method of casting PDMS directly over a 3D-printed mold
fabricated directly by the DLP method using a resin based on methacrylated oligomers
and monomers, without any pretreatment/surface treatment of the mold, reducing the
timeframe for mold fabrication to less than 5 h, compared to several days (for standard soft
lithography). Using this resin allowed the removal of mold treatment, as the methacrylated
monomers in the resin composition do not react with the casted PDMS, as there are no
residual monomer units on the mold surface to impede PDMS polymerization. The PDMS
detached from the molds without difficulties. Four microfluidic devices were designed for
separation, micro-mixing, concentration gradient generation, and cell culturing applica-
tions, the results indicating the biocompatibility of the resin and stable gradient indicating
the potential to be used in drug delivery systems.

An Australian research study [164] experimented with a simple fabrication technique
of lung-on-a-chip devices using surface-treated DLP 3D-printed molds using photopoly-
merizable resins based on acrylate polymers for the casting of PDMS parts. The use of
acrylate polymer-printed molds allowed a multiple step treatment of their surface (iso-
propanol washing, UV curing, ethanol immersion, plasma treatment, silanization) in order
to prevent PDMS from sticking to the molds and consequently making them suitable
for repeated long-term PDMS casting. The approached simple, robust, and cost-effective
method allows fabrication of the chip in less than a day, and the use of re-usable molds.
In the field of PDMS casting, more advanced studies have developed recently. Yasuda
et al. [165] presented the manufacturing of a shark skin-like silicone rubber film that mimics
the simplified 2D surface of a shark’s skin. The study developed and optimized 3D-printed
molds for silicone rubber casting, choosing a 2D-surface version as first prototype. The
3D printing of the full 3D shape remains challenging as supporters are required for 3D
printing overhangs of 30◦ or smaller relative to the horizontal plane, and these supporters
would need to be removed during post-processing. The 3D-printed mold proposed by the
authors allows for re-use of the molds to increase the manufacturing output. The mold was
printed using PLA 2.82 mm filament on an Ultimaker 3 printer. PDMS silicone was casted
into the printed molds, the method enabling production of large surfaces of orientable
micropatterned repetitive structures at a very reasonable cost performance.
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Once again, one of the alternative materials that belongs to the more accessible class is
polylactic acid; besides the cost effectiveness, it exhibits biocompatibility and biodegrad-
ability features, which are crucial for the PDMS molds applications. However, for the use
in PDMS casting for cellular applications, PLA molds need to be subjected to a further
step after printing, for the surface fine details adjustment in order to smooth the rough
edges. Van der Borg et al. [166] used 1.75 mm diameter PLA filaments to print molds,
using a commercial 3D filament printer for the use in casting of PDMS to study biological
samples by light microscopy. Printing parameters used were 190 ◦C, on a tape-covered
metal phase heated at 60 ◦C, 0.1 mm layer height, 10 mm/s print speed, without supports.
After printing, the mold surface and edges were smoothed by heated chloroform vapors
treatment and afterwards left suspended in the fume hood for 1 h and placed in a vacuum
desiccator for 12 h. PDMS was casted into the assembled molds, desiccated and cured at 60
◦C/4 h. After detachment from the mold, PDSM excess was removed with a scalpel, obtain-
ing 3 mm height rings. The results indicated that PLA 3D printing of molds represents a
promising alternative to be used as molds for cellular studies. Others developed a modular
microfluidic system for PDMS casting in PLA 3D-printed molds for high-resolution imag-
ing and analyses of leukocyte adherence to differentially treated endothelial cultures. The
molds for PDMS casting were printed with a Form 2 printer using black resin and layers of
25 µm thickness, and the alignment tool was printed using an Ultimaker 3 Extended printer
using black PLA filament in a 0.4 mm nozzle and 150 µm thick layers. PDMS modules
casted for microfluidic chips were bonded to glass slides by connection to vacuum. The
3D printing of tools in this study contributed to the optimization of the functionality of
modular microfluidic systems, by using customizable, user-designed devices [167]. The
soft lithography technique implies a very diverse scientific and technological set-up, being
greatly influenced by the specificity of each of the study features (used geometries, materi-
als, and target applications); therefore, it still remains a sector in which trying to identify a
generally applicable design and parameters set-up is a challenge.

4.7. 3D Printing of Sacrificial Molds

Sacrificial molds are a class of non-reusable molds that can be destroyed after the part
has been produced. They can be made of low melting point materials such as wax that are
typically destroyed by heating, or by dissolvable materials that can be washed in water or
other solvents. Unlike reusable molds for which disassembly and demolding considerations
drive the mold decomposition, in the case of sacrificial molds primary considerations
for decomposition are manufacturability of individual mold components [168]. When
using sacrificial molds, rather than mimic the conventional functionality of a tool, the
soluble/meltable tooling uses the same technologies and equipment, but the material
that creates the mold is changed. Soluble tooling allows for a flexible workflow from
geometry to molds to parts [169]. Besides the sacrificial molds cases already mentioned
in the previous section dedicated to injection molding [85,97], casting [111], and tissue
engineering [131,136–138,140] molding using sacrificial molds does not constitute a stand-
alone technology, but it is often used as an alternative to build parts via different customized
technological routes, where reusable tools and tool life are not issues to be considered.

Some of the most important motivations when choosing sacrificial molds are encoun-
tered in situations like the following:

• when small size features complex geometries like the ones provided with microchan-
nels or overhangs, seamless or hollow areas are needed;

• when removing/debonding the part from a fix mold is technologically challenging or
generates significant damage to the formed part;

• when complex geometry requires the use of multipart or articulated molds and de-
molding becomes challenging;

• when the volume of production allows the use of molds that become waste once a
part is produced.
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Sacrificial molds can be used in individual or combined situations as mentioned above.
Sacrificial tooling allows designers, engineers, and researchers to create hollow, seamless,
and complex structures with smooth internal surfaces and simplified tool removal [170].
Some of the traditional sacrificial molds are made of eutectic salts, ceramics, cast urethanes,
or other similar materials, but they are generally difficult to handle due to brittleness,
require additional tooling, or are limited in terms of geometries flexibility due to production
or removal challenges [170].

Three-dimensional-printed sacrificial molds have been widely used for manufacturing
microfluidic channels, polymeric scaffolds, engineering vasculatures, inorganic 3D matrix
materials, and microneedles [138,171,172]. In terms of 3D-printed sacrificial molds ma-
terials, the alternatives are still even more limited than the ones for reusable 3D-printed
tooling; however, the research conducted so far is promising in this sense.

One of the most intensively used polymers for development of sacrificial molds is PVA,
as it is a hydrophilic and therefore a water-soluble, biocompatible, mechanically stable with
low toxicity compound that can be easily processed as it can be printed at around 180 ◦C.
PVA was often used to produce sacrificial molds for scaffolds made of PDMS [138,171,173],
gelatin [174], fibrin or other materials used to produce different small-scale detailed patterns
needed in engineering vasculature or other channel networks applications. The fabrication
of sacrificial PLA templates or molds is generally performed via FDM printing [175].

Nagarajan et al. [176] presented the use of FDM-printed sacrificial PVA molds to
fabricate self-standing water-insoluble gelatin scaffolds with tunable pore size and porosity.
Varying the PVA infill density, they obtained porosity values between 400 and 1200 µm,
and that proved to be stable in a phosphate-buffered saline swelling agent. Their results
show that the sacrificial mold approach allows the fabrication of gelatin scaffolds with
tunable pore size and architecture suitable for tissue engineering applications, which could
be further extended to customized scaffolds using various other biopolymers or synthetic
polymers. Zou et al. [177] used PVA sacrificial molds to fabricate a pre-vascularized face-
like construction based on a 3D tai-chi pattern. The PVA mold scaffold was printed by
FDM and filled by printing with hydrogel composites (nanocellulose, agarose, and sodium
alginate with HUVECs and human fibroblasts), and removed with PBS solution after
crosslinking with CaCl2. PVA 3D-printed sacrificial templates were also used by Park
et al. [178] to produce customized ultrathin tubes with adequate mechanical flexibility to
mimic bile ducts. The PVA templates were printed at high temperatures and the surface
was smoothed by ultrasonication at 50 ◦C; they were coated with polycaprolactone (PCL)
by immersion and removed by water dissolution and ultrasonication. Another study [179]
presented the coating of 3D-printed PVA sacrificial templates, with PCL and TPU for
tailored porous surfaces with flexibility compatible with soft tissues. Hu et al. [180] used
sacrificial PVA molds printed by FDM for microchannels development in tissue engineering
applications, which were embedded into three different matrix materials (matrigel, fibrin,
gelatin) and removed afterwards by perfusing.

Like previously mentioned, there are studies that introduced the use of other polymers
as sacrificial AM molds, such as ABS, HIPS, and PVB, that can be dissolved in different
chemical solvents (acetone, limonene, isopropanol/ethanol), that sometimes generate envi-
ronmental issues, and might as well affect the produced part if the proper compatibility
between mold/part is not taken into consideration [111,131]. Besides these, PLA is another
attractive polymer, suitable to be used as sacrificial template. PLA was 3D printed, im-
mersed in a gelatin solution at 4 ◦C, and dissolved with the use of dichloromethane solvent
to form a gelatin template, and gelatin methacrylate solution with cells was used to cast the
template, which was subsequently removed as well at 37 ◦C, resulting in a gelatin methacry-
late human tissue model with a microchannel network [181]. Montazerian et al. [182] de-
veloped 3D-printed PLA shell molds with superior structural integrity to fabricate porous
channel network PDMS scaffolds that were removed in dichloromethane solvent.

Poly(N-isopropylacrylamide) (PNIPAM) is another attractive polymer for biomanufac-
turing applications, often used in drug delivery, soft robotics and engineered vasculature,
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due to its biocompatibility, ease of processing, and solubility in water at low tempera-
tures [183]. Lee et al. conducted research studies using thermosensitive PNIPAM as a
sacrificial template to fabricate microvascular networks within gelatin scaffolds, removing
the mold/template by the solvent-spinning method [184], and further comparing the effects
of PNIPAM-fabricated microchannels and macrochannels on the formation of normal func-
tional vessels [185]. PNIPAM sacrificial molds are generally produced by electrospinning
with microfibers, increasing the scalability of the 3D-printed sacrificial template [175].

In the same category of thermo-responsive polymers for sacrificial molds, other studies
used Poloxamer 407 (also known by the trademark Pluronic F127), a triblock copolymer
consisting of a central hydrophobic block of polypropylene glycol flanked by two hy-
drophilic blocks of polyethylene glycol, a water-soluble polymer, that displays a reversible
thermal characteristic, as it is liquid at room temperature exhibiting good printability,
liquefies at 4 ◦C, and takes a gel form when administered at body temperature, which
makes them attractive candidates as pharmaceutical drug carriers or complex vascular
network sacrificial templates [186,187]. Nothdurfter et al. [188] printed Pluronic F127 as
a sacrificial mold, on a layer of crosslinked cell-laden hydrogel and fabricated hollow
channels in a micro-jetted cell-laden hydrogel chip, having a PMMA rigid shell to mimic
a neuroblastoma tumor-environment model. The Pluronic F127 mold was removed by
liquefying below 15 ◦C. While other studies used liquefication at 4 ◦C to remove Pluronic
F127 sacrificial molds [189,190], some used a Pluronic F127 3D-printed sacrificial mold
to fabricate photocurable hydrogel scaffolds with customized channels by printing the
photocured matrix and removed the mold by immersion in PBS [191]. Others studied
improved the mechanical properties and fidelity of the Pluronic F127 3D-printed mold by
adding nanoclays into the composition, followed by encapsulation in PDMS and curing
and removal by liquification in water at 4 ◦C [192]. However, although promising and easy
to remove, the weak mechanical properties of Pluronic F127 need to be considered when
casting in situ scaffold matrix [193].

Another AM polymer that can be used for sacrificial molds is polycaprolactone,
synthetic, semi-crystalline, biodegradable polyester with a melting temperature of 60 ◦C,
which can be dissolved in chloroform, dichloromethane, and dioxane [194]. PCL sacrificial
molds were used to produce vascular niches and sweat gland interactive models and
were removed by incubation with chloroform after dehydration, leaving behind porous
constructs [195]. For sacrificial PCL templates with small-size features, electrospinning and
electrohydrodynamic jet printing are often used, being extremely useful for engineering
vasculature [175].

Other dedicated polymers can be implemented as sacrificial molds via 3D printing
and removing, such as water-soluble Poly(2-cyclopropyl-2-oxazoline) [196], potassium
bromide soluble polyelectrolyte complex [197], water-soluble butanediol vinyl alcohol
copolymer [198], PDMS [199], petroleum jelly–liquid paraffin [200], and water-soluble
thermo-responsive polyisocyanide [201].

In terms of meltable sacrificial molds, wax is one of the most used materials. Three-
dimensional microvascular networks within an epoxy polymer matrix were fabricated by
casting into 3D printing molds made of sacrificial wax, which were subsequently removed
by heating above the melting temperature of 60 ◦C [202]. However, the melting temperature
value of most wax limits the material casted for scaffold formation, as polymers that requires
higher curing temperatures than the mold can resist are not an option.

When selecting the material of the sacrificial mold or template for biomedical applica-
tions, it is very important to consider the compound and/or temperature for mold removal,
as some solvents can damage the material of the scaffold, while high temperatures needed
to melt the mold material could exceed the thermal resistance of the scaffold material.

Three-dimensional printing sacrificial templates have shown remarkable potential for
fabricating intricate structured engineered vasculatures due to their feasibility and versatil-
ity, but there are still studies needed to overcome the challenges in producing biomimetic
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vasculature, related to building of hierarchical vasculature within tissue engineering scaf-
folds [175].

5. Conclusions

The outbreak of additive manufacturing use in almost all industries worldwide
changes not only the form, functionality, and pathway of products to the market, but
also the methods and routes that are followed to build the products, revolutionizing the
way the products are created. Additive manufacturing application in mold development
ensures an important mitigation of the area in which traditional manufacturing exhibits
limitations, allowing the development of unique designs and tools that can be continu-
ously customized and adapted according to the application requirements and customer’s
needs while maintaining the reduced costs and time provided through its characteristics.
Three-dimensional-printed molds bring significant benefits in industrial and business
fields, as they contribute to the optimization of supply chains and business strategies in
small- to medium-scale production in industries like automotive, aerospace and transport,
electronics and construction. In the special use applications from tissue engineering and
biomedicine, the use of 3D-printed molds allows high quality and detailed customization
of dedicated or individual-use products that would not be achievable by traditional tech-
niques. From complex geometries to mass customization, 3D-printed molds can provide
significant technical and financial advantages for the manufacturing process and quality
of obtained products. Three-dimensional printing of molds is encountered in laboratory
research studies, small- to even large-size (in some situations that allow it) industries as
well as companies that developed offering 3D printing services for other beneficiaries.
The increasing availability of 3D printing services allows researchers without expertise
in design or manufacturing to acquire molds already customized to their required char-
acteristics and produce their own devices at low cost, while experienced researchers in
the field can fabricate and customize the molds and continuously adapt them for their
specific applications.
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Abstract: For different manufacturing processes, porosity occurs in parts made using selective laser
sintering (SLS) technology, representing one of the weakest points of materials produced with these
processes. Even though there are different studies involving many polymeric materials employed
via SLS, and different manuscripts in the literature that discuss the porosity occurrence in pure or
blended polymers, to date, no researcher has reported a systematic and exhaustive comparison of
the porosity percentage. A direct comparison of the available data may prove pivotal in advancing
our understanding within the field of additively manufactured polymers. This work aims to collect
and compare the results obtained by researchers who have studied SLS’s applicability to different
amorphous or semi-crystalline polymers and pure or blended materials. In particular, the porosity
values obtained by different researchers are compared, and tables are provided that show, for each
material, the process parameters and the measured porosity values.

Keywords: additive manufacturing; 3D printing; selective laser sintering; porosity; pure polymers;
blended polymers

1. Introduction

Although the use of metals is constantly growing [1], polymers are still the most used
materials today [2] in additive manufacturing (AM) [3].

Currently, most components made with polymeric materials are manufactured using
the selective laser sintering (SLS) process [4]. This process belongs to one of the first-born
families of AM processes, called Powder Bed Fusion (identified with the acronym PBF),
which is based on the fusion of layers of powdered material. The SLS process, in particular,
uses thermoplastic polymeric powders, and their fusion is obtained, layer by layer, using a
laser beam that acts along directions selected using a computerized system. SLS is one of
the most widespread AM processes. In principle, any polymer that is available in powder
form, which can be melted and bonded without decomposition via heating, would appear
to be processable using selective laser sintering. In practice, however, today, due to the
very complicated and difficult-to-control physical phenomena involved in the process [5,6],
there are only a few polymers that are suitable for SLS [7–10]. Both amorphous and semi-
crystalline polymers have been studied and employed in SLS processes, with the latter
being the most popular [11,12].

In the market of materials that are available for SLS processes, polyamide-based
powders 11 (PA11) and 12 (PA12) dominate, followed by other polymeric powders such as
BPT, PC, PE, PEBA, PEEK, PET, PMMA, PP, PS, SEBS, TPE, TPU [7], and very few other
types. More than 90% of the industrial consumption of polymers for SLS comprises pure
Polyamide 12 (PA12) or reinforced blends, such as dry blends of glass-, aluminum-, and
carbon-fiber-filled polyamides [10].

43



Polymers 2023, 15, 4446

The quality of the parts produced using SLS could greatly be affected by the fab-
rication process, i.e., the powder state, powder particle size, and shape [13,14], and the
process parameters [15–17]. It is also well known that, as for different manufacturing
processes, porosity occurs in parts made using SLS technology. Porosity occurs due to the
intrinsic phenomena involved during the melting, sintering, and consolidation processes
of powders [18] and represents one of the weakest points of materials produced with these
processes. Due to that, the key point behind the widespread use of 3D-printed parts for
structural application in different industrial fields is the improvement in product reliability,
e.g., defect and porosity reduction. In fact, porosity dramatically affects the quality and
reliability of additively manufactured parts and, therefore, deserves great consideration. In
recent years, additively manufactured materials have been studied through both numerical
and experimental methods to try to understand the effect of porosity (shape, size, number,
and position of pores) on critical mechanical properties, such as stiffness, strength, and
toughness, and to establish the correlations between these [9,19,20]. Many efforts were
made to study how the process parameters affect the porosity level. It was demonstrated
that, by optimizing these parameters in the best possible way, the porosity level of the
manufactured parts is reduced and becomes dependent only on the type of material used.
Overall, the porosity of the parts fabricated with amorphous materials is higher than that
of the parts made with semi-crystalline polymers [18].

The common goal of these studies is to mitigate the effects of porosity by devel-
oping methodologies that are capable of reducing or, more ambitiously, controlling the
generation of pores during the process and introducing post-processing techniques for
their elimination.

Evidently, in this context, porosity measurements play a role of primary importance.
The scientific literature boasts a large number of articles that study the various polymers
that can be processed with SLS, reporting data on their porosity. Measurements of the
porosity and density were carried out with different investigation methodologies, passing
from traditional measurement techniques to more modern and sophisticated ones [21].
The easiest technique that could be employed for porosity quantification is Archimedes’
method, which allows for porosity evaluation through a density measurement. However,
this technique offers some difficulties related to theoretical density knowledge and does not
give any information about the pores’ characteristics [21]. The distributions and shapes of
the pores can be observed directly using the microscopy analysis technique [22]. The latter,
however, has the disadvantages of being a destructive technique and only allowing for the
observation of small sections of the sample. Among other techniques for measuring porosity,
microcomputed tomography (µ-CT) is certainly the most powerful. This methodology
offers the advantage of providing, in addition to the porosity value, the spatial distribution,
shape, and size of the pores, in a non-destructive way [23,24]. Its main drawback is the
high cost of the equipment.

The purpose of this paper is to collect and compare the porosity percentage measured
by researchers on 3D-printed parts. In particular, works that evaluated the applicability of
different polymers to SLS were taken into account. Moreover, both amorphous or semi-
crystalline as well as pure or blended polymers were considered, even if, as it stands, the
highest amount of research is focused on PA12 parts. As assessed before, the importance of
having the correct knowledge of porosity in SLS fabricated parts led to the possibility of
improving the mechanical properties of 3D-printed parts and, consequently, their reliability.

Despite the intense research carried out and the numerous papers published, to the
knowledge of the authors of this work, to date, no investigator has endeavored to juxtapose
the assessed levels of porosity. It is believed that a comparison of the available data may be
pivotal for augmenting knowledge in the field.

In this paper, after an overview of the various materials processed using SLS, reported
in Section 2, the data that are present in the literature relating to the porosity measured on
polymers are collected and compared. In particular, in the Section 3, the data related to
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parts fabricated by polymers belonging to the polyamide family are first discussed, starting
from PA12 and moving on to PA6, PA1010, and PA11 and their blends.

Additionally, the porosity measurements of other pure polymers and polymer blends
are compared. Tables are provided, which show, for each material, the process parameters
and the measured porosity values. Finally, Section 4 is also included for the critical analysis
of the main results found in the literature.

2. Brief Outline of the SLS Process and Porosity

A typical system scheme used for 3D printing parts fabricated through SLS technology
is shown in Figure 1. For a detailed description of this system, the SLS process, and the
influence of the various process parameters on the formation of porosity in the particles
produced, please refer to [18].
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Figure 1. Schematic of an SLS machine’s main components (reprinted from [18]).

In short, the manufacturing process involves three stages:

(i) Preheating phase. In this phase, the powder bed is heated to a predefined temperature
(bed temperature, Tb), which is held constant throughout the part-building process.
The Tb is kept just below the softening temperature of the polymer that is used to
minimize the laser energy and eliminate any distortion of the piece during cooling.

(ii) Building phase. This is the core phase of the fabrication process that involves different
operations. First of all, the platform is lowered to receive the powder particles dragged
by the roller or by the spreading blade. After that, the laser beam melts the layer
of particles along the computerized trajectory. Finally, the piece is gradually cooled
down to the Tb value for solidification.

(iii) Cooling phase. In this phase, the heat source is switched off with the consequent
gradual cooling of the powder bed until it reaches the extraction temperature of
the piece.

For the numerous parameters involved in the process, refer to Table 1 [18].

Table 1. SLS process parameters (reprinted from [18]).

SLS Process Parameters

Powder-Based Laser-Based Temperature-Based Scan-Based

Particle shape, size, number, and spatial distribution Laser power Powder bed temperature Scan speed

Powder flowability Spot size Powder feeder temperature Hatching distance

Recoating speed, layer thickness, and powder density Pulse duration Temperature distribution Scanning pattern

Material Properties Pulse frequency
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In addition to the parameters reported in Table 1, it is important to introduce the
Energy Density (ED) supplied by the laser to the powder bed. The ED stands as an
exceptional metric employed by numerous researchers to assess the impact of process
parameters on the final part’s quality and porosity. Termed as Andrew’s number, the ED
quantifies the energy dispensed to particles per unit area of the powder bed surface. Its
computation is expressed by the following equation:

ED = P/(v·s) (1)

where P represents the laser power (in W), v is the scan speed of the laser beam (in mm/s),
and s is the laser scan spacing, i.e., the distance between two consecutive laser tracks
(in mm). The supplied energy density ED is then usually given in J/cm2, and its value
could affect the porosity percentage in the SLS parts. In particular, if the ED received by the
powder layer is too low or too high, this could lead to an increase in the porosity measured
in the parts. Moreover, each of the parameters included in the equation has been found to
affect significantly the porosity percentage in the SLS parts [18]. Besides the ED parameter,
several factors that are not included in the equation could affect the porosity percentage. In
particular, among all, the powder bed temperature and the layer thickness are those of the
greatest importance. The powder bed temperature influences the cooling rate and viscosity
of the polymer during the fabrication process. On the other hand, the layer thickness
influences the adhesion characteristics between two consecutive printing layers. To add to
these parameters, other factors influence the porosity development mechanisms such as
the powder particle sizes, powder re-usage, laser spot diameters, laser scanning strategy,
and material properties.

A schematic of the different kinds of porosity that could be found in SLS parts in
conjunction with the processing parameters that contribute to their development is reported
in Figure 2. In general, porosity is an intrinsic phenomenon of the SLS process. During the
melting process, the air could remain entrapped between two adjacent particles, leading
to the development of an intra-layer porosity. The amount of these voids is affected by
different processing parameters, i.e., the laser power and speed, particle shapes and re-
usage, and material properties (viscosity). Beyond that, the porosity may arise due to
inconsistent powder deposition as well as an inconsistent energy density received by the
deposited powder layer. If the laser power or scan speed is too high or too low, the material
layer is too thick, or the hatch distance determining the overlap area and therefore the
connection between two hatch lines is too short or too long, this will cause the incomplete
melting of the particles by promoting the formation of pores [18,25,26], i.e., a lack of fusion
porosity. Finally, porosity could develop between two consecutive layers, i.e., inter-layer
porosity. For an updated overview of the nomenclature and measurement methods, refer
to [21]. Porosity can be defined through the following ratio:

ε = Vp/V (2)

where V is the part volume and Vp is the pores’ volume. The Vp value could be calculated
using different approaches depending on the pore classification. Pore classification could
be conducted according to different characteristics. First of all, it is possible to distinguish
between open pores and closed pores, in function to the capability to intercept external
fluid. A second classification could be conducted based on the pores’ geometry, e.g.,
cylinders, prisms, spherical cavities, and windows. However, for 3D-printed parts, the
occurrence of irregular pores is very high and, consequently, it is not possible to employ this
classification method. A third classification is conducted based on the pore size, identified
as the smallest pore dimension, i.e., pore width. In this case, it is possible to distinguish
between micropores (i.e., pore width < 2 nm), mesopores (i.e., pore width > 2 and <50 nm),
and macropores (i.e., pore width > 50 nm) according to the IUPAC classification. However,
the one-dimension classification is sometimes not exhaustive, and very often, other 2D and
3D parameters are involved, e.g., areas or volumes. Finally, a fourth classification could be
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conducted based on the pores’ origins. In this case, it is possible to distinguish between
intrinsic pores, i.e., unintentional pores, and extrinsic pores, i.e., pores that are intentionally
introduced for a specific application. For a more detailed pore classification, please refer to
Morano and Pagnotta’s work [18].
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3. Polymers for the SLS Process

The SLS process exhibits characteristics that make it suitable for processing different
kinds of materials and/or blends. However, thermoplastic polymers (both amorphous
and semi-crystalline) are the most widely applied materials in SLS since they require low
processing temperatures and, consequently, low laser powers.

A rather comprehensive overview of the SLS polymer powders that are commercially
available or reported in the scientific literature has been presented by Tan et al. [10].
The authors classified the different thermoplastic polymers using the pyramidal scheme
reported in Figure 2. The first classification is between amorphous (on the left side)
and (partially) crystalline (on the right side) polymers. Beyond that, moving upwards,
polymers are distinguished based on their mechanical properties, operating temperatures,
and costs. In particular, on the bottom, we find the so-called “commodity” polymers, i.e.,
low-cost polymers for high-consumption applications. In the middle area, it is possible to
find the “engineering” polymers, i.e., materials for applications requiring few advanced
characteristics, such as moderate temperature resistance and good mechanical properties.
Finally, on the top of the pyramid, we find the “high-performance” polymers, i.e., polymers
with high costs and high mechanical properties and/or service temperatures. Moreover, the
red boxes identify polymers that are commercially available, and the yellow boxes are for
polymers that were studied in the laboratory and reported in the scientific literature, while
the white boxes are for polymers that are not available for SLS (refer to the abbreviation
listed at the end of the paper for the meaning of acronyms).

By analyzing the data reported in Figure 2, it can be seen that, among the thermoplastic
polymers available, approximately 25% are not suitable for SLS, 40% are not commercially
available even if they have already been tested, while only the remaining part (correspond-
ing to approximately 35%) is currently used in the additive manufacturing industry. It
should also be noted that the latter is represented by approximately 85% of semi-crystalline
polymers, including polyamides. The latter, even if numerically few by type, are polymers
that quantitatively represent almost all of the production of powders. Due to that, these
polymers have been and are still the most studied, both in their pure and blended forms.
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In the following sections, the polymers of the polyamide family and their compounds
will be first discussed. After that, the other semi-crystalline polymers will be considered,
starting from the base of the pyramid and ending with the most performing polymer shown
on the top of the pyramid. The same methodological sequence will be used to describe
amorphous polymers and elastomers.

It should be noted that not all of the polymers that have been investigated up to now
are shown in Figure 3. The missing ones, found in the literature by the authors of this paper,
will also be reported and discussed, as far as possible.
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3.1. The Polyamide Family

Polyamide is the most popular polymer in the SLS application since it allows for
the creation of parts that have good mechanical properties, good finishes, low costs, and
recyclability [27]. In addition, they are also suitable for the production of composite
materials and medical applications [28,29].

In addition to the more widespread Polyamide 12, the polyamide family also includes
Polyamide 6 (PA6), Polyamide 1010 (PA1010), Polyamide 11 (PA11), and the blends ob-
tained by mixing different polyamide powders. The main results are discussed in the
following sections.

3.1.1. Polyamide 12

Actually, polyamide 12 is the most applied and studied material for the SLS process [30,31].
Despite this, PA12 parts are still characterized by the occurrence of fabrication voids and defects.
Due to that, achieving low levels of porosity in manufactured parts remains a major challenge,
and multiple and accurate studies have been conducted to try to identify and explain the
mechanisms of pore formation [18,32]. Several researchers have studied how the SLS processing
parameters influence the total contents of pores and their distributions within the polymer parts.

Dupin et al. [33] compared the closed porosity, shapes, dimensions, and positions of
pores of SLS parts produced from two different PA12 powders (Duraform and InnovPA) by
varying the energy density value. In particular, the authors decided to modify only the laser
power value by keeping the other parameters fixed. Seven different laser power levels were
selected and, consequently, seven ED values. The porosity characteristics were evaluated
using both Archimedes’ principle and X-ray tomography. They found that the quantities of
open and closed porosities decrease as the ED increases. These results can be explained by
taking into account that increasing the ED induces more particles to melt, so the amount
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of molten polymer increases too. This molten matter promotes the coalescence process
between adjacent particles and therefore enhances the densification of the parts. Overall, it
is possible to assess that the energy density has a great impact on the residual porosity. The
authors also show that the particle size distribution and the crystallization temperature of
the powder material are the key parameters in pore formation. It has been observed that the
presence of small particles affects the density of the final part as it promotes the adhesion
between the layers producing a lower interlayer porosity. This feature also influences the
fusion phase since it affects the coalescence process of the particles. On the other hand, the
crystallization temperature affects the porosity during the last stage of the process, i.e., the
cooling stage. In fact, lower crystallization temperatures imply an increase in the time that
the materials spent in the molten stage, i.e., lower porosity [33].

Tontowi and Childs [34] investigated the effect of the powder bed temperature (ambi-
ent build powder surface temperature) on the part density. The effect was evaluated both
experimentally and numerically by developing a 2D model. The authors showed that small
temperature variations have a marked effect on the part density. This result was observed
both numerically and experimentally. In particular, the lower the powder bed temperature,
the lower the sintered part density. The effect of the bed temperature could be mitigated by
varying the energy density value according to temperature fluctuation.

Gomes et al. [35] analyzed the influence of the dust lap on the quality of the PA12
printed parts using a CT analysis. The authors found an increase in the porosity percentage
by increasing the recycling cycles. In particular, a very low porosity percentage was
measured for the parts fabricated with virgin powder, i.e., around 1.5%. By increasing the
number of printing cycles, this value increased up to 9%. The porosity increase was further
accompanied by geometrical errors. Powder recycling is a key point for the SLS process
since it allows for the reduction in production costs as well as process waste.

Dewulf et al. [36] investigated the influence of laser power, hatch spacing, and scan
speed on porosity development. Each parameter influence was evaluated separately by
keeping the other values constant. With this approach, it was possible to obtain samples
fabricated with the same ED value but with different processing parameter values. It was
shown that an increase in the energy density leads to different porosity contents depending
on the varied parameters. Moreover, it was found that by reducing the hatching distance,
it was possible to reduce the porosity value. Conversely, the minimum porosity value
does not correspond to the maximum laser power or the minimum scanning speed. This
research demonstrated that the ED value alone is not enough to predict the microstructure
of 3D-printed parts.

Pavan et al. [37] analyzed the part density as a function of both the intra-layer time
and energy density values. The intra-layer time, i.e., the time between the scanning of a
certain point of the layer and the recoating operation, is responsible for the temperature
that is locally reached by the powder during the printing process and, consequently, it
could significantly affect the morphology of the 3D-printed parts. The authors revealed
that the porosity is significantly affected by the combination of the inter-layer time and ED
used during the printing process. Even if it is well known that the ED value is a crucial
factor in the part density, the authors demonstrated that the intra-layer time has a similar
effect. Ensuring a more uniform inter-layer time during the process would allow for a
significant reduction in the variation of the product quality.

Stichel et al. [25,38] presented the results of a Round Robin study involving mechanical
tensile tests and a microstructural pore morphology analysis of various samples fabricated
using different manufacturing machines. The pore morphologies, as assessed through
X-ray computed tomography, were juxtaposed and examined in relation to the process
parameters utilized and their resultant mechanical properties. Their investigation revealed
that the laser energy input parameters exhibited a limited impact on the porosity, in
contrast to the prevailing literature, which suggests that a reduction in porosity can be
achieved by increasing the laser energy. Conversely, the process temperature, specifically
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the powder bed temperature, appeared to exert influence over the pore density, with higher
temperatures correlating with lower pore densities.

Rüsenberg et al. [39] investigated the porosity at different regions of SLS PA12 cubes,
realized by modifying the laser power value, and evaluated the correlation with the main
mechanical properties. The authors demonstrated that a higher part density was obtained
with a higher energy density, and the mechanical properties were improved. Moreover, the
authors found a skin that appears to be significantly denser compared to the internal region.
Similar results were obtained by Ajoku et al. [40], by Rouholamin and Hopkinson [41], and
by Morano et al. [42].

Liebrich et al. [43] evaluated the occurrence of porosity on thin-walled structures. The
measurements were carried out using X-ray microtomography. The authors proved that
the porosity within thin-walled structures produced by SLS strongly depends on the wall
thickness as well as on the orientation in the building chamber. Overall, the measured
porosity values were significantly lower compared to the overall porosity levels reported
for laser-sintered parts of greater dimensions.

Morano et al. [42] analyzed the change in the shape and distribution of the pores
during quasi-static loading conditions, inducing plastic strain, by employing X-ray micro
tomography. The authors found a significant variation in the porosity percentage by
increasing the residual deformation. This result was accompanied by a variation of pore
shapes and dimensions. The analysis made it possible to follow the main mechanism that
contributes to sample failure, e.g., pores’ coalescence.

3.1.2. Porosity and Pore Size Distribution of PA12

The porosity values of PA, measured over the past decade by some of the researchers
cited in the previous section, are summarized in Table 2. Alongside the porosity percentage
ranges, the table also provides the ranges of values of the process parameters used by
various authors to produce the analyzed parts. The measurements were taken at different
times and places on parts made with different process parameters and, in some cases,
using different techniques. Nonetheless, important considerations can be drawn from
their analysis.

First of all, it can be verified that all of the percentage porosities measured are included
in the wide range from 0.7% to 16%. The differences between these values can be mainly
attributable to the processing parameters used for SLS printing. The latter, as discussed in
the previous section, has a strong impact on the structure and on the distribution of pores
inside of a finished product and, consequentially, on its mechanical properties [44,45].

However, it should be noted that the maximum values of porosity, reported by
Dupin et al. [33], were obtained at lower energy density values, while the minimum values,
measured by Liebric et al. [43], were obtained for the case of thin-walled structures. If these
particular data are not considered, the variability of porosity can be considered restricted
to the range of 2.5–4.8%.

Another important consideration is that the porosity measurements reported by var-
ious researchers confirm the correlation between the ED value end porosity percentage,
as already observed by Caulfield et al. [26] in 2007. The increase in the ED value, almost
always, leads to an increase in the density of the material (or, equivalently, a decrease in
its porosity). This correlation could be demonstrated by individually plotting the values
provided by various authors in their papers. For the sake of brevity, these data are not all
reported in this work. However, trends can be verified by analyzing the data summarized
in Table 2, which, for each author, reports only the extremes of the variation intervals. Note
that, for each group of data, the ED values increase from left to right, while, on the contrary,
the porosity values decrease.

It should be noted that it is not possible to observe a direct correspondence between
the ED value and the measured porosity. That could be explained considering that the ED
value depends on different factors, i.e., the laser power, hatching distance, and scanning
speed (see Equation (1)) [25,46]. Furthermore, porosity also depends on all of the other
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processing parameters (e.g., bed temperature, layer thickness, etc.; see Table 1), as well as
on the measurement method employed for its quantification.

As an example, Figure 4a reports a comparison between the porosity values ob-
tained by various authors (Stichel et al. [25], Dewulf et al. [36], Morano et al. [42], and
Pavan et al. [47]) with approximately equal ED values (ED = 3.4 ± 0.1 J/cm2), while, in
Figure 4b, the contribution of pores with a specific diameter on the total porosity can be
observed. The average value of the measured porosity is equal to 3.5 ± 0.3%. Note that the
differences between the measured porosity values are not directly related to the changes in
the ED. They are probably attributable to the different process parameters used.
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Figure 4. Comparison between (a) porosity and (b) equivalent pore diameter distribution available
in the literature [25,36,42,47].

Another general conclusion is that, in all cases, the pore diameter distributions are
slightly different. The greatest contribution is given by the pores with an average size that
is typically contained between 120 µm and 180 µm. The remaining pores of smaller or
larger dimensions, while contributing in a limited way to the overall porosity, can have a
great influence on the mechanical properties of the material.

Returning to the correlation between the ED and porosity, it is important to highlight
that Erdal et al. [48], as well as Rouholamin et al. [41] and Stichel et al. [25], reported
the existence of a maximum optimal energy density. In fact, the authors found that by
increasing the energy density beyond this maximum, the level of porosity of the part can
remain unchanged or even deteriorate because of thermal degradation.

The sources of variability mentioned above uniquely affect the porosity values ob-
tained by each researcher. This, unfortunately, does not allow for a direct comparison of all
the data that are available in the literature in order to extract more general information.

To confirm this, Figure 5 shows the curve obtained using all the data available in the
literature (approximately fifty porosity values measured for different ED levels).

The average porosity obtained is 4.6%, with a large standard deviation of approxi-
mately 2.6%. However, when the data are filtered by eliminating the most unlikely values,
the average value drops to approximately 4.0% with a standard deviation of 0.94%. How-
ever, these values are very far from those presented previously.

It is difficult to draw other conclusions from the data that are available in the literature
on the porosity of PA12. Generally, each researcher has developed their studies by keeping
some parameters constant (very often without indicating their values in their published
papers) and varying only those of interest, and, except for Stichel et al. [25], everyone used
their equipment. It is therefore impossible to try to determine any correlations with the
degree of porosity from the published data to understand what method to use to further
decrease the porosity level.
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Table 2. Summary of measured PA12 porosity values available in the literature.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature

◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PA2200 [25] 60 100–150 160–178 1.67–3.72 3.20–2.80 µ-CT

PA2200 [36] 60 120 - 2.44–4.20 4.70–2.60 µ-CT

PA2200 [42] 56 100 168 3.36 3.70 µ-CT

PA2200 [43] 56 100 - - 2.60–0.70 µ-CT

PA2200 [47] 56 120 - 2.00–5.00 4.80–3.60 µ-CT

PA2200 [46] 60–80 – 173 3.00–4.00 6.50–2.50 µ-CT

Duraform [25] 58 101–120 165.5–182 1.50–2.04 3.80–3.60 µ-CT

Duraform [33] 60 100 150 1.07–2.67 16.10–4.30 Archimedes
µ-CT

Duraform [49] 58 100 175 1.80 4.70 µ-CT

InnovPA [33] 43 100 150 1.07–2.67 14.10–3.40 Archimedes
µ-CT

It would be desirable for researchers to follow a single direction not only thematically
but also for the presentation of the results. Everyone could thus proceed independently
and obtain and present results that could be useful to the entire scientific community that
studies the porosity of polymers. Currently, many works deal with the influence of the ED,
but few investigate the influences of other parameters, so researchers should work in this
direction in the future.

3.2. Polyamide 6 (PA6), 1010 (PA1010), and 11 (PA11) and Polyamide Blends

Despite the commercial availability of different polyamide powders for SLS printing,
the literature on polymer provides, in general, only little information on their processing,
since the vast majority of published results are focused on PA12.

Nevertheless, the data in the literature about the porosity percentage measured on
SLS parts fabricated using different polyamide powders are summarized in Table 3.
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Table 3. Summary of measured porosity values available in the literature for different polyamide parts.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature ◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PA6 [50] 180 500 25–150 - 1.9–3.9 Micrographs

PA6 [51] 100 100 25–180 2–36.6 39.7–60 Archimedes

PA1010 [52] 20–110 100–250 90–102 - - -

PA11 [53] - 80–120 187 1.83–5.40 - -

PA6/PA12 [54] 150–160 150 120 - - -

PA4,6/PA12
10/90 [55] - 100 162 2.5–8 3.5–4.5 Archimedes

PA4,6/PA12
50/50 [55] - 100 162 2.5–8 4–5 Archimedes

PA4,6/PA12
90/10 [55] - 100 162 2.5–8 4.5–6.5 Archimedes

One of the other polyamide powders available for 3D printing is PA6. Zhou et al. [50]
investigated Polyamide 6 single-layer specimens. The hatch spacing and the processing
temperature were varied to evaluate their influences on the sample characteristics and
porosity development. The authors demonstrated that the hatch spacing significantly
affects the occurrence of layer porosity. In particular, the porosity ratio increases drastically
as the scan spaces enlarge, passing from 1.95% to 3.89% when the scanning space increases
from 0.25 to 0.45 mm, with an increment of about 50%. On the other hand, the processing
temperature affects the mechanical properties.

Ling et al. [51], instead, analyzed, among other things, the porosity ratio of sintered
specimens with different ambient temperatures and layer thicknesses. The experimen-
tal results demonstrated a decrease in the porosity ratio by increasing the processing
temperature, i.e., from 60% measured at 25 ◦C to approximately 39% measured for temper-
atures up to 180 ◦C. These measured values are significantly higher than those reported by
Zhou et al. [50]. This difference could be attributed to different printing parameters and
sample characteristics. In particular, such high porosity values were measured on one-layer
samples. This aspect demonstrated that the layer-by-layer process helps to reduce porosity
since some void could be closed during the second layer melting. In fact, the porosity
percentage measured on the samples realized with different layers, from 3 to 10, showed a
decrease of up to 21% by increasing the number of layers. By further increasing the number
of layers, the porosity decrease was slow, and for a number of layers that exceeded 14, it
was negligible.

Another commercial powder that is available is PA1010. Liu-Ian et al. [52] investigated
the morphology changes of a modified PA1010 by varying different processing parameters,
i.e., the laser power, powder bed temperature, and layer thickness. The author found
that by increasing the laser power, i.e., by more than 8 W, it is possible to obtain a well-
defined morphology. However, for a laser power greater than 15 W, polymer degradation
was observed. Similarly, increasing the bed temperature allows for a reduction in the
dimensions of the detected pores. Finally, by reducing the layer thickness, it is possible to
improve the sample morphology, i.e., lower the porosity, even if, for a thickness lower than
0.05 mm, the roller compromises the sample surface. Overall, even if authors analyze the
porosity morphology, they do not quantify the amount.

Finally, PA11 has seen increased interest in general use due to its sustainable nature,
since it is unique among other polyamides, as it is non-petroleum sourced. To fill the gap
left by the literature on how to achieve optimal processing conditions, Wegner et al. [53]
studied the correlations between the process parameters and part properties using a Design
Of Experiments (DOE) approach. In particular, the main processing parameters, i.e., the
scan speed, the laser power, hatch distance, and layer thickness, were modified, and their

53



Polymers 2023, 15, 4446

influence on the sample characteristics was analyzed. In particular, the authors evaluated
the part density, surface roughness, and the final mechanical properties. Also, in this case,
the authors did not furnish data about the porosity percentage. However, the experimental
results demonstrated that energy density values that are significantly higher than those
employed for PA12 fabrication are requested to achieve dense parts.

For the sake of completeness, this section closes by highlighting that, recently, some
studies have been carried out to verify the possibility of using mixtures of polyamide pow-
ders in the SLS process. In particular, the works of Salmoria et al. [54] and Strobbe et al. [55]
examined the properties of PA12 blends with PA6 and PA4,6 powders, respectively.

3.3. Other Pure Polymers and Polymer Blends

Among the AM techniques, SLS gives the possibility to process a wider range of
polymeric powders [11], including a variety of pure-polymer-based powders. Compre-
hensive reviews on materials and process development are given by Kruth et al. [56],
Schmid et al. [6,57], and, more recently, by Tan et al. [10]. Schmid et al. [57], in particu-
lar, discussed why several approaches adopted for new types of polymers failed and the
reasons for the difficulties in developing new SLS powders.

Typically, polymer powders that are employed for the SLS process are semi-crystalline
thermoplastic, even if it is also possible to find amorphous polymeric powder as well as
elastomers. Thermoplastic polymer materials are well suited for laser sintering because of
their relatively low melting temperatures.

In fact, if we exclude the polyamide varieties that were already examined in the
previous section, a very limited variety of other kinds of polymers has been the subject of
scientific publication. In this section, studies in which the porosity has been investigated
are discussed, and the main results are summarized in Table 4.

Schmid et al. [58,59] presented a process chain for the production of spherical poly-
butylene terephthalate (PBT) microparticles. Their PBT powder, having a melting point of
223 ◦C, could be processed using a building temperature of 210 ◦C. Overall, by carrying out
a rounding and a drying process on powder particles, it was possible to obtain a material
suitable for 3D printing. However, further optimization is needed to improve the density
of bulk parts.

Arai et al. [22] proposed to use a copolymer PBT (cPBT) for the fabrication of polymeric
powder for the SLS process. The authors employed a cryomilling process for powder
fabrication. It was found that the employed methods led to the occurrence of some metallic
particle contaminations. These particles are responsible for an increased crystallization
temperature that reduces the process windows. Nevertheless, the so-obtained cPBT powder
was successfully employed for part fabrication with the SLS process. Table 4 summarizes
the results in terms of porosity for different layer thicknesses and energy densities.

Table 4. Summary of measured porosity values available in the literature for different polymers or blends.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature ◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PBT [58] 25 295–450 210 8.4–12.6 6.3–14.1 Archimedes

PBT [22] 76 100 190–193 6.7–40 1.7–20.8 Micrographs

HDPE [60] 150–212 200 95 44 35 Archimedes

UHMPE [61] 125 100 142 1.6–3.2 60–65 Archimedes and
µ-CT

PP [9] 45 150 150 1.8–1.9 8.4–10.1 µ-CT

PET [62] 59 100 200–240 2–5 2 Micrographs

PEEK 150PF [63] 56 100–200 345–357 1–3.6 0.2–15 Archimedes

PEEK 450PF [64] 50 120 - 1.47–3.24 0.35–17 µ-CT
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Table 4. Cont.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature ◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PEEK HP3 [65] 60 100 - - 4.36 Mercury
intrusion

PEK HP3 [66] 70 120 368 - 0.3–10.4 µ-CT

PEK HP3 [67] 37–63 120 340 - - -

POM [68] 87–146 200 154–159 - - -

BLENDS

PA12/PEEK [69] 80 100 - 4.5 - -

SEBS/PP [70] 85–107 100 100–160 7.9 - -

PBT/PC [71] 161/218 - 205 5–10 10–40 Micrographs

PP/PA12 [72] - 100 158 - - -

PA12/PBT [73] 60/200 - 140 38 - -

PA12/HDPE [74] 60/120 150 60 - - -

Other semi-crystalline polymers such as polyethylene, polypropylene, polyoxymethy-
lene, poly(ether ketone), and poly(ether ether ketone) are being actively researched, and
some have been commercialized [7].

Bai et al. [75] explored, for the first time, the processability of polyethylene via selective
laser sintering. The authors evaluated the influence of the processing parameters, e.g., the
powder bed temperature, and laser power on the mechanical properties of 3D-printed
parts. Moreover, the effect of the thermal history during the laser sintering process has also
been evaluated. Unfortunately, the authors did not report any data about the porosity but
evaluated only the quality of the fabricated parts.

Salmoria et al. [60] investigated the fabrication of HDPE specimens via SLS, employing
particles with different sizes to control the porosity variation. The authors showed that
the pore dimension depends on the sintering degree as well as on the particle size. In
particular, the dimension of closed pores increases by increasing the dimension of the
particles employed for 3D printing.

Khali et al. [61] carried out a mechanical and morphological characterization of porous
Ultra-High-Molecular-Weight Polyethylene (UHMWPE) laser-sintered samples realized
by using different processing parameters. Different works in the literature demonstrate
that is difficult to fabricate UHMWPE parts via additive manufacturing. Due to that, the
authors evaluated the influence of laser power variation on 3D-printed UHMWPE parts.
The results demonstrated that the porosity level remains high (ranging between 60% and
65%) with no significant variation by modifying the laser power value and, consequently,
the flexural properties are compromised.

Poly(ethylene terephthalate) (PET) was found to be suitable for application in SLS.
Bashir et al. [62] analyzed the feasibility of processing highly crystalline PET for SLS 3D
printing. It was found that the material exhibits a wide operating window and the recycla-
bility of unmelted powder for new cycles is good. Overall, it seems that the printability of
PET is similar to that of PA12. Moreover, the authors measured a 2% residual porosity.

In recent years, high interest was given to a new type of polymers that are suitable for
high temperatures, i.e., Poly Aryl Ether Ketones (PAEKs), for the SLS process. Examples are
Poly Ether Ketone (PEK) and Poly Ether Ether Ketone (PEEK), which could be successfully
employed in different industrial fields, thanks to their high melting temperatures, chemical
and wear resistance, and biocompatibility [63]. Even if PA and PS polymer families are
widespread in different industrial processes, the processability of PEEK through 3D printing
is currently a challenge [66]. However, it is necessary to include some printer variation to
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increase the process temperature up to 350 ◦C, i.e., the melting temperature of this kind of
polymer. Moreover, it is also necessary to improve the materials’ flowability. It was also
shown that it is possible to reduce the porosity from 15% to a nearly zero value by properly
selecting the process parameters. In this way, it is also possible to improve the mechanical
properties that appear to be interconnected to the porosity percentage. In the literature,
different studies were carried out on the feasibility of PEK, PEEK, and EOS PEEK HP3
parts using the SLS process [64,65,67,76].

The SLS technology could be employed for PP powder processing. However, it is
necessary to deeply analyze the process parameters’ influence on PP 3D-printed parts
for reliable manufacturing. Flores Ituarte et al. [9] evaluated the influence of the main
processing parameters’ variation on the porosity percentage. In particular, a DOE was
developed to investigate the influence of both the laser power and scanning speed. The
porosity was measured through computed tomography. It was found that the occurrence
of a high porous structure, i.e., a porosity percentage ranging between 8.46% and 10.08%,
and, moreover, the highest porosity appears to be located in the interlayer planes.

Other polymers that exhibit good mechanical properties such as high stiffness, high
wear, and creep resistance are PBT and POM. However, studies on this kind of polymer are
scarce. Recently, Wegner [76] analyzed the percentage of bulk density of different polymeric
parts fabricated through two different laser sintering machines. A porosity percentage
between 1% and 2% was found, which is lower than the typical values measured on
PA 12. Dechet et al. [68] employed a non-mechanical method, based on the solution–
dissolution process, for the fabrication of POM powders that are suitable for PBF. The
quality of the as-manufactured powder was demonstrated through the manufacturing of
multi-layered samples.

Finally, polymer blends were developed and analyzed for the fabrication of parts with
improved properties. This kind of material offers an alternative approach for obtaining
parts with specific characteristics, thus allowing for the development of new applica-
tions. Nonetheless, polymer blends have received considerably less attention in research
compared to pure polymers. This disparity arises from the necessity for chemical com-
patibility between the constituent materials in the blend and the thermal limitations that
make the sintering of such blends more challenging. Additionally, the temperature ranges
within which the sintering process must occur tend to be narrower for polymer blends
than for their pure polymer constituents. This implies that polymer blends are more
susceptible to variations in the bed temperature of the part, underscoring the critical
importance of precise temperature control. The utilization of SLS for polymer blends is
contingent upon a broad selection of compatible blend constituents. Nevertheless, there
have been noteworthy developments in the application of SLS to various polymer blends
including PA12/PEEK [69], PA12/HDPE [74], PA12/PBT [73], PA12/PP [72], PBT/PC [71],
PMMA/PS [77], PP/POM [76], and SEBS/PP [70]. The data are reported in Table 4.

3.4. Amorphous Polymers and Elastomers

Amorphous polymers were the first kind of polymers employed for SLS. The main
results regarding amorphous polymers and elastomers are summarized in Table 5.

Table 5. Summary of measured porosity values available in the literature for different amorphous
polymers or elastomers.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature

◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PC [78] 30–180 130 145 3–12 10–45 Archimedes

PS [79] 25–106 150 85 2–12 12–60 Archimedes
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Table 5. Cont.

Material Powder Size
(µm)

Layer
Thickness

(µm)

Powder Bed
Temperature

◦C

Energy
Density

J/cm2

Porosity
%

Measurement
Technique

PS [80] 75–100 150 90–95 6–7 - -

PS [81] - 100 90–100 4–14 5–25 Archimedes

PMMA [82] 75 - 100 15–40 50–61 Archimedes

TPU [83] 63–75 100 70–125 5–14 10–21 Archimedes

TPU [84] 45.7–62.8 100 125 25 0–0.2 Archimedes
and µ-CT

SAN [85] 59.08 100 99 2–12 30–55 Archimedes

Among amorphous polymers, polycarbonate is widespread, and it includes bisphenol-
A PC and aliphatic PC. Bisphenol-A PC exhibits good mechanical properties, and due to
that, it is possible to find different studies [78,86,87]. However, bisphenol-A is classified as a
low-poison chemical material, and due to that, in different countries, its use is forbidden for
applications in food and medical fields. Consequently, aliphatic PC is subjected to increas-
ing interest. The influence of the main processing parameters and, in particular, of the laser
power energy on the aliphatic polycarbonate porosity was analyzed by Song et al. [87].
The experimental results show the occurrence of high porosity, between 50% and 70%.
Overall, the process allows for the feasibility of the fabrication of aliphatic PC samples via
3D printing, even if it is still necessary to reduce the porosity.

As regards polystyrene (PS) and high-impact polystyrene (HIPS), the research in this
field is limited. Only very few works have been published in the open literature [79–81].
For example, Shi et al. [80] evaluated the printability of high-impact polystyrene and found
good dimensional accuracy as well as mechanical properties. Similarly, Strobbe et al. [81]
analyzed the same material using a single-layer approach and evaluated the printing
parameters’ influence. A good consolidation of 3D-printed parts and a small amount of
porosity was found by properly selecting 3D printing parameters.

Polymethylmethacrylate (PMMA), a synthetic resin [77,82], is employed in medical
fields. Typically, this material is mixed with other additives to obtain a soft substrate that
can harden gradually. In fact, this material is processed using two different approaches:
(i) molding, which is employed when the PMMA is in the soft condition, or (ii) machining
after the reaching of the hard form. However, these technologies are accompanied by some
limitations such as the possibility to fabricate complex parts. Additive manufacturing could
overcome this issue. Velu et al. [82] evaluated the influence of processing parameters on
PMMA parts fabricated through SLS. The authors found a correlation between porosity
and processing parameters as well as a correlation to mechanical properties. In particular,
through the proper selection of process parameters, it is possible to reduce the porosity
(52% instead of 61%) and to improve the mechanical properties (tensile strength is two
times higher).

As regards the elastomers, among them, one of the most used for SLS is TPU, even if
its applicability fields are limited. Currently, there are limited studies on the correlation
between the processing parameters and TPU sample quality, e.g., porosity occurrence.
Verbelen et al. [83] carried out an experimental analysis of different TPU grades charac-
terized by very distinct characteristics. The authors demonstrated that it is possible to
employ the SLS process for the fabrication of TPU parts. However, the final parts are
characterized by high porosity and degradation. Due to that, further studies are requested.
Ziegelmeier et al. [84,88] carried out different studies on TPU processability using SLS.
Firstly, the authors evaluated the correlation between the behavior of the powder and the
final properties of the 3D-printed parts. With this aim, the authors selected two different
kinds of elastomers, i.e., TPU and a commercial thermoplastic elastomer (i.e., the Duraform
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Flex-DF). The authors demonstrated that improved packing and flow capability of the
powder particles could lead to bulk parts characterized by lower porosity.

Yan et al. [85] studied a styrene–acrylonitrile copolymer (SAN), another kind of amor-
phous polymer, as an SLS material to make parts with good dimensional accuracy and
sintering properties and, consequently, better mechanical properties. In particular, the
authors evaluated the influence of processing parameters, e.g., the ED value, on the quality
of 3D-printed parts, e.g., the porosity and dimensional accuracy. Moreover, the results were
compared with the data on the parts fabricated using PS powder. It was found that SAN
could be successfully employed for the fabrication of parts with complex shapes and good
dimensional accuracy. However, a high occurrence of voids was detected, and that issue
was overcome by employing a post-processing treatment, i.e., infiltrating epoxy.

4. Discussion

For the convenience of treatment, all of the porosity values found in the literature are
summarized in the graphs of Figure 6. In particular, Figure 6a reports the data relating to
semi-crystalline polymers, while Figure 6b shows the porosities of the amorphous polymers.
The values presented are the average of the data reported in Tables 2–5, neglecting out-of-
range values and blends.
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The comparison between the porosities of semi-crystalline polymers (Figure 6a) and
the porosities of amorphous polymers and elastomers (Figure 6b) clearly confirms what
has already been highlighted previously. Semi-crystalline polymers are characterized by
lower porosity values. Except for UHMPE and HDPE, which represent two particular
cases, the ratio between the porosity values of the two polymer families is greater than 5/1.
UHMPE and HDPE are not generally used for the SLS process, and their printability is
still a challenge. Porosity values will certainly reduce drastically in the future. Excluding
these two polymers, the porosity in semi-crystalline polymers remains less than 10%, and it
should be highlighted that an appropriate choice of processing parameters could allow for
values close to zero to be reached. The porosities of amorphous and elastomeric polymers
are, however, higher and vary between 15% and 55%.

By considering each polymer family, the first outcome that emerged from the literature anal-
ysis is that the polyamide family represents the highest percentage of the polymers employed
for SLS. In particular, PA12 is a widespread material, and several works have been carried
out on this material. The experimental evaluation of porosity on that material demonstrates
a high variability, from a minimum of 2.5% to a maximum of 17% [33,36,46]. These values
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were measured on the samples that were obtained with different processing parameters, thus
demonstrating that the fabrication process significantly affects the morphology of 3D-printed
parts. Overall, a reduction in the measured porosity was observed by increasing the ED value.
Higher supplied energies give the possibility of increasing the dimension of the melting pool
and reducing the material viscosity, thus obtaining a denser part. However, it is not possible to
limit the correlation of the porosity value to the ED value. In fact, in some cases, with similar
ED values, different porosity values were measured (see Figure 4 and Table 2). These discrep-
ancies could be attributed to the other processing parameters that are not involved in the ED
equation. Moreover, the same ED values could be obtained, starting from different processing
parameters that could influence the quality of 3D-printed parts in different ways [36]. Two main
considerations follow from these results. First of all, it is clear that it is possible to reduce the
porosity by acting on fabrication parameters; secondly, the complete elimination of the porosity
could not be obtained just by acting on process parameters. Moreover, it is also important
to consider that different techniques employed for porosity evaluation could lead to different
measuring errors, thus contributing to the variability. All of these considerations suggest the
need to develop standardized strategies and protocols for the fabrication of 3D-printed parts
and their quality assessment.

Similar considerations could be made on the other polyamide raw powders as well as
for the other polymers or blends. However, for these materials, the data in the literature
about porosity are limited and reveal a very high variability (see Tables 3–5). Moreover, in
some cases, the information about fabrication parameters does not give the possibility to
make specific comparisons between different analyses carried out by different researchers.
Overall, the higher porosity values observed for some SLS polymers could be attributed to
two main factors. On one hand, some of the considered materials have been employed in
the SLS process in the past few years. Due to that, the process is still under development,
and further optimization is needed. On the other hand, some of these materials are not
suitable for traditional SLS processes, such as those materials that require high melting
temperatures. In this case, the SLS process and machines should be optimized for this
kind of material. Overall, it is possible to conclude that porosity is still an open issue for
SLS-printed polymers and that further analysis is required, especially for new emerging
polymers with high mechanical properties, e.g., PEEK.

5. Conclusions and Future Remarks

In this review paper, a wide description of the main polymeric materials employed for
the SLS process is reported. An analysis of the literature demonstrated that the widespread
material for SLS is PA12. However, the analysis of the process parameters and their
influences on the mechanical properties and part density is actually a crucial aspect, and
different researchers are focusing their efforts on investigating this point. In fact, a deep
understanding of this correlation is a key point for improving the reliability of SLS parts.
The experimental results obtained by many researchers on PA12 allowed us to observe a
correlation between the ED value and the porosity percentage that decreases by increasing
the ED. However, the ED value alone is not enough to predict the porosity percentage
in 3D-printed parts, since other processing parameters significantly affect the porosity
development, e.g., the powder bed temperature or layer thickness. It is also important
to highlight that the porosity values refer only to the percentage of porosity without
giving information about the pores’ shapes. However, it was demonstrated that the pores’
dimensions and shapes could affect the mechanical properties as well as the porosity
percentage itself. For this reason, further investigation is needed to analyze the influence of
the processing parameters on the pores’ geometrical characteristics.

An analysis of the literature also demonstrated the increasing research around other
kinds of polymers for structural application, e.g., PEEK, or medical application, e.g., PMMA.
The data about porosity are reported in specific tables, and the results demonstrated that
the high product quality of 3D-printed parts is still an open issue, and further investigation
is requested. Overall, the way to achieve the deployment of SLS technology in different
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industrial fields lies in the possibility of developing standard strategies for part fabrication
and, as a final goal, fabrication protocols.
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ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing
ASA Acrylonitrile Styrene Acrylate
ASTM American Society for Testing and Materials
CAD Computer-Aided Design
CT Computed Tomography
DOE Design Of Experiments
HDPE High-Density Polyethylene
PA PolyAmide
PAEK PolyArylEtherKetones
PAI PolyAmideImide
PBF Powder Bed Fusion
PB PolyButylene
PBT PolyButylene Terephthalate
PC PolyCarbonate
PCL PolyCaproLactone
PEEK PolyEtherEtherKetone
PEI PolyEtherImide;
PES PolyEtherSulfone
PET PolyEthylene Terephthalate
PI PolyImide
PLA PolyLacticAcid
PMMA Poly(Methyl MethAcrylate)
POM PolyOxyMethylene
PP PolyPropylene
PPF Poly(PropyleneFumarate)
PPSF PolyPhenyl Sulfone
PPSU Poly(Phenyl Sulfone)
PS PolyStyrene
PSU PolySulfone
PTFE PolyTetraFluoroEthylene
PU PolyUrethane
PVA Poly(VinylAlcohol)
PVAc PolyVinylAcetate
PVB PolyVinylButyral
PVC Poly(VinylChloride)
PVDF PolyVinyliDene Fluoride
RP Rapid Prototyping
SAN Styrene-AcryloNitrile
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SLS Selective Laser Sintering
sPS Syndiotactic PolyStyrene
TPE ThermoPlastic Elastomers
TPO Phosphineoxide
TPU Thermoplastic PolyUrethane elastomer
UHMWPE Ultra-High-Molecular-Weight PolyEthylene
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Abstract: Self-healing polymers have received widespread attention due to their ability to repair
damage autonomously and increase material stability, reliability, and economy. However, the pro-
cessability of self-healing materials has yet to be studied, limiting the application of rich self-healing
mechanisms. Additive manufacturing effectively improves the shortcomings of conventional pro-
cessing while increasing production speed, accuracy, and complexity, offering great promise for
self-healing polymer applications. This article summarizes the current self-healing mechanisms
of self-healing polymers and their corresponding additive manufacturing methods, and provides
an outlook on future developments in the field.

Keywords: 3D printing; self-healing; polymers and composites; additive manufacturing; smart polymers

1. Introduction

Inspired by nature, researchers have introduced self-healing mechanisms into materi-
als, enabling them to repair internal or external damage, regain functionality, and extend
their lifetime. These are called self-healing materials [1–5]. Self-healing materials are re-
garded as a new generation of advanced materials, and have been applied in many fields
due to their advantages [6–8]. It has attracted the attention of modern science, materials
engineering, and commodity research over the last decades [7,9,10]. Self-healing polymers
endow fabricated products with product durability, mechanical stability, and reliability, as
well as having a low environmental impact [6,9]. For example, soft robots, which are sus-
ceptible to damage, commonly require damaged components to be replaced entirely. This
is costly, time consuming, and waste generating. Developing soft robots using self-healing
polymers as an alternative presents a more economical and sustainable solution [11–13].

Generally, self-healing mechanisms of self-healing materials fall into two categories:
extrinsic healing and intrinsic healing. Extrinsic healing includes microcapsules, microvas-
cular networks, and nanoparticles. In contrast, intrinsic healing is divided into dynamic co-
valent bonding types, including Diels–Alder reaction, disulfide, and dynamic non-covalent
bonding, involving hydrogen bonds, ionic interactions, and coordination.

Although the development of self-healing materials has attracted increasing interest,
reports have focused on studies of healing ability and underlying mechanisms, with very
little attention paid to their processability [14,15]. In addition, traditional processing tech-
niques such as casting, electrospinning, or extrusion limit the complexity, heterogeneous
material integration, precision, and yield of objects, while manufacturing with three-
dimensional printing (3D printing) can effectively improve these deficiencies [12,16–19].

65



Polymers 2023, 15, 4206

Three-dimensional printing, also referred to as additive manufacturing (AM), fabricates
3D physical objects consistent with corresponding digital models by stacking materials
layer-by-layer, without the need for molds or machining [15,20,21].

Three-dimensional printing has many advantages, such as fast production speeds and
the ability to precisely control structures’ dimensions, shape, and density, allowing for the
mass customization of complex equipment [12,22]. At the same time, because no additional
tools or secondary processing is required, the effect of reducing manufacturing waste,
and saving production time and energy consumption can be achieved [22,23]. However,
the evaluation of self-healing polymers in the context of additive manufacturing (AM)
necessitates a thorough assessment of various performance metrics. Of greatest importance
is the healing efficiency, which serves as a measure of the material’s ability to restore its
properties after sustaining damage. In order to ensure structural integrity, it becomes
imperative to maintain mechanical properties such as strength and stiffness. However,
striking a delicate balance between maintaining a reasonable viscosity—an essential re-
quirement for resin-based 3D printing—and preserving optimal healing efficiency proves
to be quite challenging.

Manufacturing self-healing materials with 3D printing can combine the advantages of
both, facilitating the manufacture of smart devices and enabling a more comprehensive
range of applications for self-healing materials. These applications include, for example,
aerospace applications where they hold promise in reducing maintenance requirements for
critical components; biomedical applications where they enhance device lifespan leading to
improved patient outcomes; automotive manufacturing, which stands to gain from impact-
resistant parts; consumer electronics benefiting from durable self-healing coatings; and
infrastructure sector enjoying reduced maintenance costs along with enhanced durability.
The advent of additive manufacturing has revolutionized these domains by enabling
customization options, facilitating production complexities inherent in intricate geometries
while ensuring on-demand fabrication capabilities resulting in heightened operational
efficiency and resilience [16,24,25].

So far, the 3D printing methods reported for the manufacturing of self-healing ma-
terials have been divided into extrusion-based AM processes, including mainly fused
deposition modelling (FDM) and direct-ink writing (DIW), and vat photopolymerized
AM processes, primarily including stereolithography (SLA) and digital light processing
(DLP). With research in this field becoming more extensive and comprehensive, there is
a need now to review and summarize existing AM methods of self-healing materials, as
well as its projected applications, to ensure its long-term relevance. This review focuses on
various self-healing mechanisms and 3D printing techniques, as well as an analysis of the
compatibility between them. Readers are directed to other detailed reviews on self-healing
materials in related fields such as sensors [26], soft robotics [11], material design [27,28], etc.
The review is organized into three parts: firstly, on main self-healing mechanisms; secondly,
an overview of the leading 3D printing methods used at this stage for self-healing polymers;
thirdly, proposed applications for future additive manufacturing of self-healing polymers.
A brief summary of existing work on 3D-printable self-healing materials classified into
their various printing and self-healing mechanisms are consolidated in Table 1.
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2. Self-Healing Mechanisms

A wide range of self-healing mechanisms have been developed since the 1990s when
Dry et al. researched the development of self-healing fibre-reinforced composites and
polymeric smart materials [45]. In 2001, White et al. investigated the microencapsulation
of healing agents embedded in polymeric matrices [10,45,46]. Self-healing mechanisms
can be classified as extrinsic or intrinsic. The healing ability of extrinsic self-healing
materials arise from integrating self-healing properties into the original material system. In
contrast, intrinsic self-healing materials depend on the material’s inherent chemical groups
and properties [11].

2.1. Extrinsic Healing
2.1.1. Capsule-Based Healing Systems

The most common extrinsic self-healing methods utilize micro containers made from
brittle polymers, such as microcapsules containing a healing agent, appropriate catalyst,
curing agent, and reaction initiator embedded into the polymer matrix [9,10]. During
object fracture, the micro containers are broken, automatically releasing healing agents
into the crack site and filling the damaged area (Figure 1a) [10,37]. This method is often
used to enable materials with stiff polymer matrices to achieve self-healing. The damaging
force (trigger) is required to activate the healing action rather than the molecular diffusion
of the matrix [11,37]. One advantage of microencapsulation technology is that the many
different healing chemistries and encapsulation techniques allow the healing mechanism to
be adapted to different matrices. However, the volume of healing agent is limited, limiting
healing to microscopic damage, and/or it can only occur once [9,11].

Recently, Ma et al. embedded melamine–formaldehyde (MF) microcapsules, which
wrap the epoxy oxide as a repairing agent, and Cu(MI)4Br2 as a curing agent in an epoxy
oxide-based self-healing system, and printed out samples using a 3D printer (Figure 1c) [47].
The curing agent decomposed above the decomposition temperature and cured the dam-
aged area for repair. It was found that adding 10 wt% microcapsules to the matrix could
improve the tensile strength of the 3D-printed samples. After heating the scratches, the
mechanical strength of the fractured material could be restored to 44.42 MPa with a high
self-healing efficiency of 89.98% [47]. The 4D printing microencapsulated epoxy oxide
self-healing system in the study was shown to form self-healing materials with high tensile
strength and stability properties. This is beneficial to various practical 4D printing-related
applications and shows excellent potential biological, medical, and bionic applications [47].

2.1.2. Vascular-Based Healing Systems

Microvascular healing systems store healing agents in hollow channels or intercon-
nected networks and heal on a similar principle to microcapsules, i.e., that injury triggers
self-healing (Figure 1b). The difference is that they can store more healing agent and
transport it over greater distances. Hence, more significant injuries may be repaired, and
reparation can occur multiple times within a particular area [9].

However, due to the solid nature of the vascular system, it cannot be used directly in
resins or inks, and cannot be directly 3D-printed to obtain the self-healing product. More
experiments were performed using 3D-printed vascular systems in combination with other
methods, such as casting to obtain self-healing objects (Figure 1d,e) [48–50].

2.1.3. Phase-Separated Additives Healing Systems

Self-healing can also be achieved by embedding solid thermoplastic particles with
a low melting temperature in the matrix. At a temperature above its Tg, thermoplastic
additives melt and diffuse into the interfaces of the crack, and achieve self-healing by
adhering the two surfaces together as they recrystallizes [30,51]. Unlike the encapsulation
approach, this healing process is non-autonomous because thermal activation is needed,
and can perform several times on the same fracture surface [9,11]. The disadvantage of
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nanoparticles is similar to microcapsules in that the thermoplastic particles do not entirely
fill the damaged area, limiting the healing effect [9] (Figure 1f).
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Figure 1. (a) Capsule-based healing systems, the gray ball is the healing agent, and the black ball
is the catalyst or curing agent [9]. (b) Vascular-based healing systems, the gray ball is the healing
agent, and the dark gray ball is the catalyst or curing agent [9]. (c) Schematic diagram of scratch
repair principle with MF microcapsules embedded in epoxy oxides [47]. (d) Schematic diagram
of 3D-printed vascularized fibres [52]. (e) Microvascular networks infused with self-healing and
curing agents are embedded in silicon moulds [50]. (f) Phase-separated additives healing systems,
thermoplastic particles (black balls) are dispersed in the matrix [9]. (g) Chemical structure evolution
of the repair principle of the SH-SMP solution during UV-based 3D printing at high temperature (h.t.)
and cooling down to room temperature (r.t.) [40].
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Zhang et al. successfully incorporated the semicrystalline linear polymer polycaprolac-
tone (PCL) into a methacrylate-based shape memory polymer (SMP) system. They printed
complex structures with self-healing properties with a DLP 3D printer [40]. PCL acts as
a self-healing agent to provide self-healing properties through the above principles and
can recover the mechanical properties of damaged structures to over 90% [40] (Figure 1g).
Similar to Zhang et al.’s experimental approach, Peng et al. printed a highly extensible,
self-healing shape memory elastomer by a desktop FFF 3D printer, and the self-healing
properties were achieved by semicrystalline thermoplastic PCL, which was incorporated
into the thermoplastic elastomer [30].

2.2. Intrinsic Self-Healing

More researchers are combining intrinsic self-healing with 3D printing because of its
theoretically infinite healing capacity [53]. Self-healing behavior is triggered by damage,
driven by surface tension and elastic energy of stress sources or by appropriate external
stimuli such as temperature, heat, electromagnetic radiation, pH, light. or ionic strength
changes, and can be permanently fractured and reorganized [9,10]. Due to the different
types of interactions used to achieve healing, intrinsic healing mechanisms can be further
subdivided into those based on covalent interactions, such as the Diels–Alder reaction and
disulfide; or non-covalent interactions, such as hydrogen bonding, ionic interactions, and
coordination [1,9]. Due to the high bond strength of 150–550 kJ mol−1, the breakage and
reformation of covalent bonds is usually non-autonomous and requires relatively large
amounts of energy from external stimuli. Still, they typically exhibit better elasticity and
durability. Non-covalent bonds usually result from intermolecular interactions, and the
many non-covalent bonds that crosslink polymers can lead to the formation of supramolec-
ular networks [11]. Compared to dynamic covalent chemistry, non-covalent bond strengths
are lower. This weaker crosslink means that less energy is required to break these bonds,
being more susceptible to the external environments, thus allowing materials to exhibit
extraordinary healing and stimuli-responsive properties [1,43].

2.2.1. Dynamic Covalent Bonds
Diels–Alder Reactions

The most common dynamic covalent bonds are thermoreversible Diels–Alder (DA)
reactions, whose bond strength is relatively high, so its healing process usually occurs
at high temperatures [11,54]. DA reactions are usually formed by equilibrium reactions
between dienes and dienophiles, both present as functional groups on the constituting
monomers (or prepolymers), the most common of which is the reversible DA cycloaddition
between furans and maleimides (Figure 2a) [36]. DA reactions require high temperatures
to activate healing. On one hand, this shifts the equilibrium of the exothermic DA reaction
from the major part of the DA bonds formed at ambient temperature to the breaking of these
bonds, leading to higher concentrations of reactive dienes and dienophilic functional groups.
On the other hand, this increases molecular mobility, further facilitating contact between
the fracture surfaces and facilitating self-healing [11]. For example, the furan/maleimide
DA polymer network requires thermal activation at 80–130 ◦C, including decoupling of
the furan/maleimide pair when temperatures above the dissociation temperature (TD),
molecular movement in the polymer network, and subsequent furan/maleimide coupling
at the condensation temperature [32].

It has been shown that macroscopic damage can heal with very high healing efficiency
by this mechanism, and that multiple damage–healing cycles can be performed without
a significant decrease in healing performance (Figure 2b) [16]. In addition to self-healing
through high-temperature activation of molecular segments, Yang et al. achieved the
process of self-healing triggered by near-infrared (NIR) light through photothermal conver-
sion and the method can be remotely controlled to irradiate the self-healing area precisely
without damaging their original 3D structures (Figure 2c) [16]. The mechanism can also be
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introduced into 3D printing, and it has been reported that by introducing the DA response
into the new 3DP ink, DIW prints maintain their excellent self-healing properties [16,36].

Diels–Alder reactions, while promising for intrinsic self-healing systems in polymers
and materials, have some limitations. These include temperature sensitivity, reversibility
issues, slow kinetics at lower temperatures, stoichiometric requirements, limited chemical
compatibility, environmental sensitivity, potential brittleness, and limited reusability [55].
These challenges can impact the efficiency, speed, and applicability of Diels–Alder-based
self-healing materials in various real-world applications. Ongoing research aims to address
these limitations by developing innovative catalysts, more reversible reaction mechanisms,
and improved material designs [56].

Disulfide Bonds

Among the intrinsic methods, the self-healing effect of disulfide bonds has attracted
much attention due to its ability to allow the full recovery of mechanical properties under
mild healing conditions [41,54]. The disulfide groups can be cleaved by external forces,
reduction reaction, etc., to form two thiol groups and can be reformed under stimulation
for disulfide metathesis, which is responsible for the self-healing properties (Figure 2e) [54].
Disulphide metathesis reactions can be accelerated by catalysts. For example, Qureshi et al.
managed to successfully reduce the reaction time by adding tributylphosphine (TBP) to
a self-healing UV-cured ink [57]. In this experiment, the nucleophilic attack of TBP on the
disulfide bond produced a TBP cationic intermediate and a thiolate anion [57,58]. The
cross-nucleophilic attack of the thiolate anions on the other sulfur atoms occurs via the
intermediate, leading to the exchange of network chains and the return of the catalyst to
its original state, where the disulfide metathesis reaction is repeated (Figure 2d) [57,58].
Due to the limited mobility of chains in glassy polymers, the self-healing process needs
to take place in the mobile chain segments above the Tg for the interchange reaction to
take place. Hence, this method is widely used for low Tg materials such as polyurethanes
and polyesters [54].

Li et al. introduced disulfide bonds into polyurethane acrylates and printed them
by digital light processing 3D printing technology. The resulting polyurethane elastomer
showed good self-healing ability, with the healed samples recovering to 95% of their original
strength after 12 h of healing at 80 ◦C, and could be healed multiple times [41]. In the same
vein, Yu et al. designed a photo elastomer ink containing disulfide groups that can achieve
self-healing properties by disulfide metathesis reaction, and elastomers obtained by 3D
printing can heal themselves wholly and quickly [59]. Similar to the Diels–Alder reaction,
dynamic disulfide bonds can be used to exploit the principle of photothermal conversion
through a self-healing process triggered by near-infrared (NIR) light (Figure 2f) [42].

However, it is noteworthy that disulfide-based reactions still exhibit certain limita-
tions. These include relatively slow kinetics, temperature sensitivity, potential catalyst
dependency, stoichiometry requirements, sensitivity to environmental factors, limited
chemical compatibility, and issues related to durability and reusability. These limitations
can affect the speed, efficiency, and applicability of disulfide-based self-healing, especially
in environments with temperature fluctuations or when rapid repairs are essential [11].
Nevertheless, ongoing research seeks to overcome these challenges by developing more
effective catalysts, optimized reactant designs, and more resilient materials, enhancing the
potential of disulfide reactions for self-healing applications [60].
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Figure 2. (a) Schematic diagram of reversible DA reaction between furan and maleimide groups [9].
(b) Stress–strain curve of the self-healing material (named PDAPU10) designed by Yang et al. for five
stretch–recovery cycles with a self-healing efficiency of 92% [16]. (c) Schematic representation of DA-
reaction-based precise self-healing triggered by NIR [16]. (d) Schematic of the disulfide metathesis
reaction with catalyst TBP [57]. (e) Schematic of disulfide interchange reaction [54]. (f) Schematic of
disulfide-bonds-based self-healing response activated by NIR [42].

2.2.2. Non-Covalent Interactions
Hydrogen Bonds

The strength of hydrogen bonds varies from 2 to 40 kcal mol−1, depending on the
hydrogen donor and acceptor [61,62]. Due to its low bond strength, hydrogen-bonded SH
polymers can easily undergo the self-healing process by increasing temperatures, as high
temperatures result in the breakage of hydrogen bond crosslinks and lead to viscous flow,
thereby contributing to self-healing. This is in addition to the relatively fast reformation of
hydrogen bonds due to their affinity, offering the possibility of developing autonomous self-
healing polymers (Figure 3a) [7,11,63]. Some substances can be repaired after macroscopic
damage, even for non-functionalized substances, due to the presence of their hydrogen
bonds, e.g., polyurethanes, where interfacial healing is efficiently achieved mainly through
hydrogen bonding among urethane units at the broken interface and the highly efficient
healing properties are also retained even after 3D printing [10,14,64].

However, low-bond-energy crosslinks are detrimental to mechanical strength, strain
recovery, and creep behavior. To improve mechanical strength and structural stability,
multivalent hydrogen bonds can be utilized, increasing the number of hydrogen bonds
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formed per crosslink, and then increasing the strength of the crosslinks [11,65]. This theory
is used in many 3D printing materials to provide self-healing properties. For example,
Caprioli et al. mixed unmodified non-crosslinked poly (vinyl alcohol) (PVA) with acrylic
acid (AAc), the cross-linker poly (ethylene glycol) diacrylate (PEGDA), and photoinitiator
diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO) to make a photocurable ink [44].
PVA has the inherent property of chain interdiffusion and the presence of hydroxyl groups
formed by hydrogen bonds, and the carboxylic groups of AAc can form multiple hydrogen
bonds with PVA chains. These give the 3D-printed hydrogel its high self-healing property
(Figure 3f) [44,66].

Ureidopyrimidinone (UPy) methacrylate monomers are also often used in 3D-printed poly-
mer matrices because of their ability to form four hydrogen bonds with a self-complementary
unit, responsible for the self-healing behavior [13]. Alternatively, a healing agent can
be added to the matrix to exploit hydrogen bonding interactions. For example, Triton
X-100 can be used as a healing agent because of the hydrogen bonding of its hydrophilic
polyethene oxide parts [67]. For example, Kee et al. added Triton X-100 to 3D-printable ther-
moelectric composites, allowing the fractured material to retain over 85% of its properties
after healing [67].

Ionic Interactions

Self-healing polymers based on supramolecular dynamic networks can also be made
using ionic interactions between ionic polymers [11]. Typically, ionomers are polymer
chains partially modified with ionic side groups and the corresponding counter ions
(Figure 3b) [9]. The ionomers contain between 1 and 15% of charged or ionic species.
These ionic groups tend to aggregate, forming ionic clusters due to physical crosslinking,
and allowing the reversible formation and reformation of the network structure to pro-
vide self-healing properties via reversible breakage and reformation of ionic bonds [9,10].
Compared to other types of non-covalent bonds, ionic interactions have higher aggre-
gate strength, which facilitates increased tensile strength, toughness, and fracture resis-
tance. But, they also require more external energy to break [11]. Like hydrogen bonding,
ionomers effectively behave as an autonomous self-healing material in some applications.
An example of this is in a ballistic impact healing application where the damage event pro-
vides enough energy in the form of heat generated by friction to complete healing [11,68,69].
Dynamic ionic crosslinking has proven to be an efficient way to heal damages in 3D-printed
polymers [39,70]. Liu et al. exploited the dynamic ionic crosslinked network formed be-
tween the carboxyl and amino-functional polysiloxanes to ensure the self-healing and
reprocessing capabilities of 3D-printed silicone elastomers. This showed excellent healing
efficiency of 97% and a healing process that could be repeated multiple times, in addi-
tion to repeatedly reprocessing these elastomers and still repairing the damage with over
90% efficiency (Figure 3d) [39].

Polyacrylic acid is often used to achieve autonomous intrinsic self-healing properties
in hydrogels that can be used as 3D printing materials, and self-healing hydrogels allow
for ion transport while maintaining excellent mechanical stability [21,71,72]. Darabi et al.
utilized dynamic ionic interactions between the carboxylic groups of poly(acrylic acid),
NH groups of polypyrrole and ferric ions, and a combination of both physical and chem-
ical crosslinking to enable the hydrogel to meet the highest self-healing efficiency while
maintaining mechanical stability and electrical conductivity [71].

Coordination Interactions

Among various non-covalent interactions, metal–ligand interactions can also form
supramolecular networks and have unique properties [7,11]. Coordination complexes are
formed between positively charged metal ions and partially negatively charged groups on
ligand molecules. There are a large number of accessible metal ions and ligand molecules
that make coordination chemistry particularly attractive by careful selection of the combina-
tion of ligands and metal ions (Figure 3c) [1,11]. It is possible to tune the bond strength into
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the desired weak and dynamic, or, with the presence of functional metal ions or ligands and
dynamic metal–ligand bonds, polymers can display a variety of advanced functions such
as dielectric, magnetic, luminescent, catalytic, and stimulating reactivity [1,7]. For example,
by replacing the metal ion with which the pyridine interacts, the Zn–pyridine interaction is
strong but not dynamic compared to the Fe–pyridine and Tb–pyridine interactions used
for self-healing [10]. The charge on the ligand molecule is usually much smaller than
that on the metal ion. Since dipole–ion interactions are weaker than ion interactions, the
strength of coordination bonds is weaker even if they can be adjusted within a specific
range. These weaker crosslinks allow for the healing of macroscopic damage at mild
temperatures without the need for external stimulus [1,11].

Similar to the two non-covalent bonds mentioned above, coordination bonds can
also be used to achieve self-healing of 3D-printed materials. Lai et al. used the weak but
abundant Zn(II)–carboxylate coordination bond to design polydimethylsiloxane (PDMS)
polymers and achieve rigid and healable materials through 3D printing. The coordination
equilibrium is temperature sensitive, with the mutual crosslinking of Zn(II) and carboxylate
at room temperature. The equilibrium shifts toward the dissociated state when temperature
is increased, producing an increasing number of non-cross-linked chains, which can resume
crosslinking when the temperature is cooled down again (Figure 3g) [34]. Shi et al. utilized
dynamic coordination bonds between bisphosphonate (BP) ligands and calcium ions based
on the polysaccharide hyaluronic acid (HA) backbone to design a new hydrogel ink that
can be used for extrusion-based 3D printing. Similarly, Wang et al. used ionic interactions
between poly(acrylic acid) acid and calcium ions combined with dual-crosslinked networks
to develop a multifunctional hydrogel with extraordinary mechanical strength and self-
healing efficiency (Figure 3j) [72,73].

2.3. Development Status

One strategy for developing more advanced self-healing materials is to combine
multiple self-healing mechanisms. This approach is also applicable to developing self-
healing materials for 3D printing, as reported in several research papers [10,29,31,33,43,74].

Wu et al. developed a Cu(II)–dimethylglyoxime–urethan-complex-based polyurethane
polymer link (Cu–DOU–CPU) with a synergistic triple dynamic bond, including the pres-
ence of dynamic covalent bonds (oxime amine bonds) and dynamic non-covalent bonds
(metal–ligand bonds and hydrogen bonds), which can enhance both the self-healing prop-
erties and the mechanical properties of the material [33]. The relative recovery rate of
3D-printed objects reached 94% in the absence of any external stimuli (Figure 3h) [33].

Xu et al. designed a double-network hydrogel consisting of a chitosan–citrate (CS)
network crosslinked by citrate ions via electrostatic interaction and poly(sulfobetaine-
co-acrylic acid) (P(SBMA-co-Ac)) network crosslinked by hydrogen bonding between
carboxyl groups and ionic interaction between zwitterionic moieties (Figure 3i). This had
a self-healing-property of 95.4% [74]. The hydrogel was 3D-printed with good electrical
conductivity and sensitivity. It can be used as a strain sensor for detecting human motion,
retaining good sensitivity after fracture, and self-healing [74].

Similarly, Chen et al. have produced ionic gels with remarkable self-healing properties
by combining dynamic disulfide, hydrogen bonds, and ionic interactions by 3D printing,
achieving healing efficiencies of over 95% under heating, and over 99% under UV irradia-
tion, while offering advantages of high elasticity and durability (Figure 3e) [43]. Xu et al.
prepared 3D-printed excellent performance composites with self-healing properties that
are attributed by a combination of Diels–Alder (DA) reversible covalent bonding and
hydrogen bonding [31].
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Figure 3. (a–c) Non-covalent interactions, including hydrogen bonding, ionic interactions, or coor-
dination metal–ligand complexes [11]. (d) Schematic illustration of the dynamic ionic crosslinked
network between the carboxyl and amino-functional polysiloxanes [39]. (e) Stress–strain curves of
original and healed samples at 80 ◦C for 3 and 6 h, with healing efficiency over 95%. Stress–strain
curves of original and healed samples at 1, 5, and 10 min of UV irradiation, with healing efficiency
over 99% [43]. (f) Schematic of the chemical structure of AAc and PVA in a light-curing resin, the mul-
tiple hydrogen bonds formed, and the self-healing process [44]. (g) Schematic structure of the polymer
network for self-healing through Zn(II)–carboxylate coordination bonding [34]. (h) Schematic of
triple dynamic self-healing of Cu–DOU–CPU polymers [33]. (i) Schematic diagram of the self-healing
principle of P(SBMA-co-Ac)/CS–Cit DN hydrogels [74]. (j) Schematic presentation of a hydrogel
network formed by HA−BP macromolecules upon coordination bonding with Ca2+ ions [45].
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3. Additive Manufacturing of Self-Healing Materials
3.1. Extrusion-Based AM Processes

Among several 3D printing techniques, extrusion-based AM processes have great
potential as multi-material or multifunctional fabrication methods. They are widespread at
amateur and professional levels because of their low cost, simple operation, low environ-
mental impact, and relatively high prototyping speed [75–79]. Two of the most common
extrusion-based AM processes are FDM and DIW [80].

3.1.1. Fused Deposition Modelling (FDM)

FDM, also called fused filament fabrication (FFF), is an extrusion-based method in
which a continuous filament of polymer melts from a heated nozzle, depositing the molten
material in a consecutive, layer-by-layer fashion on a print bed that may also be heated
(Figure 4a) [14,81]. The material cools and solidifies upon deposition. Then, the next layer
is deposited similarly to build a digitally modelled part iteratively [80].

Polymers used for FDM are typically thermoplastic or nanocomposites, and there
are many advantages to adding self-healing properties to the material. FDM 3D-printed
polymeric parts have been shown to completely retain their self-healing ability as the
bulk self-healing polymer while showing the potential to obtain improved (3D-printed
polymeric components) properties such as mechanical properties, durability, damage
tolerance, and extensibility [14,30]. For example, Ritzen et al. found through a compression
cut test that self-healing thermoplastic polyurethanes (SH-TPU) printed by FDM had the
same mechanical and healing behavior as a bulk self-healing polymer, implying that the
self-healing property of the polymer was unaffected by processing steps and printing
(Figure 4c) [14]. Peng et al. reported that the mechanical properties and extensibility of the
material were considerably enhanced when the morphology was preferentially oriented
along the printing direction [30].

Nevertheless, the FDM method results in weak interlayer adhesion during layer-
by-layer deposition, possibly due to the high viscosity of the solvent-free resin. This
disadvantage may tend to cause cracks and deformations during use, thus, significantly
reducing the service life of the manufactured object. This problem can be solved using
functional materials with a higher affinity for fusion and layer adhesion, such as self-healing
materials [29,32,33]. Zhou et al. used DA-based polymers (DAPs) that dissociate into low-
viscosity liquids when their temperature exceeds that of its dissociation temperature (TD),
successfully addressing current significant challenges in FDM (Figure 4i) [32]. Similarly, in
another report, a polymer ink with synergetic multiple dynamic bonds, including reversible
coordination and hydrogen bonds used by Zuo et al., was also developed to optimize
FDM printing conditions [33]. It reported that the method increases interlayer adhesion
and reduces the number of support structures available by taking advantage of room-
temperature self-healing property to assemble 3D-printed blocks into large complex objects,
with the added benefit of decreasing the complexity and cost (Figure 4d) [33]. O’Harra et al.
introduced ionic interactions and H-bonding into elastomeric materials printed by FDM,
which provided the opportunity to not only eliminate the inherent weaknesses of FDM
3D printing but also to retain the homogeneity and desirable thermophysical properties of
the material [29].

76



Polymers 2023, 15, 4206Polymers 2023, 15, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 4. (a,b) Schematic diagram of fused deposition modelling (FDM) and direct-ink writing 
(DIW) [80]. (c) Compression-cut mechanical characterization of healed FDM-printed and bulk SH-
TPU polymers [14]. (d) Example of free assembly of 3D-printed parts into complex objects. The 
numbers in the photographs represent the order of assembly [33]. (e) CV curves of the MSC at 
different damage/self-healing cycles. (f) GCD curves of the MSC at different damage/self-healing 
cycles [21]. (g) DIW-based 3D printer equipped with heating elements prints each filament layer 
followed by shining UV light to cure the resin [35]. (h) Digital photographs demonstrating the self-
healing process of the hydrogel designed by Wang et al.: I original state; II cut into two pieces; III 
self-healing in 2 min; IV self-healing in 1 h; V stretching after healing [21]. (i) Viscosity of the DAPs 
and the linear prepolymer as a function of temperature [32]. 

Figure 4. (a,b) Schematic diagram of fused deposition modelling (FDM) and direct-ink writing
(DIW) [80]. (c) Compression-cut mechanical characterization of healed FDM-printed and bulk SH-
TPU polymers [14]. (d) Example of free assembly of 3D-printed parts into complex objects. The
numbers in the photographs represent the order of assembly [33]. (e) CV curves of the MSC at
different damage/self-healing cycles. (f) GCD curves of the MSC at different damage/self-healing
cycles [21]. (g) DIW-based 3D printer equipped with heating elements prints each filament layer
followed by shining UV light to cure the resin [35]. (h) Digital photographs demonstrating the
self-healing process of the hydrogel designed by Wang et al.: I original state; II cut into two pieces;
III self-healing in 2 min; IV self-healing in 1 h; V stretching after healing [21]. (i) Viscosity of the
DAPs and the linear prepolymer as a function of temperature [32].
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3.1.2. Direct-Ink Writing (DIW)

DIW, also called liquid deposition modelling (LDM), utilizes a pneumatic, piston, or
screw to extrude the print material through a nozzle or syringe needle (Figure 4b) [36,82].
Some curing processes can be performed by thermal and photopolymerization curing or
dispensing two reactive components using mixing nozzles to facilitate the deposition and
subsequent stabilization of the material (Figure 4g) [80,83,84].

Like FDM, the nozzle or syringe needle can be moved over the build surface in three
dimensions at a constant height. The extruded materials are joined together layer-by-
layer to form the final 3D construct [80,84]. DIW printing inks require unique rheological
properties, such as low viscosity and shear-thinning, to ensure continuity of printing
without resorting to excessively high pneumatic or mechanical pressure, and to stop the
flow or restore mechanical integrity after extrusion [80,83]. Compared to thermoplastic
printing in FDM, DIW may be utilized to print thermoset materials that are inherently less
processable. Introducing self-healing properties to thermoset materials printed via DIW
allows for the retention of mechanical strength and durability of traditional thermosets,
and endows the materials with additional self-healing properties and processability [16,36].
In Yuan’s report, thermally reversible Diels–Alder (DA) was used in a thermoset to develop
a self-healing ink for DIW. The self-healing properties in materials enable high strength
recovery of up to 85%, and repeatable healing without a significant decrease in healing
performance. The material can also be reprocessed and remolded. In addition, the relatively
low viscosity of the ink eliminates voids between the printed filaments, resulting in high
tensile strength [36]. Despite the many advantages of DIW for manufacturing thermoset
materials, challenges remain in developing printing inks with rheological optimization [36].

Extant research has shown that results have been achieved with DIW-printed self-
healing materials. Wang et al. developed a self-healing and highly stretchable hydrogel
achieved by dynamic borate ester and multi-network hydrogen bonds (Figure 4h). After
direct DIW printing, the micro-supercapacitor (MSC) showed initial structural self-healing
properties, and enabled rapid electrochemical restoration with little change in cyclic voltam-
metry (CV) curves and galvanostatic charge/discharge (GCD) curves after multiple physi-
cal damage/healing cycles. This is beneficial for the study of self-healing hydrogel systems
in portable wearable electronic devices (Figure 4e,f) [21].

Since Kuang et al. first combined the attributes of shape memory and self-healing
with 3D printing in 2018, shape-memory-assisted self-healing has received increasing
attention [35]. This makes sense, as the introduction of self-healing improves the dam-
age accumulated during the repeated deformation–recovery process of the printed part
without external healing agents [16,85]. In Kuang’s report, the embedded semicrystalline
thermoplastic plays a dual role as a switching phase for shape memory and a healing
agent for self-healing behavior, and complex structures with functional properties such as
shape memory and self-healing were printed by DIW [35]. Similar to Kuang’s experiment,
Zhang et al. introduced the DA reaction into SMPs, and obtained final printed objects with
designed shapes, higher quality, and precise self-healing properties by DIW [16].

3.2. Vat Photopolymerization

Vat photopolymerization, such as SLA and DLP 3D printing, avoid the problems of
extrusion printing with extensive rheological optimization of inks, and the possibility of
displaying warped and slightly distorted planes. They also have better print resolution
and higher efficiency [25,37,44].

Vat photopolymerization is a continuous, layered technique for fabricating a part by
using UV or visible light to project a 2D pattern onto a liquid photopolymer resin, with
the first layer of the part being cured directly onto the build surface and each subsequent
layer being cured onto the previous layer, repeating the process until the manufacturing is
complete. SLA and DLP are subdivided by light source configuration—in SLA 3D printing,
the laser scans point-by-point and cures the photopolymer resin to complete each layer of
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the pattern; while in DLP systems, UV light can cure the entire patterned area of each layer
in a single exposure (Figure 5a,b) [44,80].
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Figure 5. (a,b) Schematic diagram laser stereolithography (SLA) and digital light processing
(DLP) [80]. (c) Liu et al. designed SLA-printed silicone elastomers with 97% healing efficiency [39].
(d) Comparison of the pressure sensitivity of the planar sensors (S1) and micro-structured (S2). Pres-
sure sensitivity (S) is expressed as the relative resistance change ratio over pressure (∆R/R0)/P [43].
(e) The micro-structured pressure sensor senses the subtle muscle movements of the throat during
the swallowing of water (the first four cycles) and saliva (the last four cycles) [43]. (f) Image of
the polyurethane elastomer designed by Li et al. cut into two pieces, connected, healed for 12 h at
80 ◦C and, finally, subjected to first stretching manually to a large deformation and then to a 5 kg
weight lifting test; optical microscope image of the healing interface of the healed elastomer [41].
(g) Complex structures with flat surfaces and sharp edges printed by DLP. Body-centered cubic
lattice-like structure printed with methyl red sodium salt dye (left); axisymmetric structure with
central pillar printed with brilliant green dye (right).
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Resins for vat photopolymerization usually consist of monomers, oligomers, function-
alized polymers, and photoinitiators, and the resulting resin must be translucent to the
light source used for curing to allow UV light to penetrate and cure the designed layer
height. At the same time, the viscosity must be manageable to ensure fluidity [80].

Three-dimensional photopolymerization is a free radical polymerization reaction that
occurs in the presence of a photoinitiator using light as the stimulus, and (meth)acrylates
and (meth)acrylamides are usually used because of their fast reaction rate, which allows
for faster conversion of reactive liquid resins into solid materials [86].

3.2.1. Stereolithography (SLA)

Photopolymerization is widely used because of some excellent characteristics. For
example, the leading additive manufacturing methods for silicone elastomers are extrusion
3D printing and photopolymerization. These are popular because they break some limita-
tions of extrusion 3D printing, and also have high efficiency, higher resolution, and better
surface quality [39,87]. Liu et al. have fabricated self-healable and reprocessed silicone
elastomers by SLA 3D printing and achieved a healing efficiency of 97% (Figure 5c) [39].
The first 3D-printed structure with extrinsic self-healing properties was also achieved
by SLA, where Sanders et al. successfully printed 3D self-healing composites by adding
self-healing capsules to SLA resin to provide a solvent-welding effect [37].

Additionally, 3D printing techniques based on vat photopolymerization have been
widely used to produce high-resolution thermoset materials. Objects created with vat
photopolymerization techniques offer superior thermal stability and quality due to the
formation of covalent crosslinks between the layers [38]. Zhang et al. successfully printed
thermoset materials with self-healing properties, excellent mechanical properties, and high
modulus by incorporating a reversible addition–fragmentation chain transfer agent into
the SLA resin [86]. Similarly, Durand-Silva et al. successfully used SLA to print thermoset
polymers with self-healing properties enabled by Diels–Alder reactions [38].

3.2.2. Digital Light Processing (DLP)

Because DLP can irradiate and cure one layer at a time, it has a shorter print time than
SLA, and a more comprehensive range of applications. For example, in 2022, Zhang et al.
took advantage of the high printing accuracy of DLP 3D printing technology and applied it
to the fabrication of micro-structured pressure sensors that meet the requirements of ultra-
high elasticity and durability and remarkable self-healing properties, while significantly
improving the sensitivity of the sensors to detect complex muscle movements and subtle
motions (Figure 5d,e) [43]. In addition, the printable ionic gel possesses tunable mechanical
properties due to the easy modification of the ratio of the individual components of the
DLP resin [43].

For the first time in 2019, Li et al. fabricated a self-healing polyurethane elastomer
by DLP 3D printing, which can heal up to 95% efficiency and multiple times because of
hydrogen and disulfide bond metathesis. The polyurethane elastomer has a good prospect
for application due to ease of manufacture, excellent performance, high precision, and
complex structure (Figure 5f) [41]. Additionally, there are also improvements in the additive
manufacturing of hydrogels, which were previously only processed by extrusion-based
additive manufacturing techniques with limited freedom in terms of design and resolution.

However with DLP 3D printing, it is possible to print bespoke structures with over-
hanging, hollow features, and high precision without the need for support materials [44].
For example, Caprioli et al. in 2021 used the dispersive forces between materials to effec-
tively interact to overcome the inherent incompatibility between vat photopolymerization
and self-healing properties, printing complex structures with sharp edges and a self-healing
efficiency of 72% via DLP (Figure 5g) [44].
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4. Applications and Perspectives

In recent years, the field of additive manufacturing has witnessed remarkable achieve-
ments in the printing of self-repairing polymers and composites. These advancements
have paved the way for groundbreaking applications spanning a wide range of industries.
Notably, aerospace engineering has been revolutionized by the emergence of 3D-printed
polymer matrices capable of autonomously mending microcracks and damages found in
structural components [88,89]. This development has significantly impacted maintenance
strategies while ensuring enhanced longevity and safety for critical aircraft parts. Sim-
ilarly, the biomedical industry has experienced a paradigm shift with the fabrication of
customized biocompatible implants possessing inherent self-healing properties [90,91]. The
introduction of these innovative medical devices minimizes invasive replacement proce-
dures while maximizing patient comfort levels. By harnessing this technology, patients can
benefit from prolonged use without compromising their quality of life. The automotive
industry is yet another beneficiary where significant advantages have emerged through
the utilization of self-repairing polymer composites for impact-resistant car parts, enabling
vehicles to be more resilient to external forces encountered on roads or during accidents [92].
These developments highlight not only the immense potential but also underscore key
benefits such as increased sustainability, cost-effectiveness, and resilience across diverse
sectors when combining additive manufacturing techniques with self-healing polymers
and composites [93].

Although breakthroughs have been made in the field over recent years, its potential
is hindered by several limitations. For example, the selection of appropriate self-healing
mechanisms, which involves careful consideration of trade-offs. Chemical mechanisms ex-
hibit commendable healing efficiency but may necessitate specific activation conditions that
can potentially impact AM processes adversely. On the other hand, physical mechanisms
like shape-memory polymers offer greater compatibility with AM techniques. The choice
between microcapsules and vascular networks depends on the unique demands posed
by each application. Microcapsules enable localized healing capabilities while vascular
networks provide broader avenues for restoration. Material development poses significant
challenges due to the need for harmonizing printability with mechanical performance,
thereby demanding innovative formulations. Achieving material compatibility between the
healing agent and polymer matrix emerges as a critical factor in this pursuit; furthermore,
scaling up 3D printing for large-scale applications remains an obstacle that needs to be
overcome. While there are many advantages to manufacturing self-healing polymers by
AM, the inherent material properties present unique processing challenges for the field.
For extrusion-based AM processes, the printing ink has to meet the rheological require-
ments while ensuring that the printed objects are sufficiently rigid. In addition, 3D-printed
self-healing polymers with a high crosslinking density can reduce the molecular motion of
the polymer chains, which can affect the self-healing effect. These require both polymer
chemistry innovations and printer design to achieve a balance between performance. Until
this can be achieved, the benefits of manufacturing self-healing polymers by AM cannot be
fully taken advantage of and will remain theoretical.

The integration of multiple self-healing mechanisms with hybrid 3D printing repre-
sents another highly promising avenue for further advancing the utilization of self-healing
polymers and composites. By introducing redundancy in the healing process, this approach
not only enhances healing efficiency but also ensures greater reliability in critical appli-
cations. Additionally, it enables the tailored integration of diverse mechanisms, allowing
for optimized material performance based on specific conditions and requirements. The
versatility offered by hybrid 3D printing allows for the precise incorporation of these
mechanisms into intricate structures, pushing the boundaries of what can be achieved with
self-healing materials. This advancement has profound implications across a myriad of
industries that demand durable and resilient materials. Notably, it offers sustainability ben-
efits through waste reduction, on-demand production capabilities, and extended product
lifecycles. While challenges such as material compatibility and design complexities must
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be addressed, the synergistic combination of multiple self-healing mechanisms with hybrid
3D printing holds potential to revolutionize material design and application.

This paper summarizes the status quo of developments in self-healing mechanisms
for self-healing polymers, as well as its advantages and its disadvantages. It also highlights
examples of applications of the main 3D printing methods used to manufacture polymers.
However, research into the field is far from maturity—damaged parts are repaired but
not fully restored to their original surface, and damage cure has only been demonstrated
at the laboratory level. While there appears to be great potential for real-world appli-
cations of self-healing polymers, it will be some time before its projected economic and
environmental impact materializes [94,95]. Functional self-healing polymers are a growing
trend—combining self-healing materials with additional functions such as shape memory
property [96–102], electrical conductivity [103–105], etc., could further expand the market
for applications.
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Abstract: The paper investigates the influence of some 3D printing conditions on some physical–
mechanical and technological properties of polycaprolactone (PCL) wood-based biopolymer parts
manufactured by FDM. Parts with 100% infill and the geometry according to ISO 527 Type 1B were
printed on a semiprofessional desktop FDM printer. A full factorial design with three independent
variables at three levels was considered. Some physical–mechanical properties (weight error, fracture
temperature, ultimate tensile strength) and technological properties (top and lateral surface roughness,
cutting machinability) were experimentally assessed. For the surface texture analysis, a white light
interferometer was used. Regression equations for some of the investigated parameters were obtained
and analysed. Higher printing speeds than those usually reported in the existing literature dealing
with wood-based polymers’ 3D printing had been tested. Overall, the highest level chosen for the
printing speed positively influenced the surface roughness and the ultimate tensile strength of the
3D-printed parts. The cutting machinability of the printed parts was investigated by means of cutting
force criteria. The results showed that the PCL wood-based polymer analysed in this study had lower
machinability than natural wood.

Keywords: wood-based biopolymer; surface quality; tensile strength; machinability

1. Introduction

The ability to quickly generate complex surfaces and structures at lower costs and sig-
nificantly lower material losses in the case of traditional mechanical processing technologies
recommend 3D printing technologies for many industrial applications. There are several
types of 3D printing processes, such as selective laser sintering (SLS), stereolithography
(SLA), multi-jet fusion (MJF), digital light processing (DLP), digital light processing (DLP),
fused deposition modelling (FDM), etc. FDM, also known as MEX (Material Extrusion) [1],
is one of the most commonly used 3D printing processes because of the wide range of
materials that can be processed/manufactured. The FDM process input parameters, such
as the layer thickness, wall shell thickness, printing temperature, infill structure, infill
density percentage, and printing speeds, strongly influence the mechanical proprieties of
the printed products.

FDM is an emerging technology implemented in sectors such as the automotive,
aerospace, medical, architecture, fashion, and food industries [2]. The main drawbacks
reported for these technologies are the anisotropic nature and poor mechanical properties
of the 3D-printed parts [2]. The principle of this manufacturing technique is that the wire
material is heated and deposited layer by layer into the desired part shape. The part
material must be pre-processed by hot melt extrusion to be transformed into filaments.
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The literature provides multiple studies that analyse the influence of printing con-
ditions and parameters and post-processing methods on the mechanical properties of
3D-printed parts, especially FDM [3–11]. Several researchers have contributed with com-
prehensive reviews on these issues [12–14]. Furthermore, the subject continuously develops
due to the increasing interest in different industries, requiring more attention from the
scientific community.

Voids usually appear between the deposited filament layers in the FDM printing
process. These voids are believed to be one of the main causes of low tensile strength and
anisotropy [15] and may also affect the 3D-printed parts’ cutting machinability. In the case
of WPC (wood-based composite polymer) 3D-printed parts, it had been considered that
wood fibres might encourage void formation. Comparing unfilled printed specimens with
reinforced ones with natural fibres has shown a negative influence of the fibres on strength,
while stiffness either increases slightly or remains constant [16].

The use of wood is increasing due to the growth of the world population, the de-
velopment of new wood products, and the identification of new applications in various
fields. Wood is a renewable and carbon-storing resource [16] with excellent properties but is
limited to forest land. In recent decades, the wood demand increased significantly and over-
came disposable supplies. Sustainability targets and growing environmental concerns have
increased the demand for renewable and recyclable materials with compatible proprieties
and behaviour/performance. In recent years, wood-based composite polymers (WPCs)
have been gaining popularity [15,17–19]. These materials are composed of one or more
natural wood chips, fibres, or flours and one or a mixture of polymers, most commonly
thermoplastic polymers such as polyethene (PE), polylactide (PLA), or polypropylene (PP).
Compared to natural timber products, WPCs present higher resistance to weathering and
biological deterioration, thermal resistance, and expose sufficient strength for structural
applications [20]. WPCs are mainly used for outdoor and indoor furniture, window and
door frames, moulding, different construction purposes, and the automotive and marine
industries [15,18,21]. The main drawbacks are the slightly higher prices and lower thermal
resistance compared to natural wood.

The mechanical performance of WPCs is the main objective addressed by research
in this field. Most of the research dealing with wood-based polymers analyses some
mechanical proprieties for commercially available filaments [22,23] or develops and tests
new wood composite filaments by mixing different amounts and types of wood fibres,
polymers, additives, and fillers [15,16,24–29].

The most popular wood-based polymer type is obtained with a polylactic acid (PLA)
polymer matrix and different percentages of wood fibres, dust, or chips. The performance of
WPC material can be enhanced by using a proper combination of polymers and providing
different fillers and additives. The research carried out in this field showed that beech
sawdust can contribute to the reinforcement of flexural stress and tensile strength and
that sawdust also helps reduce WPC density [21]. Additionally, WPCs are often brittle.
Styrene and butadiene rubber (SBR), ethylene-propylene monomers leather (EPDM), or
plastic elastomers can be used for toughening purposes [18]. Because of their strong
flammability level, flame retardants, usually polyphosphate (APP), must be provided in
their composition [19]. The addition of lignocellulosic fibres to WPC filaments was reported
to lower the mechanical proprieties of the 3D-printed composites [27].

Hydrothermal degradation tests were performed [27] to establish its effect on the
mechanical properties. The results showed that adding natural fillers and different levels
of infilling resulted in a similar level of reduction in the properties. Additionally, the
addition of natural fillers resulted in a slightly lower drop than the lowered infilling rate
for tensile strength [27].

Results from another study [30] indicated that thickness swell, water uptake, mechani-
cal strength, and stiffness increased, and elongation at break and impact energy decreased
with an increasing wood fibre proportion.
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The influence of the shape of wood particles on the mechanical proprieties of WPCs
was also investigated. Huang et al. [29] showed that the shape and surface roughness of
the wood particles, rather than the wood species, play an essential role in determining the
properties of 3D-printed WPC products. Additionally, it was reported that wood particles
with more rounded shapes and smoother surfaces are more suitable for obtaining a denser
and stronger 3D-printed WPC product [29].

The machinability of wood–plastic composites has been approached by a relatively
small number of studies. Most of these studies were carried on parts generated by other
machining processes than 3D printing. Zhu et al. [31] explored the cutting performance of
wood–plastic composites based on cutting forces, cutting temperature, surface quality, chip
formation, and tool wear during peripheral milling experiments using cemented carbide
cutters. The wood–plastic composites tested were processed by extrusion, moulding, and
injection moulding. WPPC exhibited the highest cutting forces and cutting temperatures
under the same cutting conditions, followed by WPEC and WPVCC. Wu et al. [32] had
studied the helical milling performance of the WPC obtained by mixing poplar flour and
polyethylene followed by extrusion at high temperatures. They reported that in WPC
helical milling, the cutting force increases with increased spindle speed, cutting depth, and
tool helical angle.

Biopolymers have attracted increased attention in recent years mainly because of
their abundant and sustainable sources and versatile properties [2]. Biowood, produced
by Rosa3D, is a wood-based composite biopolymer. The main components of Biowood
filament are polycaprolactone (PCL), polyester, starch, lignin, natural resins, waxes and
oils, natural fatty acids, cellulose, and natural fibres [33]. Polycaprolactone (PCL) is a
biodegradable polyester with a low melting point of 60 ◦C [25] that is usually blended
with other polymers. Studies [25] showed that natural fibres generally enhance poly-
caprolactone’s biodegradability and mechanical proprieties. Combining cellulose with
polycaprolactone increased the tensile modulus but decreased the tensile strength of the
composites [25]. Lignin is a natural polymer that binds cellulose fibres together, assuring
stiffness for the wood-based polymer composites. Starch is not only used for binding and
as a glue agent. The blending of starch with plastics has been reported to improve water
resistance, processing properties, and mechanical properties [27].

Zgodavová K. et al. [23] have tested different thermoplastic materials for printing
shield frames in terms of mechanical properties, geometric accuracy, weight, printing time,
filament price, and environmental sustainability. Among them, they tested PHABiowood
Rosa3D. The input parameters considered were the layer thickness, number of perimeters,
extrusion width, infill density, and nozzle temperature. The tensile stress of the PHA
Biowood varied from 10.8 MPa to 21.8 MPa, and the factors with significant influence over
the mechanical properties were the infill and the interaction between the layer height and
printing infill.

The aim of this paper was to highlight the results of some experimental studies dealing
with the influence of some specific factors that characterise the 3D printing conditions of
PCL wood-based polymer parts on some physical–mechanical and technological properties
of the material incorporated in those parts. As input factors of the 3D-printing process,
printing temperature, layer height, and printing speed were considered. Some physical–
mechanical properties (weight error, fracture temperature, ultimate tensile strength) and
technological properties (top and lateral surface roughness, cutting machinability) consti-
tuted output parameters that were subjected to the analysis. This study’s novelty consists
in analysing the influence of some printing parameters (printing temperature, layer height,
and printing speed) on some of the qualitative aspects and mechanical proprieties of the
Biowood Rosa3D wood-based biopolymer parts generated by FDM. The values selected for
the printing speed parameter were significantly superior to those usually tested in previous
research in this field or those recommended by the filament producer. Another novelty
aspect of this study is the slot milling machinability analysis by means of cutting force
levels of the FDM-printed parts.
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Even if complex shape parts can be generated by additive manufacturing, there are
several situations where 3D-printed parts may require future processing.

The use of cutting as a secondary processing operation for 3D-printed parts can
address for parts with high functional and tolerance requirements. Usually, the FDM parts
achieved accuracies of ±0.5 mm for desktop printers and ±0.2 mm for industrial printers,
and with CNC machining, accuracies of ±0.05 mm can be obtained.

Another reason for combining the two technologies is productivity. Even with the
recent advancements in 3D-printing technology, printing speed is still a major draw-
back for considering these technologies for industrial applications. By considering cut-
ting technologies for some of the part features, the machining time of the parts can be
significantly improved.

This study can be a starting point for other researchers that aim to establish the proper
printing conditions for PCL wood-based polymers and for industry agents interested in
developing biodegradable wood-like products.

2. Experimental Setup

In Figure 1, a schematic representation of the experimental program used in the
study is presented. The model offers information about the input parameters, equipment,
procedures, and the investigated parameters considered in the study.
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The parts, in the form of test specimens with dimensions according to ISO 527-2 1B,
were manufactured using a BambuLab X1C 3D printer and then tested and analysed from
four perspectives:

1. Surface quality by obtaining values for surface roughness (Sq) using a Mahr CWM
100 profilometer;

2. Tensile strength, obtaining values for UTS but also for the temperature at the time of
specimen rupture;

3. Analysis of the density variation of the resulting parts in terms of weight;
4. Machinability of the parts, where the values for the components Fx, Fy, and Fz of the

cutting force were obtained using a Kistler type 9257B dynamometer.

A full factorial experiment was considered to achieve the desired research objectives.
The independent variable factors that were changed in the experimental procedure were
the following: the printing temperature Tp (◦C), the layer height, hl (mm), and printing
speed, sp (mm/s). The values of the input factor levels selected in this study for each of
them are presented in Table 1.

Table 1. Values of the input factors corresponding to the full factorial design.

Level

Input Parameters

Printing
Temperature Tp (◦C)

Layer Height hl
(mm)

Printing Speed sp
(mm/s)

1 175 0.2 150
2 190 0.28 200
3 220 0.4 300

The results obtained under experimental conditions according to the DOE 33 factorial
design, were analysed to obtain variation plots, and then ANOVA was applied to determine
the factors with statistically significant influence.

As output interest parameters of the proposed study, the following parameters
were considered:

- Weight error (%);
- Arithmetical mean height, Sa (µm) of the top and lateral surfaces of the specimens;
- Ultimate tensile strength UTS (MPa);
- Fracture temperature T (◦C);
- Cutting force components Fx (N), Fy (N), and Fz (N).

The advancements in 3D printing equipment have opened new opportunities in terms
of reducing the printing time. The producers of 3D printers have focused on addressing one
of the main drawbacks of additive manufacturing technologies, which is the printing time.
Printing time is directly proportional to the printing speed that can be achieved. Therefore,
in recent years, new 3D printers with higher printing speed facilities were produced. Even
if high printing speeds can be achieved by using these new 3D printers available in the
market, the testing of these capabilities is still limited. In this study, significantly higher
printing speeds than those usually reported in the scientific literature were considered.

The factor levels were chosen to preserve the randomness of the results. In the case of
temperature, the minimum level was chosen to be 175 ◦C, the second level 190 ◦C, which is
most often used in FDM 3D printing especially for biopolymers (such as PLA—polylactic
acid), and 220 ◦C, 10 ◦C more than the manufacturer’s recommendation.

In terms of layer height, level 1 of 0.2 mm was chosen because it is the most common
in the literature, 0.4 mm because the nozzle used has a diameter of 0.6 mm (dimensions
suggested by the filament manufacturer), and the layer height represents under 75% of the
nozzle diameter. The middle value of 0.28 mm was chosen to be able to observe inter-layer
overlap and part density variation when the levels did not have a multiple character.

In terms of printing speed, high random speeds in the range 150–300 mm/s were
chosen. These values were chosen because this range is less studied and the printer used,
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being core XY, allows printing at high speeds obtaining high qualities, comparable to 3D
printing at low speeds.

The choice of level values was made in such a way that the midpoint was not close to
the end values, thus avoiding the possibility of intercalation of mean effects.

2.1. Materials

Biowood is a raw polymer consisting of only renewable resources. The test samples
used in the experiments were produced by Rosa3D Filaments (Poland). The main compo-
nents of this wooden thermoplastic polymer filament are the following: polycaprolactone
(PCL), polyester, starch, lignin, natural resins, waxes and oils, natural fatty acids, cellu-
lose, and natural fibres [33]. The wood fibre content is considered to facilitate mechanical
processing. In Table 2, the main physical properties of biowood polymer are presented.
According to the filament producer, biowood filaments require low extrusion temperatures,
between 170 and 210 ◦C. Moreover, printing speeds in the range 60–80 mm/s and build
platform temperatures of 30–50 ◦C are recommended [33].

Table 2. Physical properties of Biowood [34].

Softening point (◦C) 50
Density (kg/m3) 1260
Elastic modulus (MPa) 3200
Tensile strength (MPa) 36

2.2. Sample Preparation and Equipment

Experimental tests were conducted considering standardised tensile test specimens
ISO 527 Type 1B. The probes had the geometry and dimensions presented in Figure 2. For
these studies, 100% infill specimens were considered.
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Figure 2. Tensile testing specimen ISO 527 Type 1B.

Specimens were manufactured on an FDM Desktop enclosed printer type X1-Carbon
Combo produced by Bambu Lab (Austin, TX, USA) (Figure 3). The printer has a lidar
resolution of 7 µm, 20 m/s2 acceleration, and a maximum speed of 500 m/s, and it works
with a Prusa-type slicer. A hardened steel nozzle of 50 HRC with a diameter of 0.5 mm was
used. The weight of the specimens was determined using an analytical balance produced
by Kern (Balingen, Germany) type ADB 200-4 with a resolution of 0.0001 g. A 100% infill
for all the tested samples was considered. The build platform temperature was set to 35 ◦C.

The theoretical part weight was determined by calculating the theoretical volume
based on the nominal dimensions of the ISO 527-2 1B specimen and after multiplying it
with the density provided by the producers of Rosa Biowood filaments in the technical
data sheet. The estimated theoretical weight was used to determine the weight error for the
3D-printed parts. The weight error was calculated as the difference between the theoretical
and the measured weight and divided by the theoretical weight as follows

εw =
(wt − w)

wt
· 100 [%]; (1)
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Figure 3. The Bambu Lab 3D FDM printer used in the experiments.

The tensile strength of the specimens was measured using experimental equipment
(Figure 4) previously designed and executed within the Faculty of Mechanical Engineering,
Automotive, and Robotics at the “Stefan cel Mare” University of Suceava, Romania. The
tensile strength measuring device comprises specimen grips mounted on the crossheads of
the tensile testing device body. The drive system controls the up or down motion of the
moving crosshead. Sensors measure the specific elongation and traction force. After the
amplifier amplifies the signal, the measuring results are introduced to a computer via a
data acquisition device and processed by specialised software.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 21 
 

 

𝜀  =  (   )  ∙  100 [%]; (1)

 
Figure 3. The Bambu Lab 3D FDM printer used in the experiments. 

The tensile strength of the specimens was measured using experimental equipment 
(Figure 4) previously designed and executed within the Faculty of Mechanical Engineer-
ing, Automotive, and Robotics at the “Stefan cel Mare” University of Suceava, Romania. 
The tensile strength measuring device comprises specimen grips mounted on the cross-
heads of the tensile testing device body. The drive system controls the up or down motion 
of the moving crosshead. Sensors measure the specific elongation and traction force. After 
the amplifier amplifies the signal, the measuring results are introduced to a computer via 
a data acquisition device and processed by specialised software. 

 

Figure 4. The ultimate tensile strength measuring device.

93



Polymers 2023, 15, 2305

Fracture temperatures can be used to analyse the energy levels absorbed by the
specimen material and the strain developed in the material before the rupture. The fracture
temperature was measured using a high-speed thermal camera produced by Flir type
X6540sc, produced by Teledyne FLIR (Wilsonville, OR, USA) (Figure 5), with an accuracy of
±1 ◦C/1%. The data provided by the camera were analysed and processed using Research
IR specialized software. The maximum temperature before the rapture of the samples was
retained and analysed in this study.
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temperature analysis.

Surface quality was investigated by the surface area roughness parameter Sa (arith-
metical mean height). According to ISO 25178, this parameter expresses the arithmetic
mean of the height’s absolute value from the surface’s mean plane [35]. It is known that the
most frequently used parameter for characterising the surface texture in a section through
the machined surface of a part is the average arithmetic deviation Ra of the evaluated
profile. In many situations, only values for the roughness parameter Ra are prescribed in
part technical drawings. It is appreciated that, in relation to other roughness parameters,
the Ra parameter provides the most information regarding the future operating behaviour
of the surface it characterises. When the question arises of evaluating the roughness of a
specific surface, the roughness parameter Sa has a similar meaning and importance to that
of the roughness parameter Ra in the case of the profile of a surface in a certain section
through the workpiece.

Because of the specific way the FDM printing processes are carried out, the printed
parts’ top surface and lateral surfaces will expose different surface textures. These textures
are a result of how the melted material layers are deposited. That is why both surfaces
were considered. The measurements were carried out on three different surface areas, and
the average value was determined and used in the study.

Sa surface roughness values were obtained using the Mahr CWM 100 confocal mi-
croscope and white light interferometer, produced by Mahr GmbH, Gottingen, Germany
(Figure 6a), and surface topography (Figure 6b) was analysed using the related Mahrsurf
MfM software Version 7.4.8676.
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lateral surface analysis.

In Figure 7, the end milling setup for the cutting machinability testing is presented.
The machining tests were carried out on a Diy CNC router. The cutting forces’ magnitude
was measured using a Kistler dynamometer (produced by Kistler Group, Wien, Austria)
type 9257B. The cutting parameters used for the machining tests were the following: cutting
speed—150 m/min, cutting feed—800 mm/min, and depth of cut—ap = 1.5 mm. The
cutting tool used was a two-flute end mill with a diameter of 3.17 mm made of ultrafine
carbide Co10%, produced by Jiangsu Weixiang Tools Manufacturing Co., Ltd., Zhenjiang,
China (Figure 7b). The obtained graphs for the cutting forces were processed and analysed
in the related specialised software Dynoware version 3.3.1.0.
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Figure 7. Slot milling tests setup: (a) cutting force measurement; (b) the end-milling tool.

The experimental data obtained were analysed using a trial version of the DOE
statistical software Minitab.

3. Results

The experimental results of the main output parameters investigated in this study are
presented in Table 3.
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Table 3. Testing conditions and experimental results.

Printing
Tempera-

ture
Tp (◦C)

Layer
Height
hl (mm)

Printing
Speed

sp (mm/s)

Weight
Error
εw (%)

Top Surface
Roughness,

Sa (µm)

Lateral
Surface

Roughness
Sal (µm)

Ultimate
Tensile

Strength,
UTM (MPa)

Fracture
Tempera-

ture
T (◦C)

1

175

0.2
150 7.100% 14.995 38.161 7.5000 28.1

2 200 6.971% 14.549 35.6655 13.1250 26.7
3 300 6.948% 14.441 35.343 13.2787 29.6

4
0.28

150 6.071% 13.845 40.418 10.0000 27.3
5 200 6.108% 16.238 33.848 11.4062 27.5
6 300 6.056% 14.034 37.807 12.4992 28.1

7
0.4

150 7.328% 55.260 46.174 12.5000 27.2
8 200 7.403% 59.768 48.912 12.7840 28.7
9 300 7.509% 58.225 37.840 11.7187 26.9

10

190

0.2
150 7.262% 14.9585 45.719 9.2160 26.7

11 200 7.286% 16.599 36.305 12.3437 29.2
12 300 7.130% 15.560 36.400 15.3125 27.1

13
0.28

150 6.379% 62.972 44.391 13.1250 28.2
14 200 6.413% 67.723 35.031 15.7824 27.9
15 300 6.388% 67.476 31.971 15.4688 28.9

16
0.4

150 7.619% 113.845 36.211 9.0624 27.3
17 200 7.608% 118.236 43.638 11.5625 27.6
18 300 7.605% 109.852 52.905 11.8750 29.3

19

220

0.2
150 7.260% 64.635 38.328 12.0313 28

20 200 7.117% 64.556 42.606 11.4062 28.4
21 300 7.119% 82.446 43.400 10.7812 29.4

22
0.28

150 5.906% 106.59 36.131 12.0313 27.7
23 200 6.004% 112.97 54.213 13.2800 28.5
24 300 6.049% 72.425 36.364 13.4375 29

25
0.4

300 7.098% 131.640 44.051 14.2188 27.8
26 150 7.045% 122.390 57.922 17.1872 28.8
27 200 7.164% 149.720 39.632 19.0624 27.9

3.1. Part Weight and Weight Error

Figure 8 presents the main effects and interaction plots obtained for the part weight.
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The results show that the specimens printed with layer heights of 0.28 mm have a
significantly higher weight and a smaller weight error than those with layer heights of
0.2 mm and 0.4 mm.

An explanation could be that this is caused by how the Prusa slicer determines the
extrusion width and, more precisely, the overlapping between the extrusion lines when the
height of the part is not an integer multiple of the layer height value. The overlap factor
greatly impacts the FDM parts’ voids’ volume, conducting denser structures and lower
weight error for the FDM-printed parts. Besides the layer height, the printing temperature
is another important factor strongly influencing the part weight and weight error. This
parameter influences the printed material’s thermal expansion, fluidity, layer adhesion,
hardness, and tensile properties. Experimental results show a minimum weight error for
the parts printed with a temperature of 220 ◦C which exceeds the range recommended
by the Biowood filament producers. At lower printing temperatures, the material does
reach the proper fluidity and causes bad adhesion and voids between the extrusion lines
and layers.

Table 4 presents the analysis of variance (ANOVA) carried out to analyse how the
selected input factors affect the experimental values obtained for the part weights. The test
shows that with a 95% confidence interval, none of the inputs are statistically significant.

Table 4. Analysis of Variance for weight best fit regression.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 0.008754 0.002918 0.77 0.521
printing temp (◦C) 1 0.001036 0.001036 0.27 0.605
layer height (mm) 1 0.007717 0.007717 2.04 0.166
printing speed (m/s) 1 0.000001 0.000001 0.00 0.986

Error 23 0.086840 0.003776
Total 26 0.095594

3.2. Sa Surface Roughness Parameter
3.2.1. Roughness of the Top Surface of the Specimens

Figure 9 presents the influence exerted by the selected input parameters on Sa sur-
face roughness of the top surface of the specimens. As it can be observed the print-
ing temperature and layer height have a strong influence on the Sa surface roughness
parameter variations.
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Figure 10 presents the isometric images of the surface topography of the top surfaces
of the 3D-printed parts obtained using the Mahr CWM 100 white light interferometer
and confocal microscope. It can be seen that higher printing temperatures result in better
layer adhesion and fewer pores. Additionally, when higher temperatures and higher layer
heights are used, the upper top surfaces of the specimen expose significantly higher surface
asperities that result from over-extrusion and signalise a bad material flow.
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Figure 10. Isometric images top surface topography of the printed specimens.

The ANOVA test carried out for the top surface Sa roughness parameter is presented
in Table 5. The test result indicates that all the input parameters investigated are statistically
significant, with a reliability coefficient of 0.95.

Table 5. Analysis of Variance for Sa top best fit regression.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 43,847.9 14,616.0 62.55 0.000
printing temp (◦C) 1 22,324.0 22,324.0 95.53 0.000
layer height (mm) 1 21,523.4 21,523.4 92.11 0.000
printing speed (m/s) 1 0.5 0.5 0.00 0.964

Error 23 5374.7 233.7
Total 26 49,222.6

3.2.2. Roughness of the Lateral Surface of the Specimens

Even if in the scientific literature [16] it is stipulated that increasing the printing speed
is chosen at the expense of lower surface quality, in this study, for the PCL wood-based
biopolymer investigated, the results show contrary aspects (Figures 9 and 11). The printing
speed exhibits a relatively low influence over the Sa surface roughness parameter measured
for the top surface of the tested samples. Lower surface roughness values for the lateral
surfaces of the samples were obtained for the parts printed with the highest level chosen
for the printing speed sp = 300 mm/s. The arithmetical mean height roughness parameter
increases with the increase in printing speed but tends to decrease after a certain value.
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Figure 11. Main effects plots for Sa roughness parameter measured on the lateral surface of the
specimens: (a) main effects plots for Sa; (b) Pareto chart.

Figure 12 presents isometric images of the lateral surface texture of the specimens
printed with a printing temperature of Tp = 190 ◦C and with a layer height of 0.4 mm at
different printing speeds. The arithmetic means indicate that the height of the asperities is
significantly lower when the highest level of the printing speed is adopted.
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Figure 12. Isometric images of lateral surface topography of the printed specimens.

These could be a result of the rapid cooling of the melted deposit layers due to the
ventilation effect associated with the high velocity of the nozzle.

The ANOVA test carried out for the Sa roughness parameter measured for the lateral
surfaces (Table 6) of the 3D-printed parts indicates that the layer height is statistically
significant with a reliability coefficient of 0.95 (α = 0.05). This is also sustained by the
Pareto graph (Figure 11b), which indicates that the interest parameter Sa variation is likely
attributable to the layer height parameter variation.

Table 6. Analysis of Variance for Sa.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 313.20 104.40 2.95 0.054
printing temp (◦C) 1 89.57 89.57 2.53 0.125
layer height (mm) 1 192.69 192.69 5.44 0.029
printing speed (m/s) 1 30.95 30.95 0.87 0.360

Error 23 814.71 35.42
Total 26 1127.91
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3.3. Ultimate Tensile Strength

Figure 13 presents images of the fracture surfaces obtained in the tensile strength
tests. The fracture appearance presents different proportions of brittle or ductile failure
modes. It could be observed that the specimens obtained at higher printing temperatures
exposed higher percentages of ductile fracture. This means that by using higher printing
temperatures, the parts will have more toughness.
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This result is also sustained by the analysis of variance carried out (Table 7). Accord-
ing to the ANOVA test, the printing speed is statistically significant for the ultimate tensile 
strength variation with a reliability coefficient of 0.95. 
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speeds can prevent the alteration of biocomponents of the filaments due to intense expo-
sure to high temperatures. Even if it is a general belief that higher printing speeds conduct 
weaker structures due to insufficient cooling time between layers and bad layer adhesion, 
the results obtained in this study indicate that a higher printing speed significantly in-
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Figure 13. Fracture surfaces of the specimens after the tensile strength tests: (a) specimen printed at
Tp = 175 ◦C with hl = 0.4 mm and sp = 200 mm/s; (b) specimen printed at Tp = 190 ◦C with hl = 0.4 mm
and sp = 200 mm/s; (c) specimen printed at Tp = 220 ◦C with hl = 0.4 mm and sp = 200 mm/s.

This was also reflected in the ultimate tensile strength values obtained in the tensile
strength tests that were carried out. The printing temperature exposed a significant in-
fluence on ultimate tensile strength values. In the Pareto chart (Figure 14b), the level of
significance of each input factor chosen for this study can be analysed. The results show
that among the studied factors, the printing speed and the interaction between the printing
temperature and layer height are statistically significant at the 0.05 level.
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This result is also sustained by the analysis of variance carried out (Table 7). According
to the ANOVA test, the printing speed is statistically significant for the ultimate tensile
strength variation with a reliability coefficient of 0.95.

In this study, significantly higher printing speeds than those usually reported as being
studied in the scientific literature (range 15–170 m/s) [1,3] were used. Higher printing
speeds can prevent the alteration of biocomponents of the filaments due to intense exposure
to high temperatures. Even if it is a general belief that higher printing speeds conduct
weaker structures due to insufficient cooling time between layers and bad layer adhe-
sion, the results obtained in this study indicate that a higher printing speed significantly
increases the ultimate tensile strength and the fracture temperature of the printed parts
(Figures 14 and 15).
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Table 7. Analysis of Variance for UTS (MPa).

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 56.29 18.763 4.19 0.017
printing temp (◦C) 1 18.75 18.748 4.19 0.052
layer height (mm) 1 11.32 11.321 2.53 0.125
printing speed (m/s) 1 26.22 26.220 5.86 0.024
Error 23 102.95 4.476
Total 26 159.24
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3.4. 3D-printed Parts Machinability

The cutting machinability of Biowood Rosa3D printed parts was also investigated. Slot
milling tests were carried out, and the cutting force values obtained were compared with
the ones achieved by machining in identical condition pinewood and beech wood samples.
Pine and beech wood were selected as representatives for the soft and hard wood categories.
A measurement of the cutting force components for slot milling operations of some samples
from three distinct wooden materials was carried out, one of which was the biowood. The
tests were carried out on a three-axis DIY milling router-type machine tool, using a two-
flute tungsten carbide end mill type 10113117 produced by Weix tools, China. The geometry
of the active zone of the end mill is typical for wood bits. As for cutting conditions, the
following values were chosen: ap = 1.5 mm for depth of cut, f = 800 mm/min for cutting
feed, and vc = 150 m/min for cutting speed.

By machining the samples obtained by FDM 3D printing of Biowood Rosa filaments,
significantly higher cutting forces were obtained (Figure 16). The average cutting forces
generated by machining Biowood Rosa samples were up to 10× higher than those obtained
by end-milling softwood samples and up to 2.5× higher than those obtained for the
hardwood samples.

Figure 17 presents the main influence of the 3D printing input parameters analysed in
the study over the cutting force components. The printing temperature and layer height
positively affect the cutting force components’ magnitude. Printing speed negatively
influences the machinability of Biowood Rosa parts according to the force-cutting criteria.
Even if the material becomes more ductile because of the exposure to high temperatures
and therefore requires higher efforts to be machined, at high printing temperatures, over-
extrusion phenomena could be observed by analysing the top surface topography of the
specimens. This phenomenon can lead to weak structural bonds and is conducive to lower
values for the cutting forces.
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Figure 16. Cutting force components comparison between pinewood, beech wood, and Biowood
parts generated during slot milling with cutting speeds of 150 m/min, cutting feeds of 800 mm/min,
and cutting depth of 1.5 mm.
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Figure 17. Mean effects plots for the cutting forces’ components. (a) main effect plot for Fx [N];
(b) main effect plot for Fy[N]; (c) main effect plot for Fz[N].

3.5. Nonlinear Regression Analysis

Through the mathematical processing of the experimental results, it became possible to
determine some empirical power, function-type mathematical models. With these empirical
mathematical models, additional information was obtained regarding the order of influence
and the intensity of the influence exerted by some factors on the output parameters of the
investigated process. Microsoft Excel software was used for the mathematical processing
of the experimental results. In this way, the following empirical mathematical models
were obtained:

- For the lateral surface roughness (standard error of the regression S = 6.0487, correla-
tion coefficient R = 0.5039):

Sa = 7.3154 · Tp0.4558hl0.2210sp−0.0747 [µm]; (2)

- For the ultimate tensile strength (standard error of the regression S = 2.076, correlation
coefficient R = 0.6140):

UTS = 0.08885 T0.7137hl0.1974sp0.2708 [MPa]; (3)

- For the part weight (standard error of the regression S = 0.0629, correlation coefficient
R = 0.2167):
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W = 9.5844 · T0.06157hl−0.004079sp0.000083 [g]; (4)

Figure 18 shows normally distributed data for the regression equations determined
for the lateral surface roughness of the printed parts and the ultimate tensile strength
interest parameters. Additionally, the distances between the residuals versus their expected
values for the regressions are relatively small. The parameter estimation errors are pre-
sented in Tables 8–10. The small values of the coefficient standard error (SE) indicate a
precise estimation.
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Table 8. The parameter estimation errors for Equation (2).

Parameter Estimate SE Estimate

×1 7.31547 12.0722
×2 0.45580 0.2951
×3 0.22107 0.1002
×4 −0.07472 0.0998

Table 9. The parameter estimation errors for Equation (3).

Parameter Estimate SE Estimate

×1 0.088580 0.161801
×2 0.713767 0.326272
×3 0.197467 0.111027
×4 0.270825 0.109504

Table 10. The parameter estimation errors for Equation (4).

Parameter Estimate SE Estimate

×1 9.58440 0.686965
×2 0.00615 0.012852
×3 −0.00408 0.004299
×4 0.00008 0.004279

By examining the mathematical model corresponding to the lateral surface, Sa rough-
ness parameter, it could be seen that these parameters will register an increase when the
printing temperature TP and layer height hl increase and decrease with the increase in the

103



Polymers 2023, 15, 2305

printing speed sp. The printing temperature Tp exerts the most substantial influence on
the Sa parameter, which, in the empirical mathematical model, corresponds to the highest
value of the corresponding exponent compared to the values of the exponents attached to
the rest of the analysed process input factors.

It should be noted that increasing the value of any of the three factors considered will
increase the ultimate tensile strength UTS because the values of all exponents are positive.
The printing temperature Tp is also the input factor with the strongest influence in the
ultimate tensile strength UTS because, in this case, the value of the exponent attached to
this factor also has the maximum value of the values of the exponents of the other input
factors studied. An explanation of the increase in the value of the UTS parameter when
increasing the printing temperature Tp could result from better adhesion of the deposited
layers due to the higher values of the printing temperature.

The three input factors have a relatively small influence on the weight output parame-
ter. This finding is based on the very low values of the exponents obtained for the input
factors in the empirical mathematical model corresponding to the parameter W. However,
it can be observed that in this case, the strongest influence also seems to be exerted by the
printing temperature Tp, whose exponent has the maximum value.

4. Discussion

Even when 100% infill was set as the printing condition for the specimen manufactur-
ing process, the resulting parts’ weight was smaller than the theoretical weight (determined
by the theoretical volume and the material density value provided by the filament produc-
ers). The weight error calculated for the specimens ranged between 5.9–7.6%.

The surface roughness parameter Sa measured on the top surfaces of the 3D-printed
samples ranged between 13.8 and 149.7 (µm). For this output parameter, all of the consid-
ered input factors were reported as statistically significant according to the ANOVA test
carried out. Even if the printing temperature levels tested in this study did not exceed the
temperature range recommended by the filament producer, the area surface roughness
parameter Sa of the top surfaces of the samples printed at 190 ◦C recorded an average
increase of 152%, and those printed at 220 ◦C showed an average increase of 347% com-
pared with those printed with a temperature of 175 ◦C. The layer height parameter also
exposed a similar influence on the Sa roughness of the top surfaces of the printed parts.
The roughness parameter had an average increase of 176% when the layer height was set
at 0.28 mm and an average increase of 303% when a layer height of 0.4 mm was adopted
compared with that resulting from parts printed with a layer height of 0.2 mm. These
variations result due to over-extrusion caused by inefficient flow rates.

The surface roughness parameter Sa values measured on the lateral surfaces of the
printed specimens ranged between 35.34 and 57.92 (µm). According to the main effect plots
(Figure 11a), the printing conditions that assured a better surface roughness were the lowest
value of the printing temperature (175

◦
), the layer height of 0.28 mm, and the maximum

value of the printing speed (300 m/s). Among the input factors investigated, only the layer
height tested as statistically significant according to the ANOVA test (Table 6).

The ultimate tensile strength values obtained were in the range of 7.5–19.06 MPa.
Significant correlations were found between printing speed, mechanical strength (ultimate
tensile strength), printing temperature–layer height interaction, and mechanical strength.

The machinability was investigated using cutting forces criteria. Machinability is
rated relative to the results achieved for a representative/reference material. To evaluate
the machinability of Biowood printed parts, machining tests were carried out in similar
conditions for pinewood and beech wood as representatives of softwood and hardwood
materials. The average cutting forces generated by machining Biowood Rosa samples were
up to 10× higher than those obtained by end-milling softwood samples and up to 2.5×
higher than those obtained for the hardwood samples. The printing temperature and layer
height tend to positively affect the cutting force components’ magnitude, while printing
speed negatively influences the machinability of Biowood Rosa printed parts.
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5. Conclusions

Biopolymers are a natural alternative to synthetic polymers that exhibit reduced carbon
dioxide emissions in their synthesis. In recent decades, more and more emphasis has been
placed on using biopolymers for various medical, food, and industrial applications.

Few studies have been carried out on testing the capabilities of wood biopolymer
composites. Most of these studies usually address only the mechanical properties of WPC.
The present research explores the effect of printing temperature, layer height, and printing
speed on surface quality, tensile performance, and cutting machinability of parts obtained
by FDM printing of Rosa3D Biowood filament. Biowood produced by Rosa3D is a wood-
based composite biopolymer obtained by amalgamating wood fibres in a polycaprolactone
PCL and polyester polymeric matrix and adding fillers (starch, lignin) and additives
(natural resins, waxes, and oils, natural fatty acids) to the mix.

The novelty of this study consists in exploring some of the qualitative aspects and
mechanical proprieties of the PCL wood-based biopolymer parts generated by FDM with
different printing conditions. The printing parameters varied in the experimental study
were the printing temperature, the layer height, and the printing speed. The printing speed
levels selected for the experiment were significantly superior to those usually tested in
previous research in this field or those recommended by the filament producer.

The surface roughness of the parts was investigated. Higher Sa (arithmetical mean
height) values were obtained when high printing temperatures and layer height were used.
The surface texture obtained for these specific printing conditions exhibits signs of over-
extrusion. Overall, the highest level chosen for the printing speed positively influenced the
surface roughness.

Another novelty aspect of this study is the cutting machinability as a secondary
machining operation of the FDM-printed wood-based composite biopolymer. Machinability
is the property that characterizes the ease with which a material can be machined with
a cutting tool. The machinability testing criteria used in this study was the cutting force
components’ magnitude. The Biowood Rosa3D printed parts exhibit poor machinability
in reference to natural wood parts (pinewood and beech wood). Therefore, lower cutting
forces and better cutting machinability were obtained for the parts printed at higher printing
temperatures and layer heights and with lower printing speeds.

Testing the capabilities of newly developed polymer composites, especially biopolymer
composites, should be a constant concern for researchers to achieve competitive products
for the industry. Many drawbacks of FDM 3D printing of wood-based biopolymers could
be overcome by carefully choosing the processing parameters.
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Abstract: While the mechanical performance of fused filament fabrication (FFF) parts has been
extensively studied in terms of the tensile and bending strength, limited research accounts for
their compressive performance. This study investigates the effect of four process parameters (layer
height, extrusion width, nozzle temperature, and printing speed) on the compressive properties and
surface smoothness of FFF parts made of Polylactic Acid (PLA). The orthogonal Taguchi method
was employed for designing the experiments. The surface roughness and compressive properties
of the specimens were then measured and optimized using the analysis of variance (ANOVA). A
microscopic analysis was also performed to identify the failure mechanism under static compression.
The results indicated that the layer height had the most significant influence on all studied properties,
followed by the print speed in the case of compressive modulus, hysteresis loss, and residual strain;
extrusion width in the case of compressive strength and specific strength; and nozzle temperature in
the case of toughness and failure strain. The optimal design for both high compressive properties and
surface smoothness were determined as a 0.05 mm layer height, 0.65 mm extrusion width, 205 ◦C
nozzle temperature, and 70 mm/s print speed. The main failure mechanism observed by SEM
analysis was delamination between layers, occurring at highly stressed points near the stitch line of
the PLA prints.

Keywords: additive manufacturing; process optimization; compressive properties; surface smoothness;
fused filament fabrication

1. Introduction

Material extrusion (ME) refers to additive manufacturing techniques that involve
the layer-by-layer extrusion of molten or semi-liquid materials to create plastic, metal, or
composite parts [1]. FFF (fused filament fabrication), also known as FDM (Fused Deposition
Modeling), is an ME technique that utilizes a heated nozzle to melt and deposit materials
onto a build platform. FFF-printed parts have found extensive applications as biomedical
scaffolds [2], composite structures [3], shape memory components [3], and functional
prototypes in various industries, such as medical, automotive, and electronics [4–6]. A
schematic of an FFF machine and the resulting printed part is depicted in Figure 1. The
print head can move freely in the XY plane while the height is adjusted by the movement
of the build platform in the Z direction. In the deposition stage, the new layer is bonded to
the successive layer through the fusion mechanism [7].
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The compressive strength and surface finish in fused filament fabrication (FFF) parts
play critical roles in various demanding applications. Notably, FFF finds application in
metal forming and molding tools [8–10], jigs and fixtures [11,12], full-scale molds for
wind turbine blades [13], packaging products [14,15], bone scaffolds [2], and medical
implants [16], where compressive strength is essential to withstand compressive stresses.
The surface finish is equally crucial in such applications. For instance, in 3D printing die
tools for sheet metal drawing, the surface roughness influences the friction between the
die and sheet metal, affecting the quality of the drawn metal. Similarly, in the automotive
industry, strict dimensional requirements necessitate a smooth surface finish for body
panels to ensure a proper fit and alignment, highlighting the significance of surface quality
in precise part manufacturing.

The mechanical strength of the FFF parts (also referred to as “print” in this paper)
is greatly influenced by the process and geometrical parameters [17,18]. Several studies
in the literature have investigated the effect of process parameters on the mechanical
performance of FFF parts. Cojocaru et al. [19] conducted a review study on the effect of
process parameters on the mechanical properties of Polylactic Acid (PLA) prints, concluding
that thinner layers resulted in smaller internal cavities and improved surface quality, layer
bonding, and mechanical properties. It was also shown that mechanical properties can be
improved when a grid infill pattern and horizontal build direction were used in the 3D
printing of specimens. However, high printing speeds can negatively impact surface quality
due to incomplete solidification, and low or high nozzle temperatures can cause incomplete
melting or material flow issues. Process parameters such as the nozzle temperature and
print speed impact the temperature profile (heating and cooling cycles), subsequently
affecting the bonding strength between layers [20,21].

The effect of the process and geometrical parameters on the mechanical behavior
of prints can vary based on the type of loading. For example, research has shown that
decreasing the raster angle improves the tensile strength of a print [22–25] but decreases its
compressive strength [25,26]. This is while no clear correlation has been found between the

109



Polymers 2023, 15, 3827

raster angle and fatigue life of prints [27]. This discrepancy stems from the different failure
modes under different loads. In tension, raster breaking is the main failure mode, so the
highest load-carrying capacity occurs when the extruded filaments are aligned with the
loading direction. On the other hand, parts are more likely to buckle under compressive
force, so having the filaments arranged perpendicular to the applied load leads to the
best compressive strength results [26]. Gordelier et al. [28] found that the optimal tensile
strength in ABS and PLA prints was attained with a raster angle of 0◦, minimum layer
height, and horizontal build direction. Bakhtiari et al. [27] studied the influence of printing
parameters on the fatigue performance of FFF prints. They found that cross-over infill
patterns like the grid and honeycomb outperformed unidirectional raster patterns in tensile
fatigue strength. Notably, the 0◦ and 45◦ raster angles exhibited the highest fatigue strength,
while the printing speed (25–70 mm/s) had a comparatively weaker influence, inversely
affecting the tensile fatigue life.

Although the tensile and bending strength of FFF prints has been extensively stud-
ied in the literature, there is a limited account of their compressive performance. Gabor
et al. [29] investigated the compressive strength of PLA prints at various build orientations
(0◦, 15◦, 30◦, 45◦, 60◦, and 90◦) and found that a 0◦ orientation yielded the highest strength.
In another study [30], the build orientation was found to have the biggest influence on the
compressive strength of ABS prints followed by the layer height, raster angle, and air gap,
while the extrusion width exhibited an insignificant impact. Compressive strength was di-
rectly correlated with layer height and extrusion width but inversely with build orientation
and air gap. Dave et al. [31] examined the compressive strength of PLA prints at different
layer heights (0.1–0.3 mm), infill densities (60–80%), and print speeds (30–50 mm/min).
The findings indicated that the compressive strength peaked at a layer height of 0.2 mm
before declining. They also demonstrated that compressive strength directly correlated
with infill density due to the reduced interlayer cavities and greater material volume at
higher infill densities, which enhanced the mechanical support. Print speed had a minor
effect, showing a slight increase up to 40 mm/min.

Infill patterns significantly impact print strength by influencing the contact area and
layer bonding. Figure 2 depicts various infill patterns studied for the compressive behavior
of FFF prints. Prajapati et al. [32] examined PLA prints with varying infill patterns (rectilin-
ear, concentric, and Hilbert curve) with the highest compression strength achieved using
the rectilinear pattern. In [33], PLA prints with a triangular infill design demonstrated a
superior compressive strength than the grid, quarter cubic, and tri-hexagon patterns due to
having a larger contact area between the layers. Similarly, the Hilbert curve pattern exhib-
ited a superior compressive strength than the other designs (honeycomb, line, rectilinear,
Archimedean curve, and Octagram spiral) due to the strong bonding between the rasters
and layers [34].

Material choice significantly affects the compressive strength in FFF prints due to
its rheological and microstructural characteristics. ABS and nylon, for example, exhibit
increased compressive strength as the layer height decreases [35,36]. Reducing the layer
height leads to an increased shear rate within the extruding polymer, causing a viscosity
drop in materials with shear-thinning properties [37], such as ABS and nylon [38,39]. This,
in turn, enhances the layer fusion and overall strength. In contrast, PEEK is a non-shear-
thinning polymer, resulting in the layer height having minimal influence on the compressive
strength [40]. In addition, ABS is an amorphous polymer, while PEEK is semi-crystalline.
The microstructural differences between these materials can also affect their fusion and
recrystallization behavior during the 3D printing process. Other studies have looked at
the effect of the printing speed on the strength of PLA [31] and PEEK [41] prints, with
little to no significant changes observed. Table 1 presents the results found in the literature
regarding the influence of the FFF process parameters on the compressive properties and
surface quality of different prints.
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Springer [32], (d–g): reproduced with permission from Elsevier [33], (h–l): reproduced with 
permission from Springer [34]). 
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surface smoothness, meaning that lower surface roughness is an indicator of a smoother 
surface. While the raster angle [42] has been shown to have a negligible effect on the 
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Figure 2. Infill patterns investigated in compression tests: (a) rectilinear, (b) concentric-circle,
(c) Hilbert curve, (d) triangle, (e) grid, (f) quarter cubic, (g) tri-hexagon, (h) honeycomb, (i) concentric-
rectangle, (j) line, (k) Archimedean, and (l) Octagram spiral (a–c) reproduced with permission from
Springer [32], (d–g) reproduced with permission from Elsevier [33], (h–l) reproduced with permission
from Springer [34]).

The surface smoothness of 3D-printed PLA parts is also influenced by various printing
parameters as summarized in Table 1. The surface roughness is a measure of surface
smoothness, meaning that lower surface roughness is an indicator of a smoother surface.
While the raster angle [42] has been shown to have a negligible effect on the surface finish in
some studies, the layer height [42–44], extrusion width [42,45,46], and print speed [46] were
found to enhance the surface finish when reduced. Higher infill densities also contribute
to smoother surfaces [34,47]. The impact of the air gap and nozzle temperature varies
in different studies, with some suggesting them influential [48,49] and others finding
them negligible [42,43,46]. Similarly, the build orientation had varying effects on surface
roughness, exhibiting either a decreasing trend [43] or an oscillating pattern [44].

While the tensile and flexural strengths of FFF prints have received extensive attention
in the literature, their compressive performance has been relatively underexplored. The
aim of this study was to examine the effect of the layer height, extrusion width, nozzle
temperature, and printing speed on the surface roughness and compressive properties of
PLA specimens. The Taguchi method was employed to design experiments and optimize
the printing parameters for maximum compressive strength and surface smoothness.
Physical and mechanical tests were conducted to determine the density, surface quality, and
compressive properties of the specimens. Furthermore, a microscopic analysis was carried
out to identify the underlying failure mechanism under static loading. The findings of this
study provide further insights into optimizing the 3D printing process for applications
requiring strong compressive properties and high surface quality.
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Table 1. Influence of FFF process parameters on the surface and compressive properties of FFF prints.

Influence on Mechanical and Surface Properties

Compressive Properties Surface Quality

Nozzle temperature

• High nozzle temperature can result
in hardness increase and
thermos-oxidative degradation of
polymers at the same time, leading
to increase in strength [35]

• Changing the nozzle temperature
shows no significant effect on the
surface roughness of FFF prints [43,46]

• The surface roughness decreases with
increasing nozzle temperature [49]

3D
pr

in
ti

ng
pa

ra
m

et
er

s

Raster angle
• Rasters perpendicular to the loading

direction yield the highest
compressive strength [26,30]

• The highest surface finish is attained at
zero raster angle; however, its effect is
negligible [42]

Infill pattern

• Compressive strength of rectilinear
pattern > concentric and Hilbert
curve pattern [32]

• Compressive strength and specific
strength of hexagonal pattern >
linear > triangular pattern [50]

• Compressive strength of 0/90◦ and
45/−45◦ infill patterns are almost
equal in horizontal prints made of
Ultem 9085 [51]

• Compressive strength of grid
pattern > triangle > tri-hexagon >
quarter cubic [33]

• Compressive strength of Hilbert
curve pattern (121.35 MPa) >
rectilinear > line > Archimedean >
honeycomb > Octagram [34]

• Rectilinear pattern exhibits the lowest
surface roughness as compared to
Hilbert curve and line patterns [34]

Infill density
• Compressive strength and modulus

increase by increasing the infill
density [31,32,34,50,52]

• Surface roughness decreases
significantly by increasing the infill
density [47]

Layer height

• Within 0.1–0.3 mm range, 0.2 mm
layer height produces the highest
compressive strength in PLA
print [31]

• Compressive strength of ABS prints
exhibits both inverse [35] and direct
relationship [30] with the
layer height

• Compressive modulus increases
with decreasing layer height

• Layer height shows little impact on
compressive strength of PEEK
prints [40]

• Decreasing the layer height improves
the surface quality [42,43,49]

• Reducing the layer height results in a
decrease in surface roughness in 20 and
45◦ build orientations, but it increases
at 70◦ build orientation [44]
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Table 1. Cont.

Influence on Mechanical and Surface Properties

Compressive Properties Surface Quality

Printing speed • No significant effect [31,41] • Decreasing the print speed enhances
the surface finish of PLA prints [46]

3D
pr

in
ti

ng
pa

ra
m

et
er

s

Build orientation

• Compressive strength decreases by
increasing the build orientation

• [29,30,32,51]
• Horizontal build direction exhibits

15–40% higher compressive strength
than that of vertical build direction
in Ultem 9085 prints [51]

• Compressive strength of ABS prints
is not impacted by build
direction [53]

• Increasing the build orientation angle
decreases the surface roughness in [43]

• and shows an increasing–decreasing
trend in [44]

Air gap
• Compressive strength exhibits

inverse relationship with the air
gap [30]

• The lowest surface finish is attained at
zero air gap [48]

• Negative air gap degrades the surface
quality [42]

• Changing the air gap shows no
significant effect on the surface
roughness of FFF prints [43]

Extrusion width
• Extrusion width exhibits

insignificant impact on compressive
strength of ABS prints [30]

• The best surface finish is attained at the
highest extrusion width [42,45]

• Decreasing the extrusion width
enhances the surface roughness [46] in
the extrusion width direction

• Changing the extrusion width shows no
significant effect on the surface
roughness of FFF prints [43]

2. Materials and Methods
2.1. Sample Preparation

In the present study, PLA filament (X3D pro PLA), with a diameter of 1.75 mm, was
used to fabricate samples. Cylindrical samples (φ12.7 × 25.4 mm) were designed and
layered using ideaMaker 4.4.0 software and then 3D printed using a Raise3D Pro3 Plus
printer. Figure 3 shows a typical printed sample. To help improve the adhesion of the
sample to the build plate, a raft platform was added to the base of each specimen and the
build plate was pre-heated to a 60 ◦C. 0◦/45◦ grid pattern with the infill density of 100%,
and one solid shell layer was used to build the specimen.

2.2. Design of Experiments

The layer height, extrusion width, nozzle temperature, and print speed were con-
sidered as the variable parameters. The design of the experiments was performed by
employing the orthogonal array Taguchi method in Minitab 21.4.0.0 software. Table 2
shows the variable with different levels (low, medium, and high) used as well as the
response parameters and their definitions.
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Table 2. Variables, responses, and levels specified for the design of experiments.

Variables Unit Low (−1) Medium (0) High (+1)

Layer height (LH) mm 0.05 0.15 0.25
Extrusion width (EW) mm 0.45 0.55 0.65
Nozzle temperature (T) ◦C 190 205 220
Print speed (V) mm/s 30 50 70

Responses

Relative density ρrel = ρsample/ρFilament × 100
Surface roughness Ra =

∫ l
0 |Z(x)|dx/l

Compressive strength σy = 0.2%proofstrength
Compressive modulus E = Slopeofthelinearpartof(σ− ε)curve
Specific strength σs = σy/ρsample
Failure strain εf = Strainatfailurepoint
Hysteresis loss (Area) Ahys = Areaconfinedbytheloading− unloadingcurves
Residual strain εr = Residualstrainafterunloading

The configuration of the designed experiments is shown in Table 3. The minimum
and maximum level of the factors were selected according to the range given by the
manufacturer as well as some trial and error. The relative density, surface roughness,
compressive strength, compressive modulus, specific strength, failure strain, hysteresis
loss, and residual strain were set as the response parameters.

Table 3. Design of experiment (orthogonal array Taguchi method).

Sample No. Layer Height
(mm)

Extrusion
Width
(mm)

Nozzle
Temperature

(◦C)

Print Speed
(mm/s)

S1 0.25 0.55 190 70
S2 0.15 0.55 220 30
S3 0.15 0.45 205 70
S4 0.05 0.65 220 70
S5 0.05 0.55 205 50
S6 0.15 0.65 190 50
S7 0.25 0.45 220 50
S8 0.25 0.65 205 30
S9 0.05 0.45 190 30
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2.3. Density Measurement

The density measurements were conducted using the Archimedes method according
to ASTM D792 [54]. A digital balance with a precision of 0.0001 gr was used for weighing
the samples in air and in submerged states, and distilled water was used for submerging
the samples (Figure 4). Each sample was weighed in air and then submerged in distilled
water using a sinker. The test was carried out in the standard laboratory temperature
and the water temperature of 28 ◦C. The apparent density of each sample was calculated
according to Equation (1).

ρsample

(
g/cm3

)
=

ma

(ma −mw)
× ρw (1)

where ρw is the density of water at the test temperature (0.996 gr/cm3), and ma and mb are
the apparent mass of the sample in air and in water, respectively. To calculate the relative
density of each sample, its apparent density was divided by the density of the filament
(1.26 gr/cm3) which represents the density of a fully dense sample (Equation (2)).

ρrel =
ρsample

ρFilament
× 100 (2)
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To make sure about the validity of the results, three specimens were tested for each
group, making a total of 27 experiments. Then, the arithmetic average of the measured
densities in each group was reported.

Following the density measurement, the samples underwent drying via a fan-forced
flow of air at a temperature of 35 ◦C for a duration of 1 h, utilizing a sunbeam electronic
dehydrator machine. Subsequently, the mass of each sample was determined and compared
to its initial mass to confirm the absence of any water within the samples. The findings
revealed a maximum mass change of 0.0005 g among the 27 specimens tested, indicating
the complete evaporation of all the water present within the samples.

2.4. Surface Roughness

Having a high-quality surface finish is of paramount importance for improving both
the functionality and appearance of 3D-printed parts. In addition, it can also help reduce
costs by minimizing the amount of post-processing needed and speeding up the overall
prototyping process. In the present study, the TMR200 surface roughness tester, manufac-
tured by PCWI Co., was employed for the surface measurements. The instrument featured
a 5µm tip, which was employed for all surface roughness measurements. The cutoff length
was set at 2.5 mm as recommended by the manufacturer, ensuring coverage of the entire
length of at least five consecutive layers in the 3D-printed samples. A stainless-steel V-block
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was used to mount the specimens in the lateral direction. Figure 5 shows the configuration
of the surface roughness setup.
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Figure 5. Setup for surface roughness measurement.

The roughness tester was calibrated before testing using a calibration block provided
by the manufacturer. The stylus was brought into contact with the surface of interest while
maintaining consistent pressure. The stylus was then moved along the sample’s length in a
straight line, and its displacement was measured and converted into an electrical signal.
The processed signal was then used to calculate the Ra using Equation (3).

Ra =
1
L

∫ l

0
|Z(x)|dx (3)

where Ra is the average surface roughness, L is the sampling length along the x direction,
and Z (x) is the height of the surface profile relative to the mean line at the distance x.
Figure 6 depicts the configuration of the FFF prints and the surface roughness measurement.
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Each test was repeated three times at different locations, and the average of three
recorded Ra was reported as the surface roughness.
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2.5. Compression and Hysteresis Compression

The quasi-static compression tests were conducted using an Instron 8801 device. The
device was equipped with a double-acting servo hydraulic actuator, capable of apply-
ing forces up to ±100 kN, within a 150 mm stroke range, and at loading rates between
0.1 mm·min−1 and 240 mm·s−1. All the compression tests were carried out in accordance
with the ASTM D695 standard [55], which covers the determination of the compressive
properties of rigid plastics. The compression tests were conducted at a temperature of
23 ± 2 ◦C and relative humidity of ~6%. The compression speed was set at 1.3 mm/min
and each test was repeated five times to guarantee the statistical accuracy and reliability of
the results.

Prior to testing, the diameter and height of the fabricated specimens were measured
to the nearest 0.01 mm at several points for the stress and strain measurements, respec-
tively. The minimum diameter was used to calculate the cross-sectional area. The load–
deformation curve was recorded at a data recording frequency of 20 Hz, and the resulting
stress–strain curve was obtained by dividing the load and deformation values to the mini-
mum cross-sectional area and initial sample’s length, respectively. The zero-stress portions
of the stress–strain curves were then ditched from the graphs, as shown in Figure 7a. All
the samples were subjected to both a uniaxial destructive compression test and hysteresis
(loading–unloading) compression, and each test was repeated three times for statistical val-
idation. Figure 7 illustrates a typical stress–strain curve of a specimen under compression
and hysteresis compression.
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Figure 7. Typical stress–strain curve of a specimen under (a) compression and (b) hysteresis
compression.

The compressive modulus was calculated by drawing a tangent line to the initial linear
portion of the stress–strain curve, selecting a point on this line, and dividing the compressive
stress represented by this point by the corresponding strain. The compressive strength
and specific strength of each sample were then obtained by identifying the maximum
compressive stress and dividing it by the sample’s density, respectively. The specific
strength of the FFF prints is studied in this paper because it is an important mechanical
property that indicates the strength-to-weight ratio of the printed parts, which is crucial
in many engineering applications where lightweight and high-strength components are
required. Finally, the toughness (energy absorption capacity) of each sample was acquired
by measuring the area under the stress–strain curve up to the failure point in Figure 7a.

The area between the loading and unloading curves in Figure 7b indicates the amount
of energy that is lost due to the material’s viscoelastic nature. In fact, when plastics are
deformed, a phase shift between the stresses and strains occurs, resulting in the hysteresis
loop [56]. The energy that is dissipated in one full cycle is represented by the area of this
hysteresis loop. Like the compression test, the loading and unloading in the hysteresis
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compression were performed at the rate of 1.3 mm/min. The samples were kept in the
unloading state for 10 min for static recovery. To make sure that the loading does not surpass
the elastic region, the yield strain of each sample was determined from the compression
tests, and hysteresis loading was performed up to the 0.025 strain, which is in the elastic
region of all the samples. After loading achieved the pre-defined stroke, the unloading
stage followed until the complete release of the load. The remaining deformation after
unloading was measured and reported as the residual strain. Also, the area confined
between the loading and unloading curves was calculated as the hysteresis loss.

2.6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was carried out using a JEOL benchtop SEM machine
to investigate the fracture characteristics of the specimens. Three-dimensional printed
samples were mounted on a holder and imaging was conducted around the fractured areas
with an accelerating voltage of 15 kV.

3. Results and Discussion

Table 4 provides the results obtained from the physical and mechanical experiments
for the 3D-printed samples.

Table 4. Compressive properties and surface roughness of the PLA prints.

No. T
(min)

ρrel
(%)

Ra
(µm) σmax(MPa) E

(GPa)
σ/ρ

(kN.m/kg)
TC

(MJ.m−3)
εf

(%)
AHys

(MJ.m−3)
εr

(%)

S1 14 92.50 17.35 61.30 1.42 52.53 13.21 0.29 0.39 1.07
S2 32 91.80 10.67 62.78 1.84 54.17 14.05 0.31 0.50 0.57
S3 25 91.80 10.40 62.55 1.71 54.01 12.56 0.28 0.45 0.78
S4 60 93.20 6.59 71.49 2.04 60.79 12.15 0.25 0.52 0.64
S5 70 92.30 6.22 66.38 2.02 56.98 11.57 0.24 0.59 0.43
S6 23 93.20 14.32 65.50 1.75 55.65 12.79 0.27 0.44 0.80
S7 17 93.50 16.83 55.46 1.52 46.96 14.20 0.32 0.40 0.82
S8 18 93.00 17.95 61.22 1.74 52.15 14.81 0.32 0.46 0.71
S9 106 90.30 7.30 62.23 2.02 54.59 10.68 0.24 0.57 0.39

3.1. Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) determines the statistical significance of vari-
ous factors on different responses. Each response is fitted using the linear regression as
Equation (4).

y = β0 + (βk × xk) (4)

where y, βk, and xk represent the response, coefficients, and factors, respectively. Minitab
21.4.0.0 software was used in this study for the statistical analyses. Depending on the re-
gression data, the transformation of responses might be necessary to meet the assumptions
of normality and homogeneity of variance [57]. In the present study, the Box–Cox equa-
tion (y′ = y λ) was utilized to apply transformation to the surface roughness, compressive
strength, compressive modulus, specific strength, toughness, failure strain, hysteresis loss,
and residual strain using λ values of 0.5, 3, 3, 4, 4, 7, −1, and 0.5, respectively. Table 5
provides the results obtained by the ANOVA for each response, including the developed
regression equations. The significance of each factor was investigated by a t-test at 95% con-
fidence, and the results were indicated by the p-value, with p-values less than 0.05 showing
a significant influence on the response. To avoid overfitting in the regression models, the
reduced models were constructed using only the significant factors. As presented in Table 6,
the reduced regression equations demonstrate higher predicted R-squared values, signify-
ing the generalization capability and improved representation of the data relationships.
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Table 5. Analysis of variance (results) *.

DF Adj SS Adj MS F-Value p-Value Remarks

Surface roughness = (2.208 + 7.903LH)2

Regression 4.000 178.390 44.598 52.060 0.001 Significant
Layer height (mm) 1.000 170.880 170.880 199.480 <0.001 Significant
Extrusion width (mm) 1.000 3.125 3.125 3.650 0.129 Insignificant
Nozzle temperature (C) 1.000 3.969 3.969 4.630 0.098 Insignificant
Print speed (mm/s) 1.000 0.416 0.416 0.490 0.524 Insignificant
Error 4.000 3.426 0.857
Total 8.000 181.816

Compressive strength = 109.25
√

5.92− 37.49 LH + 30.65 EW
Regression 4.000 167.300 41.825 94.000 <0.001 Significant
Layer height (mm) 1.000 86.762 86.762 195.000 <0.001 Significant
Extrusion width (mm) 1.000 58.500 58.500 131.480 <0.001 Significant
Nozzle temperature (C) 1.000 2.134 2.134 4.800 0.094 Insignificant
Print speed (mm/s) 1.000 19.904 19.904 44.730 0.003 Significant
Error 4.000 1.780 0.445
Total 8.000 169.079

Compressive modulus = 3.07× 3
√

1.0252− 2.359 LH − 0.003 V
Regression 4.000 4.664 1.166 29.950 0.003 Significant
Layer height (mm) 1.000 4.114 4.114 105.650 0.001 Significant
Extrusion width (mm) 1.000 0.146 0.146 3.760 0.125 Insignificant
Nozzle temperature (C) 1.000 0.081 0.081 2.090 0.222 Insignificant
Print speed (mm/s) 1.000 0.323 0.323 8.290 0.045 Significant
Error 4.000 0.156 0.039
Total 8.000 4.819

Specific strength = 85.85 3
√

3.83− 34.77 LH + 22.1 EW + 0.064 V
Regression 4.000 116.649 29.162 41.060 0.002 Significant
Layer height (mm) 1.000 73.994 73.994 104.170 0.001 Significant
Extrusion width (mm) 1.000 30.294 30.294 42.650 0.003 Significant
Nozzle temperature (C) 1.000 1.032 1.032 1.450 0.295 Insignificant
Print speed (mm/s) 1.000 11.330 11.330 15.950 0.016 Significant
Error 4.000 2.841 0.710
Total 8.000 119.491

Toughness = 20.36× 3
√
−7.76 + 13.122 LH + 3.573 EW + 0.04104 T − 0.02265 V

Regression 4.000 14.602 3.651 80.440 <0.001 Significant
Layer height (mm) 1.000 10.331 10.331 227.640 <0.001 Significant
Extrusion width (mm) 1.000 0.766 0.766 16.880 0.015 Significant
Nozzle temperature (C) 1.000 2.274 2.274 50.100 0.002 Significant
Print speed (mm/s) 1.000 1.231 1.231 27.130 0.006 Significant
Error 4.000 0.182 0.045
Total 8.000 14.784

Failure strain = 0.385× 6
√
−307.54 + 0.3621 LH + 0.001218 T − 0.000758 V

Regression 4.000 0.011 0.003 325.020 <0.001 Significant
Layer height (mm) 1.000 0.008 0.008 908.720 <0.001 Significant
Extrusion width (mm) 1.000 0.000 0.000 0.420 0.553 Insignificant
Nozzle temperature (C) 1.000 0.002 0.002 231.480 <0.001 Significant
Print speed (mm/s) 1.000 0.001 0.001 159.450 <0.001 Significant
Error 4.000 0.000 0.000
Total 8.000 0.011

Hysteresis loss = (3.109 LH + 0.00651 V − 1.331)−1

Regression 4.000 12.544 3.136 12.540 0.016 Significant
Layer height (mm) 1.000 10.406 10.406 41.610 0.003 Significant
Extrusion width (mm) 1.000 0.076 0.076 0.310 0.610 Insignificant
Nozzle temperature (C) 1.000 0.126 0.126 0.500 0.517 Insignificant
Print speed (mm/s) 1.000 1.935 1.935 7.740 0.050 Significant
Error 4.000 1.001 0.250
Total 8.000 13.544
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Table 5. Cont.

DF Adj SS Adj MS F-Value p-Value Remarks

Residual strain = (0.4397 + 1.171 LH + 0.004129 V)2

Regression 4.000 0.342 0.085 23.330 0.005 Significant
Layer height (mm) 1.000 0.217 0.217 59.140 0.002 Significant
Extrusion width (mm) 1.000 0.004 0.004 1.160 0.341 Insignificant
Nozzle temperature (C) 1.000 0.009 0.009 2.410 0.196 Insignificant
Print speed (mm/s) 1.000 0.112 0.112 30.600 0.005 Significant
Error 4.000 0.015 0.004
Total 8.000 0.356

* DF: degrees of freedom; Adj SS: adjusted sum of squares; Adj MS: Adj SS/DF; F-value: the ratio of the mean
square for each factor to the mean square for error; p-value: the probability of obtaining a test statistic as extreme
or more extreme than the observed value, assuming the null hypothesis is true.

Table 6. Predictive performance of regression models.

Predicted R-sq (%)
(Full Model)

Predicted R-sq (%)
(Reduced Model) Improvement (%)

Surface roughness 89.28 92.15 3.21
Compressive strength 93.53 94.5 1.04
Compressive
modulus 82.25 83.24 1.2

Specific strength 84.87 91.54 7.86
Failure strain 98.53 99.05 0.53
Hysteresis loss 64.48 81.53 26.44
Residual strain 82.71 87.66 5.98

To gain a better understanding of the influence of each factor, the signal-to-noise (S/N)
ratio was calculated with the help of Equation (5).

S/N = −10log10

[
1
n

n

∑
i=1

1
yi

2

]
(5)

where n is the total number of experiments, and yi is the response value for the ith experi-
ment. A higher S/N ratio indicates that the factor has a stronger influence on the response
variable. Figures 8 and 9 illustrate the main effect plots of the means and S/N ratios for
each response, respectively. “Main effect” refers to the impact of a single factor on the
response variable, irrespective of the influence of other factors. The main effect of the
means (or S/N ratios) for factor x is calculated by subtracting the overall mean of y (or S/N
ratios) from the mean of y (or S/N ratios) at each level of x.

From Figure 8 it can be seen that changing the layer height leads to the highest variation
in all the responses as further supported by Figure 9, which displays the magnitude of the
S/N ratios for each factor. Figure 9 demonstrates that for all the investigated responses,
the S/N ratio is maximized at the 0.05 mm layer height, while the minimal S/N value is
attained at 0.25 mm, suggesting that the layer height has a predominant influence on the
studied properties.

Figure 8 also provides correlations between the responses and factors. While the
surface roughness, failure strain, toughness, and residual strain show a positive correlation
with the layer height, the compressive strength, compressive modulus, specific strength,
and hysteresis loss exhibit a negative correlation. The layer height was found to have the
most significant influence on all the studied properties, followed by the print speed (for
compressive modulus, hysteresis loss, and residual strain), extrusion width (for compres-
sive strength and specific strength), and nozzle temperature (for toughness and failure
strain) as the second most influential factor.
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Figure 9. Main effects plot for S/N ratios of (a) surface roughness, (b) compressive strength,
(c) compressive modulus, (d) specific strength, (e) toughness, (f) failure strain, (g) hysteresis loss, and
(h) residual strain.

In the following, the impact of the process parameters on the studied responses will
be discussed in detail.
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3.2. Relative Density

The density of the 3D-printed specimens is depicted in Figure 10.
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As can be seen in Figure 10, the relative density of the samples is almost identical,
ranging between 90.3% and 93.5%. This shows that altering the design parameters does not
significantly affect the density of the samples. The remaining porosity within the samples
is attributed to the incomplete bonding between the layers as well as the round shape of
the extruded filaments as reported elsewhere [58,59]. Nevertheless, some reports suggest
that increasing the nozzle temperature [60] and reducing the print speed [61] can greatly
enhance the relative density of FFF prints.

3.3. Surface Roughness

Figure 11a illustrates the surface roughness of the PLA prints. As can be seen, the
surface texture can vary greatly depending on the process parameters, with the S5 and S8
samples having the lowest (~6µm) and the highest (~18µm) surface roughness, respectively.
To simplify the significance of each factor and its correlation to the surface roughness, the
Pareto chart of the standardized effects is shown in Figure 11b. In this chart, the factors
were ranked in order of their impact on the properties studied. Standardized effects larger
than the vertical dotted line show a significant effect on the response, with the factors
having a higher standardized effect showing a higher influence. The black arrows indicate
the correlation/trend of each factor with the response.

It has been shown that parameters such as layer height, extrusion width, raster angle,
and nozzle temperature are influential on the surface quality of FFF prints [62]. In the
present study, the layer height was identified as the only influential factor on the surface
quality of the prints and other parameters, i.e., the extrusion width, print speed, and nozzle
temperature exhibited a nonsignificant impact on the results as demonstrated in Figure 11b.
In the literature, the layer height was shown to be the most influential factor among other
parameters when the surface quality is measured in the height direction [17,43]. This is
because the surface roughness is highly affected by the peaks and valleys between the
deposited layers in a print, as depicted by Z(x) in Figure 6. According to Equation (1),
decreasing the layer height reduces the Z distance and thus decreases the surface roughness.
Figure 12 illustrates the surface profiles of the FFF samples along the height dimension. As
can be seen, the samples with the lowest layer height (S4, S5, and S9) exhibit the smoothest
surfaces with the minimal distance between the peaks and valleys.
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Figure 12. Surface profile of FFF samples along the height direction.

A similar result was reported in [46] where the extrusion width was identified as
the most influential factor in the surface roughness of the PLA prints, while the nozzle
temperature showed little influence. In the mentioned study, the surface roughness was
measured at the top surface of the prints where the stylus sweeps the extruded filaments
from the width direction.

3.4. Compressive Properties

Figure 13 demonstrates the compressive properties extracted from the compression
tests as well as the Pareto charts for each property. As can be seen, the compressive
modulus, compressive strength, and specific strength fall within the range of 1.42–2.04 GPa,
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55.5–71.5 MPa, and 46.96–60.79 kN.m/kg, respectively. The S4 sample exhibited the highest
compressive strength, compressive modulus, and specific strength among the samples.
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According to the Pareto charts in Figure 13, the compressive strength, modulus, and
specific strength are inversely proportional to the layer height. However, there has been
contradicting reports in the literature, exhibiting direct [30], inverse [35], and insignifi-
cant [40] effects of the layer height on the compressive strength of FFF prints. Wu et al. [40]
reported that while the thickness of the layers greatly affected the tensile strength, it had
minimal impact on the bending and compressive strengths of PEEK prints. Sood et al. [30]
examined the effect of different layer heights (0.127, 0.178, and 0.254 mm) on the compres-
sive strength of ABS prints and found that a decrease in the layer height causes a decrease
in compressive stress. They concluded that reducing the layer height results in a higher
number of layers and this leads to higher distortions arising from the thermal stress accu-
mulating between the layers. Conversely, Nomani et al. [35] achieved contradicting results
which are in agreement with the present study. Based on their results, the compression
testing of ABS prints at different layer heights ranging from 0.2 mm to 0.8 mm revealed
samples printed at the smallest examined layer height of 0.2 mm attained the highest
compressive strength and modulus. Their results showed that a higher layer height led to
a greater residual porosity and lower hardness in the bulk material, which could explain
the observed decrease in mechanical strength. In fact, due to the circular cross section of
the filaments, some internal cavities are formed between the rasters (Figure 14), resulting
in anisotropic properties and decreased strength in FFF prints under compression [58,63].
Reducing the layer height leads to smaller internal cavities (porosity) between layers, re-
sulting in enhanced mechanical properties. A porosity increase with the layer height has
been reported in the literature [27,59]. Furthermore, decreasing the layer height has been
shown to increase the contact area between extruded filaments. This increases the heat
transmission between layers and promotes layer adhesion [26].
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Figure 14. (a) Anisotropy of FFF prints caused by build orientation, raster orientation, and cavities,
and (b) internal structure of an ABS print [64] (CC BY 4.0).

The results obtained by the ANOVA analysis also revealed a direct relationship be-
tween the compressive properties of the PLA prints and the extrusion width. While it has
been reported that the extrusion width has an insignificant impact on the compressive
strength of ABS prints [14], the results of the present study, in Figure 8b–d, showed that
altering the extrusion width from 0.45 mm to 0.65 mm led to an increase in the compressive
strength and specific strength by 10% and 8.5%, respectively. However, the impact of the
extrusion width on the compressive modulus was not significant. Altering the extrusion
width can affect the compressive strength of FFF prints as it influences the bonding charac-
teristics between layers. By increasing the extrusion width, the contact area between layers
is increased, leading to stronger bonding and greater strength in the printed part.
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Finally, the print speed exhibited a different impact on the compressive properties of
the PLA prints. While increasing the print speed resulted in a higher compressive strength,
it had an inverse effect on the compressive modulus. When polymers are printed at lower
speeds, the filaments remain in contact with the heated nozzle for a longer period of time,
increasing the temperature within the filament. High-temperature exposure affects the
crystallization of PLA and induces thermal degradation, resulting in a loss in mechanical
characteristics [65]. In addition, at lower print speeds, the time between depositing a layer
and the hot nozzle touching it again to deposit another layer on top (known as the thermal
cycle) increases, leading to a higher temperature gradient between adjacent layers. Because
the preceding layer has undergone significant cooling, the overall energy of the polymer at
the interface may fall short of facilitating adequate molecular chain fusion and coalescence,
ultimately leading to suboptimal interlayer bonding. This results in weaker bonds and
lower compressive strength. If the temperature between these layers is insufficient, it can
hinder molecular chain fusion, resulting in weak interlayer bonding. Higher print speeds
reduce the time between layers, minimizing cooling and maintaining a higher temperature,
and thus enhancing mechanical performance. Zhang et al. [66] predicted a positive link
between the print speed and FDM component strength due to better thermal coalescence.
Likewise, Samy et al. [66] found that higher nozzle speeds in FFF printing prevented
significant cooling between layers, reducing the residual stress and strengthening the
bonds. However, there are some reports suggesting that print speed has no significant
effect on compressive strength [15,21].

As shown in Figure 15, the layer height and nozzle temperature exhibited the highest
impact with a direct correlation to the toughness and failure strain of the PLA prints.
Although the data on the compressive toughness and failure strain of FFF prints are
lacking in the literature, some data show that these properties in tensile loading are not
remarkably affected by 3D printing parameters [67]. It is believed that when the layer
height is increased, each layer has more material deposited, resulting in a larger surface
area for the next layer to bond to. Similarly, when the nozzle temperature is increased, the
PLA material is heated to a higher temperature, which makes it more malleable and easier
to bond to adjacent layers. Enhanced interlayer bonding leads to a higher toughness in
PLA prints, as the layers are less likely to separate under stress or impact. The print speed
was also shown to have a direct correlation with the toughness and an inverse relation with
the failure strain.

3.5. Hysteresis Properties

Figure 16 illustrates the hysteresis loss and residual strains extracted from the hystere-
sis curves of the PLA prints. The S5 sample exhibited the biggest hysteresis loss, showing
a higher damping capacity than the other samples. The S9 sample also had the lowest
residual strain after unloading.

According to the Pareto charts in Figure 16b,d, the hysteresis properties of the PLA
prints are affected the most by the layer height, followed by the print speed, while the
nozzle temperature and extrusion width showed a little impact on the results. The layer
height and print speed exhibited a direct correlation with the residual strain and an inverse
relation with the hysteresis loss. That is, by decreasing the layer height or print speed,
the residual strain of a PLA print decreases while its hysteresis loss increases, which is a
favorable outcome. Because the compression hysteresis of FFF prints has not been studied
thoroughly in the literature, the underlying mechanism of these observations is not fully
understood. It is believed that by decreasing the layer height, the porosity of the structure
will decrease, resulting in a higher hysteresis loss. The direct relation between the density
of polymers and their hysteresis loss has been reported for polymeric foams [68] and FFF
prints [56]. In addition, samples with a higher relative density possess more rigid structures
which allow them to recover their shape after unloading, resulting in lower residual strain.
Decreasing the print speed has also resulted in an increase in the hysteresis loss. This is
mainly due to the higher residual stresses within the prints induced by higher magnitudes
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of temperature gradients at low printing speeds. It has been shown that the induction of
compressive residual stresses can increase the damping capacity of materials [69].
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3.6. Optimization

Two optimization schemes were followed in this study. In the first scheme (A), the goal
was to achieve the highest compressive strength, regardless of the other characteristics. In
the second scheme (B), the optimization problem was solved to maximize the compressive
strength, compressive modulus, specific strength, and toughness while minimizing the
surface roughness. The optimization goals for each scheme were chosen based on the
potential industrial and biomedical applications of PLA prints. For example, in plastic
enclosures for electronic equipment, plastic tools handles, automotive interior components,
or some surgical instruments, the main focus is on the static strength of the prints. However,
in various biomedical applications such as bone scaffolds [70], a combination of factors in-
cluding the mechanical strength, compressive modulus, toughness, and surface roughness
of the prints are all taken into consideration.
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Table 7 provides five candidate designs for each scheme with the predicted responses
and their corresponding desirability index (DI). Letters A and B denote the optimum
designs for schemes A and B, respectively. The first two optimum designs with the highest
desirability index were chosen for experimental validation, making a total of four designs
(A1, A2, B1, and B2). To validate the optimization results, three samples were fabricated
for each design and then were subjected to mechanical and physical tests as described
earlier. As can be seen in Table 7, A2 and B1 represent the same design, implying that
this design is optimum for both schemes. In addition, when only the highest compressive
strength is desired (scheme A), the first optimum design (A1) is the same as sample S4
which was fabricated and tested earlier. So, there was no need to test the A1 sample again
as its properties already existed. As shown in Table 8, the average of the measured values
for each characteristic was computed and compared to the corresponding predicted values.
The A1 design possesses the highest compressive strength (71.49 MPa) followed by A2 and
B2, respectively. The highest performance was achieved in the B1 (=A2) sample when the
compressive properties and surface quality are desired. Compared to B2, the B1 sample
showed a higher compressive strength, compressive modulus, failure strain, toughness,
and surface quality, while the B2 sample marginally possessed a higher relative density,
specific strength, and hysteresis loss.
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Table 7. Optimum designs for schemes A and B (selected designs with the highest DI indexes are
shown in bold format).

No. LH EW T V ρrel Ra σmax E σ/ρ TC εf AHys εr (%) DI

A1 0.05 0.65 220 70 92.47 6.77 71.46 2.02 61.02 12.28 0.25 0.52 0.61 1.00
A2 0.05 0.65 205 70 92.01 6.66 71.46 2.02 61.02 11.82 0.24 0.55 0.58 1.00
A3 0.05 0.65 190 70 91.63 7.45 71.46 2.02 61.02 11.20 0.22 0.51 0.69 0.97
A4 0.05 0.55 190 70 91.63 6.86 68.88 1.98 59.38 10.98 0.22 0.51 0.69 0.84
A5 0.05 0.55 220 70 92.47 6.28 68.88 1.98 59.38 12.02 0.25 0.52 0.61 0.84
B1 0.05 0.65 205 70 92.01 6.66 71.46 2.02 61.02 11.82 0.24 0.55 0.58 0.85
B2 0.05 0.65 220 30 91.66 6.77 68.42 2.11 58.87 12.28 0.26 0.60 0.34 0.84
B3 0.05 0.65 220 70 92.47 6.77 71.46 2.02 61.02 12.28 0.25 0.52 0.61 0.84
B4 0.05 0.65 205 30 91.21 6.66 68.42 2.11 58.87 11.82 0.25 0.63 0.30 0.82
B5 0.05 0.65 205 50 92.51 6.66 68.79 2.05 58.44 11.82 0.24 0.58 0.43 0.81

Table 8. Mechanical and physical properties of optimum samples.

ρrel σmax E σ/ρ AHys T Ra εf

A1 (Experimental) 93.2 71.49 2.04 60.79 0.52 12.15 6.59 0.25
A1 (Predicted) 92.47 71.46 2.02 61.02 0.52 12.28 6.77 0.25
A2 (=B1)
(Experimental) 93.6 67.79 2.29 56.36 0.56 12.38 4.92 0.26

A2 (=B1) (Predicted) 92 71.46 2.02 61.02 0.55 11.82 6.66 0.24
B2 (Experimental) 93.7 67.15 2.26 56.77 0.65 9.82 5.86 0.21
B2 (Predicted) 91.66 68.42 2.11 58.87 0.6 12.28 6.77 0.26

Figure 17 shows the compressive stress–strain and hysteresis curves of the optimum
samples.
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3.7. Failure Analysis

A failure analysis was performed visually and using scanning electron microscopy.
The observations clearly showed that the main failure mechanism in all the tested samples
was sliding the layers in the middle section of the specimens. As evidenced in Figure 18a,
further compressing the samples resulted in a rupture caused by the delamination between
the layers. The same observation has been reported in the literature for FFF prints under
compression [30,71]. The SEM images revealed that delamination occurs at the highly
stressed points along the height of the samples. In Figure 18b,c, the failure images of the A1
and S1 samples are shown in two different magnifications, highlighting the delamination
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characteristics at the interfaces. Clean delamination suggests the possible existence of de-
fects or the lack of interlayer adhesion as the layers were deposited. In contrast, microfibrils
suggest strong interlayer bonding due to a high degree of fusion between the layers upon
deposition, which is similar to cohesive failures in the fibers of perfectly fused (bonded)
layers. The symmetry of these fractures was also noteworthy in the observations. It is
believed that the interlaminar shearing, which seems to primarily drive the failure of the
core, caused a stress concentration symmetrically around the axis. A stress concentration
drives the existing defects into debonding the printed layers, resulting in the fracture
of specimens.
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Figure 18. (a) Sliding and delamination of layers under compression, and SEM images of the
delamination area in samples (b) A1 and (c) S1.

One common observation among all the samples that has received less attention in
the literature is that all the delamination points were close to the so-called stitch line, as
depicted by the yellow box in Figure 19. As shown in this figure, the bulged area in each
layer is the starting point where the hot nozzle starts depositing the filament and finishes
the layer at the same point. The stich line is a line connecting the starting points of the
layers. The shape discontinuity and gaps in the stich line cause the stress concentration.
The proximity of the interlayer gaps (as shown by the red box) to the stitch line has resulted
in the failures starting in this stress-concentrated region. One solution to this might be
changing the starting point in each layer, using a different path planning strategy.

Polymers 2023, 15, x FOR PEER REVIEW 28 of 32 
 

 

 
Figure 18. (a) Sliding and delamination of layers under compression, and SEM images of the 
delamination area in samples (b) A1 and (c) S1. 

 
Figure 19. Gaps and discontinuities at the interface areas (red box) and stich line (yellow box) in as-
fabricated S1 sample. Figure 19. Gaps and discontinuities at the interface areas (red box) and stich line (yellow box) in

as-fabricated S1 sample.

132



Polymers 2023, 15, 3827

4. Conclusions

In this study, the effect of the layer height, extrusion width, nozzle temperature, and
print speed on the compressive and surface properties of PLA specimens was investigated.
The experiments were designed using the orthogonal array Taguchi method, and the 3D-
printed specimens were subjected to uniaxial compression and hysteresis compression
testing. The relative density and surface roughness of the specimens were also extracted.
The most significant impact on the studied properties was found to be caused by changes
in the layer height, which resulted in the highest variation in all the responses. Reducing
the layer height was found to increase the compressive strength, compressive modulus,
and hysteresis loss while reducing the surface roughness and residual strain. However, a
decrease in the toughness and failure strain was observed for the PLA prints with a reduced
layer height. Additionally, print speed was identified as the second most influential factor
affecting the compressive modulus, hysteresis loss, and residual strain. The relative density
of the specimens was found to be insensitive to the studied parameters, ranging from 90.3%
to 93.5%. According to the optimization results, the highest compressive strength was
obtained at a layer height of 0.05, an extrusion width of 0.65, a nozzle temperature of 220 ◦C,
and a print speed of 70 mm/s. The failure analysis revealed that interlayer sliding and
layer debonding were the main failure mechanisms for the PLA prints under compression.
It was also noted that the interlayer gaps and shape discontinuity in the stich line in the FFF
prints caused the formation of highly stress-concentrated areas, resulting in the subsequent
layer debonding and rupture of the specimens.

One potential avenue for future research is the exploration of post-processing tech-
niques to enhance print quality and compressive properties. Investigating various methods
such as thermal and chemical treatments can yield valuable insights into improving the
final product. Furthermore, it would be valuable to delve deeper into the impact of envi-
ronmental factors, such as temperature and humidity, on the compressive properties of 3D
prints. A comprehensive study could help establish guidelines for better design practices,
including optimal printing conditions under different environmental conditions. Another
area ripe for exploration is the detailed investigation on the effect of process parameters
on the anisotropic behavior of prints under compression. By fine-tuning these parameters,
researchers can optimize FFF settings for specific applications, potentially expanding the
range of industries where FFF printing can be effectively utilized. Lastly, understanding the
intricate relationship between the 3D printing parameters and microstructural properties
of produced parts is of paramount importance for enhancing the compressive strength
of prints. A thorough analysis in this regard can lead to innovative solutions for creating
stronger and more resilient components.
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Nomenclature

LH Layer height E Compressive modulus
EW Extrusion width σ/ρ Specific strength
T Nozzle temperature TC Toughness
V Print speed εf Failure strain
ρrel Relative density AHys Hysteresis area (hysteresis loss)
Ra Surface roughness εr Residual strain
σmax Compressive strength DI Desirability index
PLA Polylactic Acid FFF Fused filament fabrication
ANOVA Analysis of variance FDM Fused Deposition Modeling
PEEK Polyether ether ketone ABS Acrylonitrile butadiene styrene
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Abstract: This study investigated the thermomechanical behavior of 4D-printed polylactic acid
(PLA), focusing on its response to varying temperatures and strain rates in a wide range below the
glass transition temperature (Tg). The material was characterized using tension, compression, and
dynamic mechanical thermal analysis (DMTA), confirming PLA’s strong dependency on strain rate
and temperature. The glass transition temperature of 4D-printed PLA was determined to be 65 ◦C
using a thermal analysis (DMTA). The elastic modulus changed from 1045.7 MPa in the glassy phase
to 1.2 MPa in the rubber phase, showing the great shape memory potential of 4D-printed PLA. The
filament tension tests revealed that the material’s yield stress strongly depended on the strain rate at
room temperature, with values ranging from 56 MPa to 43 MPA as the strain rate decreased. Using
a commercial FDM Ultimaker printer, cylindrical compression samples were 3D-printed and then
characterized under thermo-mechanical conditions. Thermo-mechanical compression tests were
conducted at strain rates ranging from 0.0001 s−1 to 0.1 s−1 and at temperatures below the glass
transition temperature (Tg) at 25, 37, and 50 ◦C. The conducted experimental tests showed that the
material had distinct yield stress, strain softening, and strain hardening at very large deformations.
Clear strain rate dependence was observed, particularly at quasi-static rates, with the temperature
and strain rate significantly influencing PLA’s mechanical properties, including yield stress. Yield
stress values varied from 110 MPa at room temperature with a strain rate of 0.1 s−1 to 42 MPa at 50 ◦C
with a strain rate of 0.0001 s−1. This study also included thermo-mechanical adiabatic tests, which
revealed that higher strain rates of 0.01 s−1 and 0.1 s−1 led to self-heating due to non-dissipated
generated heat. This internal heating caused additional softening at higher strain rates and lower
stress values. Thermal imaging revealed temperature increases of 15 ◦C and 18 ◦C for strain rates of
0.01 s−1 and 0.1 s−1, respectively.

Keywords: smart materials; shape memory polymer; 3D printing; 4D printing; thermo-mechanical experi-
ments

1. Introduction

Smart materials are a prominent class of materials that have revolutionized both
research and engineering. In general, materials with shape memory, usually named shape
memory materials (SMMs), are characterized by the shape memory effect (SME). SMMs
are divided into several groups: shape memory polymers (SMPs), shape memory alloys
(SMAs), shape memory hydrogels (SMHs), and shape memory ceramics (SMCs). SMPs can
respond to a various external stimulus and can recover their deformed shape and return
to their permanent shape from a programmed (temporary) shape under the influence of
light [1,2], heat [3], magnetic [4], electricity [5], moisture [6], and water [7,8]. For a long
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time, SMAs have been very prevalent, especially in human medicine [9], aerospace [10],
and robotics [11]. However, today, SMPs and SMHs are slowly taking the lead among other
SMMs due to their broad applicability and the relatively low cost of the raw material and
manufacturing. The advantages of SMPs and SMHs over, primarily SMAs, are that the
stiffness can be adjusted in a wide glass transition temperature range Tg (55–100 ◦C) [12].
Besides that, SMPs are characterized by low density (≈1.2 g/cm3), large deformations,
biodegradability, biocompatibility, as well as low thermal conductivity [13,14]. SMPs can
also restore shape after being exposed to very large plastic deformations of ≈500%, while
for SMAs, it is ≈6–7%. In addition to mechanical factors, technological factors such as cost,
fabrication, toxicity, or recycling potential significantly affect the predominance of SMPs
over SMAs [15] in the era of green technologies and green polymers [16].

The emergence of 4D printing represents an innovative fusion of smart materials
and additive manufacturing techniques, propelling scientific exploration into material
responsiveness to external stimuli and the development of intelligent structures for various
applications. Smart materials in 4D printing adapt their properties or shapes in response
to external stimuli. These materials can also harness energy, typically thermal, to perform
mechanical tasks [17]. Four-dimensional printing technologies have facilitated scientific
exploration into material research, stimulus responsiveness, mathematical modeling, and
the subsequent development of intelligent structures. Four-dimensional printing has
garnered increased interest lately, notably through the pioneering work of Professor Tibbits’
research group at the Massachusetts Institute of Technology (MIT) [18]. Like most rapidly
growing technologies, 4D printing relies on the rapid development of smart materials, 3D
printers, mathematical modeling, and design [19]. Figure 1 shows that, in contrast to 3D
printing, the output product of 4D printing is an active or dynamic structure that can be
activated with appropriate external stimulus or energy input. The development of the new
4D printing industry is directly dependent on material science and the development of new
materials. In addition to the materials growing and advancing in technologies such as fused
deposition modeling (FDM) [20] or fused filament fabrication (FFF), digital light processing
(DLP) [21], stereolithography (SLA) [22], selective laser melting (SLM), and inkjet [23,24], it
is also a condition for further progress in this field. Various materials such as PVC [25,26],
PETG [27], and photopolymers [28] are used in 4D printing, and even blends [29] and
multimaterials for 3D-printed auxetic structures [30] are used in 4D printing. This variety of
materials and printing technologies, and even the creation of composites, opens completely
new perspectives and possibilities for the use of 4D printing in various fields.
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Figure 1. The 4D printing concept with PLA material.

PLA is a material that has many applications, both in medicine and non-medical
fields. One of its key features is its biocompatibility, which makes it safe for use in medical
treatments. As it is a product of the human body and is obtained from natural sources, it is
also biodegradable. This is especially important for medical applications, where the device
needs to be absorbed by the body after it has served its function.

There is a growing trend of replacing devices composed of metal or alloys with poly-
mers to allow for the gradual healing of diseased tissue through the mechanical weakening
of the polymer devices. Additionally, as biodegradation occurs over time, there is no need
for additional procedures to remove the device [31]. Due to the ability to customize the
chemical structure and mechanical characteristics to the biochemical environment, PLA
is widely used in biomedicine. It is used in various applications, including stents [32], or-
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thopedic screws [33], supports for growing various cells, muscle tissue, bone and cartilage
regeneration, planting osteogenic stem cells and implantation into bone defects [34], and
drug delivery and delivery devices [35]. The use of PLA in additive manufacturing enables
the production of complex biomedical devices based on computer-aided design and con-
struction (CAD); in particular, with the use of patient-specific anatomical data, it leads to
the creation of one-of-a-kind implants [36] and prosthesis sockets [37]. A new challenge in
the field of additive technologies is the application of 3D printing in the production of PLA
composites, with or without reinforcement [38], scaffolds [39], biodegradable stents [40]
and, lately, in auxetic energy absorption structures [41–47]. PLA can also be blended
with other materials such as TPU in order to show that, by changing the composition
and programming temperature, the desired properties for different applications can be
achieved so that the highest fixity, recovery, and stress recovery are obtained in hot-, cold-,
and warm-programmed samples by manipulating the input energy and temperature [48].
Besides other thermoplastics used in FFF, PLA also shows potential for blending with
natural materials such as wood [49].

In the last decade, the number of papers with mechanical tests of FFF samples has
increased. In ref. [50], the authors compared the mechanical characteristics of the unidi-
rectional 3D-printed material with that of homogeneous injection-molded PLA, showing
that manufacturing by 3D printing and annealing improves the toughness of samples. One
of the latest research studies dealt with the influence of strain rate and temperature on
the mechanical behavior of a PLA printed structure in tension [51]. The study aimed to
analyze the effect of the infill line distance of 3D-printed circular samples on their com-
pressive elastic behavior during cyclic compressive loading [52]. In the paper presented
in [53], uniaxial tensile responses of 3D-printed polylactic acid (PLA) samples following
standard ASTM-D412 have been studied to characterize the mechanical properties at three
temperatures: 30 ◦C, 40 ◦C, and 50 ◦C. Also, this study includes quasi-static compressive
experiments performed on polymetric tubes with different temperatures. In ref. [54], the
authors conducted experimental testing to determine the compression performance and
deformation behavior of 3D-printed PLA lattice structures.

In order to determine the influence of anisotropy and infill on the SME effect in
printed materials, the authors in [55] examined the samples using uniaxial tensile tests and
compressive tests to study the effect of infill patterns on mechanical properties. Paper [56]
presents an experimental study on the compression of uniaxial properties of a PLA material
manufactured with FFF in accordance with the requirements and conditions established in
the ISO 604 standard, characterizing the compression stiffness, the compression yield stress,
the field of displacements, and stress along its elastic area until it reaches the compression
yield stress and ultimate yield stress data; the results showed that PLA material is promising
for the manufacture of low-volume industrial components that are subject to compression.

The authors in [57] introduced a novel honeycomb structure that can enhance the
compression property and energy absorption 4D printing with PLA materials, showing that
the novel honeycomb had a high compression property and had high energy absorption
capacity. In this work [58], the influence of several factors such as printing temperature, bed
temperature, printing speed, fan speed, and flow was studied, showing that the parameters
of extrusion-based 3D printing influence the transformability of PLA-based materials. In
ref. [59], PLA was used in the 4D printing process for the manufacturing of complex geome-
try absorber components produced by FFF with varying printing parameters (temperature
at the nozzle, the deposition speed, the layer thickness) and activation temperatures. The
experiments showed that the components had good shape memory properties that were
mostly influenced by activation temperature. Experimental tensile and compression tests
were conducted in [60] on FFF PLA parts to evaluate the difference of main mechanical
properties in the tensile and compressive state.

In paper [61], the monotonic, fatigue, and creep behavior of PLA under compression
was studied using cylindrical specimens that were tested according to ASTM D695 to
identify and quantify the effects of printing parameters on the compression behavior of
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these specimens and failure mechanisms, finding that compressive strength is linearly
dependent with the density of the samples. In paper [62], the authors examined PLA and
PLA-Cu samples under both static and dynamic loading using a universal testing machine
and a split Hopkinson pressure bar apparatus, showing that the addition of copper powder
increased the yield strength of the composite material significantly compared with pure
PLA, with both materials being strain rate-sensitive. Also, study [63] examined the strain
rate sensitivity of five thermoplastic materials (PLA, ABS, PC, CPE+, and nylon) under
various tensile test speeds to study strain rate influence on the mechanical characteristics of
FFF 3D-printed materials. The influence of strain rate on tensile strength and yield strength
in dynamic conditions was examined.

The compression behavior of 4D-printed metamaterials with various Poisson ratios
in [64] showed that cellular metamaterials with zero Poisson ratios possessed superior
vibration isolation capability compared with negative or positive Poisson ratio cellular
metamaterials at different deformation stages by using a comprehensive analysis. A
very detailed study presented in [65] described the influence of printing parameters on
the mechanical response of polylactic acid (PLA), high-impact polystyrene (HIPS), and
acrylonitrile–butadiene–styrene (ABS), with special reference to shape memory in a 4D
print while stretching at different speeds and at different temperatures. In order to examine
the tensile strain rate performance of 3D-printed PLA with various printing orientations in
paper, ref. [66] conducted a study using different strain rates ranging from the slowest to
medium speed. The study, like most of the previous ones, showed different responses when
the rate of deformation increased using an additional analysis of elongation and bending.

Even though the thermo-mechanical behavior of 4D-printed PLA has been studied
for years, comprehensive stress–strain data regarding a strain of ≈50%, including loading
and unloading, a variety of strain rates in the range of 0.0001 to 0.1 s−1, and temperature
ranges of 23 to 50 ◦C are not available. This paper aims to extensively and experimentally
investigate the dependence of FDM 4D-printed PLA on a wide range of strain rates and
temperatures in compression scenarios with large deformations. Due to high strain rates,
test conditions can occur that are almost adiabatic. Determining the existence of self-heating
in FDM PLA and the consequent additional softening is a special challenge. All tests were
carried out in coupled thermo-mechanical conditions so that the research results contribute
to the expansion of knowledge in the field and provide new insights into the behavior
of 4D-printed PLA. The main motive is to determine all parameters related to the macro-
mechanical characteristics of the material, which will assist the development of a coupled
thermo-mechanical constitutive model for accurately modeling the behavior of the material
using the finite element method (FEM). The most important motive is the possibility of
expanding knowledge and further research in the field of auxetic structures, whose primary
mode of use and exploitation is radial and uniaxial compression at various strain rates.

In the Section 2, a comprehensive outline of the materials and methods utilized is
presented, encompassing details such as the filament used for the 3D printing of sam-
ples, sample annealing procedure, uniaxial isothermal tensile filament, compression of
cylindrical printed samples, and DMTA; the findings obtained through DMTA analysis
and the uniaxial tensile and compression testing are eloquently presented and thoroughly
discussed within the context of the paper’s primary objectives. The paper is concluded with
a summary of the most critical findings and thoughtful suggestions for future research.

2. Materials and Methods
2.1. Three-Dimensional Printing of PLA Samples

The required PLA samples for all thermo-mechanical uniaxial compression tests were
printed by 3D printing a PLA filament with a diameter of 1.75 mm, manufactured by
Ultimaker (Utrecht, The Netherlands). Based on the data sheet of the manufacturer, the
material has a density of 1.24 g

cm3 , a melting rate during printing (MFR) of 6.09 g
10 min , and

a melting temperature of 145–160 ◦C. The samples used in this study were manufactured
using a UM2 + FDM 3D printer (Ultimaker, Utrecht, The Netherlands) equipped with
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a 0.4 mm nozzle. The 3D printing settings were chosen based on the manufacturer’s
recommendation and experience with a 100% infill, nozzle temperature of 210 ◦C, working
plate temperature of 60 ◦C, layer deposition height of 0.1 mm, and printing speed of
40 mm

s . Cura 5.3.0 (Ultimaker, Utrecht, The Netherlands) slicer software was used for
preparing the G-code for the 3D printer. Barreling and buckling of the samples were
avoided with the model’s orientation as observed in previous studies, where it shown
that these phenomena can be avoided at a ratio of height and diameter of below 2 [67–69].
The geometry of the samples and the later test procedure have been defined according to
the standard for compression tests ASTM D695 [70], as seen in Figure 2. All tests were
performed to obtain stress–strain curves at the maximum safe strain value, e.g., before
crack or fracture initiated in the samples. It should be noted that although one of the main
advantages of additive manufacturing is the production speed, when considering smart
materials in additive technologies, especially within 4D printing, the printing speed must
be significantly reduced. As shown in [71], the production of samples in 4D printing at high
printing speeds causes extremely high anisotropy due to residual thermal deformations.
The basic parameters used in FDM printing for these samples are outlined in Table 1.

Polymers 2024, 16, x FOR PEER REVIEW  5  of  18 
 

 

by Ultimaker (Utrecht, The Netherlands). Based on the data sheet of the manufacturer, the 
material has a density of 1.24   , a melting rate during printing (MFR) of 6.09  , and 
a melting temperature of 145–160 °C. The samples used in this study were manufactured 
using a UM2 + FDM 3D printer (Ultimaker, Utrecht, The Netherlands) equipped with a 
0.4 mm nozzle. The 3D printing settings were chosen based on the manufacturer’s recom-

mendation and experience with a 100% infill, nozzle temperature of 210 °C, working plate 
temperature of 60 °C,  layer deposition height of 0.1 mm, and printing speed of 40  . 
Cura 5.3.0 (Ultimaker, Utrecht, The Netherlands) slicer software was used for preparing 
the G-code for the 3D printer. Barreling and buckling of the samples were avoided with 
the model’s orientation as observed in previous studies, where it shown that these phe-
nomena can be avoided at a ratio of height and diameter of below 2 [67–69]. The geometry 
of the samples and the later test procedure have been defined according to the standard 
for compression tests ASTM D695 [70], as seen in Figure 2. All tests were performed to 
obtain stress–strain curves at the maximum safe strain value, e.g., before crack or fracture 
initiated in the samples. It should be noted that although one of the main advantages of 
additive manufacturing is the production speed, when considering smart materials in ad-
ditive technologies, especially within 4D printing, the printing speed must be significantly 
reduced. As  shown  in  [71],  the production of  samples  in 4D printing at high printing 
speeds causes extremely high anisotropy due to residual thermal deformations. The basic 
parameters used in FDM printing for these samples are outlined in Table 1. 

 
 

(a)  (b) 

Figure 2. (a) geometry of 4D-printed sample and (b) 3D printing preview of slicing patterns. 

Table 1. Printing parameters of testing samples. 

Parameter  Value 

Nozzle diameter  0.4 mm 
Layer height  0.1 mm 

Infill  100% 
Printing speed  40 mm/s 

Printing bed temperature  60 °C 
Production time  35 min 

2.2. Dynamic Mechanical Thermal Analysis (DMTA) 

The dynamic viscoelastic properties and thermal behavior of 4D-printed PLA were 
investigated in this study. The experiments were conducted on a solid clamping tool for 
measurements  according  to  DIN/ISO  6721-1  with  the  use  of  Thermo  Scientific™ 
HAAKE™ MARS™ Rheometers ( Thermo Fisher Scientific  Inc., Waltham, MA, USA)  in 
combination with a controlled test chamber (CTC). The measurements were taken over a 
temperature range of 40–80 °C, with a strain amplitude of 0.01% and deformation  fre-
quency of 1 Hz on standard test prismatic PLA samples; their dimensions were 40 × 10 × 
1 mm, and they were fabricated using the same printing parameters that are given in Table 
1.  The  heating  rate  was  set  to  2  °C/min,  and  samples  were  preheated  from  room 

Figure 2. (a) geometry of 4D-printed sample and (b) 3D printing preview of slicing patterns.

Table 1. Printing parameters of testing samples.

Parameter Value

Nozzle diameter 0.4 mm
Layer height 0.1 mm

Infill 100%
Printing speed 40 mm/s

Printing bed temperature 60 ◦C
Production time 35 min

2.2. Dynamic Mechanical Thermal Analysis (DMTA)

The dynamic viscoelastic properties and thermal behavior of 4D-printed PLA were
investigated in this study. The experiments were conducted on a solid clamping tool for
measurements according to DIN/ISO 6721-1 with the use of Thermo Scientific™ HAAKE™
MARS™ Rheometers (Thermo Fisher Scientific Inc., Waltham, MA, USA) in combination
with a controlled test chamber (CTC). The measurements were taken over a temperature
range of 40–80 ◦C, with a strain amplitude of 0.01% and deformation frequency of 1 Hz on
standard test prismatic PLA samples; their dimensions were 40 × 10 × 1 mm, and they
were fabricated using the same printing parameters that are given in Table 1. The heating
rate was set to 2 ◦C/min, and samples were preheated from room temperature to 40 ◦C and
then kept for 5 min at that temperature. This controlled setup adhered to the guidelines
outlined in DIN/ISO 6721-1, ensuring accurate determination of the dynamic mechanical
properties of the PLA material under investigation. A DMTA was performed in torsion
with a rotational rheometer, where the material was subjected to oscillatory shear while
undergoing continuous temperature variation. The geometry of DMTA test samples and
the 3D printing preview are shown in Figure 3.
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2.3. Annealing Printed Specimen

After production, the samples were annealed in an oven at a temperature that was
≈20 ◦C higher than Tg and kept at that temperature for two hours. After that, the samples
were slowly cooled in the oven to room temperature over several hours. The annealing
procedure after sample fabrication provides several improvements, including reducing
imperfections in the samples, reducing porosity, causing better adhesion of material layers,
and improving the quality of surface layers. All samples used in the experiments were left
in the oven environment (room temperature and humidity of 50%) to eliminate possible
external influences and material aging before testing.

2.4. Uniaxial Tests

In order to determine the large deformation behavior of 4D-printed PLA polymer at
various strain rates and temperatures lower then Tg, a Shimadzu EHF-EV101K3-070-0A
(Kyoto, Japan) universal testing machine equipped with a 100 kN calibrated load cell and
temperature chamber was used. Displacement control during the test was performed via
the RS485 controller (Schneider Electric, Regensburg, Germany), while the temperature in
the temperature chamber was controlled via the EUROTHERM 2408 controller (Worthing,
West Sussex, UK) and the iTOOLS 9.87 software package. As the diameter of the filament
at 1.75 mm was not adapted to the tension grips, the adaptive tool shown in Figure 4 was
used during testing. Tensile tests were performed at room temperature for three strain
rates, 0.01, 0.001, and 0.0001 s−1.
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Thermo-mechanical properties in uniaxial compression were measured using a Shi-
madzu EHF-EV101K3-070-0A universal testing machine (Kyoto, Japan) equipped with a
100 kN calibrated load cell and temperature chamber. Thermocouples were placed close to
the surface and at the height of the sample, while the temperature of the chamber in the
sample zone was maintained. Cylindrical samples with a height and diameter of 10 mm
were used; the ratio of height and diameter was chosen in order to avoid the occurrence of
barreling and buckling of the samples as observed in previous studies, where it was shown
that these phenomena occur at a ratio of height and diameter exceeding 2. To reduce the
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friction, Teflon strips were placed between the sample and the surface of the compression
platens. The procedure of isothermal tests was defined as follows: the specimen was placed
on a previously applied Teflon (PTFE) strip on the bottom compression platen; then the
chamber was heated to the desired test temperature. In order to achieve temperature
equilibrium, the specimen was kept in the heated chamber ≈30 min before starting the
uniaxial compression test. The upper moving platen moved freely for a given displacement
at a constant strain rate for the compression tests. All successful experiments were repeated
three times for each strain rate and temperature (36 specimens in total) to ensure the re-
peatability of results and exclude potential mistakes. Uniaxial compression experiments
were conducted at four different strain rates, 0.1, 0.01, 0.001, and 0.0001 s−1, and at three
temperatures, 25, 37, and 50 ◦C. The mechanical test results, including the upper and lower
limits of measured stresses, can be found in Supplementary Material Figure S1.

2.5. Measurement of Temperature Change at High Strain Rates

This study examined PLA material with a shape memory effect and 4D printing
properties. The measurement of temperature increase in the samples was performed
at room temperature and at strain rates of 0.01 s−1 and 0.1 s−1. Even before the initial
tests, these strain rates were identified as those for which an almost adiabatic scenario
is established for thermoplastics [72–75]. A Flir I7 infrared camera was used for the
measurement of temperature evolution during compression tests.

3. Results and Discussion
3.1. DMTA

Figure 5 allows for the identification of three characteristic zones of PLA: glass transi-
tion (blue area in the figure), a solid or glassy phase with high values of elastic moduli (left
of the glass transition zone), and a rubbery or soft phase of low values of elastic moduli
(right of the transition zone). Figure 5 shows changes in the storage modulus and tan delta
in the DMTA results. According to Figure 5, the glass-to-rubber transition zone for PLA
starts at 57 ◦C and continues to 73 ◦C. Also, the middle value of the storage modulus is
detected at 65 ◦C, which represents the glass transition temperature. The extreme peak
of the storage modulus drop occurs in a narrow temperature range. The glass transition
temperature of PLA, whose position is defined by the peak of the loss tangent (tan delta),
is approximately at Tg = 65 ◦C, at which a significant drop in the elastic modulus occurs.
In the given temperature range, the storage modulus decreased from 1045.7 MPa (glassy
phase) to 1.2 MPa (rubber phase), and their high ratio (more than two orders of magnitude)
shows the great shape memory potential of 4D-printed PLA [76]. Both the drop in the
elastic modulus and peak of the tan delta are clear in the marked blue area of the glass
transition zone. The results are in agreement with previous studies [77,78] for 4D-printed
PLA, Table 2 shows the summary of the results of measuring the transition temperature Tg
and the changes in the storage modulus G′, loss modulus G′′ and loss tangent tan delta
with the temperature obtained by the DMTA tests.

Table 2. DMTA results.

G′ (MPa) G′′ (MPa) G′/G′′ (−) Tg (◦C)

1045 1.2 >100 65

3.2. Uniaxial Tensile Tests of Filament

This section provides confirmation of the dependence of the base material PLA, used
for printing the samples, on the strain rate. As expected, Figure 6 shows a typical dis-
tribution of curves for thermoplastic materials that depend on the rate of deformation.
At all three strain rates, the elastic range up to the point of over-yielding is expressed.
The non-linear increase in stress follows up to the yield point, which is also the point
of the highest stress, after which deformational softening of the material follows. The
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yield stresses are 55 MPa, 48 MPa, and 42 MPa for strain rates of 0.01 s−1, 0.001 s−1, and
0.0001 s−1, respectively. Also, all yield points lie in the range of 6–8% of deformation. The
results of the tensile filament test are summarized in Table 3.
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Table 3. Results of the filament tensile test.

Strain Rate Temperature (◦C) Tensile Strength (MPa) Elongation at Break (%)

0.01 s−1 23 55.83 ± 1.54 21.83 ± 3.66

0.001 s−1 23 47.83 ± 1.31 30 ± 4.9

0.0001 s−1 23 43 ± 0.816 41.33 ± 3.09

3.3. Uniaxial Compression Testing

A series of uniaxial compression experiments have been conducted on the 4D-printed
PLA. All tests were conducted for temperatures below the determined glass transition
temperature of Tg = 65 ◦C. The cylindrical compression test samples were 10 mm in
diameter and 10 mm tall, created according to previous studies of uniaxial compression.
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Samples were annealed right after 3D printing by heating in an oven at a temperature about
20 ◦C above the determined glass transition temperature for two hours before slow cooling
to room temperature. The experiments were conducted using a servo-hydraulic Shimadzu
testing machine equipped with a thermal chamber. In order to heat the compression steel
platens uniformly, sample and steel platens were allowed to heat at the testing temperature
for about 30 min prior to testing. To reduce friction at the contact surfaces, Teflon (PTFE)
films were applied. Figure 7 shows the as-printed cylindrical samples and samples after
the compression test. It can be observed that although friction is present during the test,
visual inspection of the edges of the sample shows a reduced effect of friction due to the
use of Teflon strips. The uniaxial compression experiments on PLA were conducted for
the temperatures of 25, 37, and 50 ◦C at four strain rates, 0.0001, 0.001, 0.01, and 0.1 s−1.
The compression tests were conducted at a strain level of ≈50% (0.68 true strain). Because
the drop in the mechanical response is observed for the higher strain rates, the analysis of
results was separated into two groups: isothermal testing at the strain rates of 0.0001 and
0.001 s−1 and adiabatic testing at the strain rates of 0.01 and 0.1 s−1.

Polymers 2024, 16, x FOR PEER REVIEW  9  of  18 
 

 

Table 3. Results of the filament tensile test. 

Strain Rate  Temperature (°C)  Tensile Strength (MPa)  Elongation at Break (%) 

0.01 s−1  23  55.83 ± 1.54  21.83 ± 3.66 
0.001 s−1  23  47.83 ± 1.31  30 ± 4.9 
0.0001 s−1  23  43 ± 0.816  41.33 ± 3.09 

3.3. Uniaxial Compression Testing 

A series of uniaxial compression experiments have been conducted on the 4D-printed 
PLA. All  tests were conducted  for  temperatures below  the determined glass  transition 
temperature of Tg = 65 °C. The cylindrical compression test samples were 10 mm in diam-

eter and 10 mm tall, created according to previous studies of uniaxial compression. Sam-

ples were annealed right after 3D printing by heating in an oven at a temperature about 
20 °C above the determined glass transition temperature for two hours before slow cool-
ing to room temperature. The experiments were conducted using a servo-hydraulic Shi-
madzu testing machine equipped with a thermal chamber. In order to heat the compres-

sion steel platens uniformly, sample and steel platens were allowed to heat at the testing 
temperature for about 30 min prior to testing. To reduce friction at the contact surfaces, 
Teflon (PTFE) films were applied. Figure 7 shows the as-printed cylindrical samples and 
samples after  the compression  test.  It can be observed  that although  friction  is present 
during  the  test, visual  inspection of  the edges of  the sample shows a reduced effect of 
friction due to the use of Teflon strips. The uniaxial compression experiments on PLA were 
conducted for the temperatures of 25, 37, and 50 °C at four strain rates, 0.0001, 0.001, 0.01, 
and 0.1  s−1. The  compression  tests were  conducted at a  strain  level of  ≈50%  (0.68  true 
strain). Because the drop in the mechanical response is observed for the higher strain rates, 
the analysis of results was separated into two groups: isothermal testing at the strain rates 
of 0.0001 and 0.001 s−1 and adiabatic testing at the strain rates of 0.01 and 0.1 s−1. 

 
Figure 7. PLA 4D-printed cylindrical samples—as printed (left) and after compression (right). 

Figure 8 and 9 show that 4D-printed PLA polymer exhibits a strain rate and temper-

ature-dependent  response  typical  for  solid  or  glassy  phases  under  isothermal  experi-
mental conditions. The material has shown a tendency of glassy polymer behavior under 
a Tg with an initial elastic region and rate-dependent yield point, followed by strain sof-
tening and strain hardening at larger strains. Figure 8 shows representative stress–strain 
curves for PLA at strain rates of 0.0001 and 0.001 s−1 at temperatures of 25, 37, and 50 °C. 
Referring to Figure 8, it can be observed that as the temperature increases from 25 to 50 
°C, the yield stress decreases from ≈80 MPa to ≈40 MPa for the strain rate of 0.0001 s−1 and 
from ≈90 MPa to ≈60 MPa for the strain rate of 0.001 s−1. In the case of both strain rates, 
strain hardening at large strains is present. Figure 9 shows a set of stress–strain curves for 
the strain rates of 0.0001 and 0.001 s−1 at temperatures of 25, 37, and 50 °C. Referring to 
Figure 9, which shows stress–strain curves at various fixed temperatures and at two dif-
ferent strain rates, a clear strain rate dependence is observed in the material. In this case, 
the yield stress of the material decreases by ≈10 MPa for each decade decrease in strain 
rate at given temperatures, resulting in ≈80 MPa and ≈70 MPa, ≈70 MPa and ≈60 MPa, and 
≈60 MPa  and  ≈50 MPa  for  the  temperatures  of  25,  37,  and  50  °C,  respectively. Upon 

Figure 7. PLA 4D-printed cylindrical samples—as printed (left) and after compression (right).

Figures 8 and 9 show that 4D-printed PLA polymer exhibits a strain rate and temperature-
dependent response typical for solid or glassy phases under isothermal experimental
conditions. The material has shown a tendency of glassy polymer behavior under a Tg with
an initial elastic region and rate-dependent yield point, followed by strain softening and
strain hardening at larger strains. Figure 8 shows representative stress–strain curves for
PLA at strain rates of 0.0001 and 0.001 s−1 at temperatures of 25, 37, and 50 ◦C. Referring
to Figure 8, it can be observed that as the temperature increases from 25 to 50 ◦C, the
yield stress decreases from ≈80 MPa to ≈40 MPa for the strain rate of 0.0001 s−1 and from
≈90 MPa to ≈60 MPa for the strain rate of 0.001 s−1. In the case of both strain rates, strain
hardening at large strains is present. Figure 9 shows a set of stress–strain curves for the
strain rates of 0.0001 and 0.001 s−1 at temperatures of 25, 37, and 50 ◦C. Referring to Figure 9,
which shows stress–strain curves at various fixed temperatures and at two different strain
rates, a clear strain rate dependence is observed in the material. In this case, the yield
stress of the material decreases by ≈10 MPa for each decade decrease in strain rate at given
temperatures, resulting in ≈80 MPa and ≈70 MPa, ≈70 MPa and ≈60 MPa, and ≈60 MPa
and≈50 MPa for the temperatures of 25, 37, and 50 ◦C, respectively. Upon unloading, about
a 4% strain is reversible when the temperature is held constant. Increasing the temperature
at the same strain rate leads to a drop in stress during strain hardening, but the amount
of hardening at larger strains is slightly affected for this temperature range. Even for the
very large strains, there is no intersection of stress–strain curves, which indicates that no
additional softening caused by the strain rate occurred.
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Figures 10 and 11 show that 4D-printed PLA polymer exhibits a strain rate and
temperature-dependent response typical for solid or glassy phases at adiabatic experimental
conditions. Figure 10 shows representative stress–strain curves for PLA at strain rates of
0.01 and 0.1 s−1 at temperatures of 25 ◦C, 37 ◦C, and 50 ◦C. Referring to Figure 10, it can be
observed that as temperature increases from 25 to 50 ◦C, the yield stress decreased from
≈100 MPa to ≈60 MPa for the strain rate of 0.01 s−1 and from ≈110 MPa to ≈80 MPa for
the strain rate of 0.1 s−1. Slight strain hardening at large strains is present only at a strain
rate of 0.01 s−1. Figure 11 shows a set of stress–strain curves for the strain rates 0.001, 0.01,
and 0.1 s−1 and temperatures 25 ◦C, 37 ◦C, and 50 ◦C. It should be noted that a 0.001 s−1
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strain rate curve has been added to this figure in order to show the amount of softening
and make a clear distinction between isothermal and adiabatic strain rates. Referring to
Figure 11, which shows stress–strain curves at various fixed temperatures and at the three
different strain rates, clear strain rate dependence is observed in the material. In these cases,
the yield stress of material decreased by ≈10 MPa for each decade decrease in strain rate at
given temperatures, resulting in ≈100 MPa, ≈90 MPa, and ≈80 MPa; ≈90 MPa, ≈80 MPa,
and ≈70 MPa; and ≈80 MPa, ≈60 MPa, and ≈50 MPa for the temperatures 25 ◦C, 37 ◦C,
and 50 ◦C, respectively. In this case, another very important strain rate-dependent feature
of PLA is observed for the higher strain rates 0.01 and 0.1 s−1 at all temperatures. At
higher values of strain, in the case of both higher strain rates, heat generated during plastic
deformation could not be dissipated to the surrounding area, which is a clear explanation
for the crossing of curves at higher strains, which is in correlation with the tensile [79]
and compression [73,74] results of previous studies. Upon unloading, about ≈5% strain is
reversible when the temperature is held constant.
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Figure 10. Stress–strain curves in uniaxial compression for PLA at strain rates of (a) 0.01 s−1 and
(b) 0.1 s−1 and temperatures of 25, 37, and 50 ◦C.

The characteristics that can be observed in the stress–strain curves are yield curves
that have a clearly defined yield point, like the curves grouped by strain rate, and after
unloading, ≈5% of strain is reversible. There is an intersection of the strain–stress curves
due to the stress drop at strain rates of 0.1 s−1 and 0.01 s−1 at deformation ≈0.5, which is in
agreement with the results for thermoplastics [75,80,81]. The stress drop is a consequence of
self-heating in the case of both strain rates; heat cannot be dissipated from the surrounding
area because of the speed of the process, which consequently leads to further softening of
the thermo-sensitive material.

Figure 12 summarizes the dependence of yield stress on temperatures and strain rates.
The yield stress lies in a wide range of values, ranging from 110 MPa for the most extreme
case of room temperature and the highest strain rate to 42 MPa at a temperature of 50 ◦C
and the lowest applied strain rate. It is important to emphasize that a logarithmic scale was
utilized to illustrate the correlation between yield stress and strain rate. This method of
organizing the data offers a clearer comprehension of the significance of yield stress in the
thermo-mechanical uniaxial compression of PLA. As anticipated, the yield stress decreases
as temperatures rise, and strain rates remain constant. On the other hand, increasing the
strain rate at constant temperatures leads to a higher yield stress response of the material.
These variations are nearly linear across the board, which can be beneficial in establishing
the pattern of change when implementing the constitutive model for 4D-printed PLA.
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3.4. Adiabatic Tests with Self-Heating and Strain Softening

In this section, the results of self-heating in the material at strain rates of greater
than 0.01 s−1 are presented, indicating that the mentioned processes can be considered
almost adiabatic. A typical thermo-mechanical coupled curve is shown in Figure 13. The
temperature was recorded with a thermal imaging camera for the PLA sample at strain
rates of 0.01 and 0.1 s−1. The recording shows that the temperature on the surface of the
sample increases monotonously, with the temperature rising from room temperature to
≈40 ◦C. Thermal imaging reveals an observed temperature increase of 15 ◦C and 18 ◦C
on the sample’s surface for the strain rates of 0.01 s−1 and 0.1 s−1, respectively. Although
this temperature is below the determined Tg for PLA, as shown in the stress–strain curves,
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there is a drop in mechanical characteristics that can be attributed to the internal heating
of the extremely thermo-sensitive material. The maximum temperature was consistently
observed in the middle of the sample. It is also shown that the increase in temperature
is insignificant before the flow in material and that the temperature continues to rise
constantly. Immediately after the start of unloading, a temperature drop of ≈2 ◦C is
observed. These findings will serve as the foundation for upcoming research, which will
center on employing advanced material modeling methods, including thermo-mechanical
coupling, to address self-heating effects.
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4. Conclusions

This study confirmed PLA material’s dependency on strain rate, with the stress–strain
curves displaying typical thermoplastic behavior. Yield stresses varied with strain rates, un-
derscoring the material’s sensitivity to strain rates. The samples exhibited clear strain rate
dependence, particularly at quasi-static rates, with temperature and strain rate variations
significantly impacting mechanical properties, including yield stress and deformation be-
havior. Isothermal compression tests showed predictable stress–strain curves with distinct
yield points, while adiabatic tests revealed additional complexities, such as heat accumula-

149



Polymers 2024, 16, 1526

tion leading to further softening. Observations at higher strain rates indicated self-heating
phenomena in PLA, resembling adiabatic conditions. Thermal imaging revealed tempera-
ture increases during deformation, with maximum temperatures occurring at the sample’s
center. The drop in mechanical characteristics attributed to internal heating highlighted
the material’s thermo-sensitive nature. These findings deepen the understanding of PLA
behavior and hold significant implications for practical applications, especially in 3D and
4D printing and manufacturing. Future research should focus on advanced modeling
techniques to predict material behavior and explore mitigation strategies for self-heating
effects, enhancing PLA-based product reliability and performance in applications with
deformations at higher strain rates. The observed adiabatic processes that take place in
the material during deformation at high strain rates require the development of an FEM
coupled thermo-mechanical constitutive model to simulate self-heating processes with
sufficient accuracy. In addition, the ultimate goal of following research is to expand the
FEM model with the ability to simulate shape recovery in 4D-printed PLA samples and
structures, both at cold (temperatures below Tg) and hot programming (temperatures over
Tg). Cold programming is essential because most auxetic structures and metamaterials
undergo deformation at temperatures lower than Tg, and the simulation of shape recovery
occurs by heating above Tg. The 4D-printed PLA’s remarkable stability at lower tempera-
tures and ability to undergo significant deformations at higher temperatures make it an
ideal candidate for shape recovery research, particularly in auxetics. Its capacity for precise
shape retention and adaptive behavior offers innovative applications in biomedical devices,
aerospace, and soft robotics, where dynamic responses to external stimuli, like temperature
changes, are essential. These findings will serve as the foundation for upcoming research,
which will center on employing advanced material modeling methods, including thermo-
mechanical coupling, to address self-heating effects. The goal is to improve the reliability
and performance of PLA-based products in applications at higher strain rates, especially
auxetic and metamaterial structures, and to create models for simulating shape recovery
in 4D-printed PLA structures at cold and hot programming temperatures. A study set
up this way could be the basis for the successful and precise modeling of auxetics and
metamaterials in cold and hot programming in consecutive research. The lower tempera-
tures used in this research should serve to further focus on cold programming auxetics and
research related to shape recovery by heating. Although the printing speeds and directions
can also affect 4D printing properties, this study focused on a fully thermo-mechanical
coupled characterization of PLA to determine characteristics for further developing the
constitutive model.
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Abstract: Additive manufacturing (AM) or 3D printing (3DP) is arguably a versatile and more
efficient way for the production of solid dosage forms such as tablets. Of the various 3DP tech-
nologies currently available, fused deposition modeling (FDM) includes unique characteristics that
offer a range of options in the production of various types of tablets. For example, amorphous
solid dispersions (ASDs), enteric-coated tablets or poly pills can be produced using an appropriate
drug/polymer combination during FDM 3DP. The technology offers the possibility of evolving
personalized medicines into cost-effective production schemes at pharmacies and hospital dispen-
saries. In this review, we highlight key FDM features that may be exploited for the production of
tablets and improvement of therapy, with emphasis on gastrointestinal delivery. We also highlight
current constraints that must be surmounted to visualize the deployment of this technology in the
pharmaceutical and healthcare industries.

Keywords: amorphous solid dispersion; fused deposition modeling; solubility; polymer; pharmaceuti-
cal; three-dimensional printing

1. Introduction

Three-dimensional printing (3DP) is an additive manufacturing (AM) technique
whereby material is gradually added up, layer by layer, to construct a 3D geometric repre-
sentation of a digitized imagery [1]. Since its inception in the 1980s, AM technology has
evolved exponentially due to its unique features, such as an amenability for constructing
complicated geometries with composite materials mimicking body parts, organs or phar-
maceutical dosage forms, therefore eliminating traditional manufacturing processes that
are time-consuming and convolute [2]. Thus, 3DP has an untapped potential in biomedical,
pharmaceutical and industrial applications [2]. The 3DP market has boomed over the last
decade, largely buoyed by cost-effectiveness, increased printing speed and precision on
printed prototypes [3]. Therefore, for industrial production processes aimed at increasing
industrial efficiency, 3DP techniques offer a formidable scope for product design and ex-
pansion. Three-dimensional printing technology is utilized in the automotive, aerospace,
medical, food, electrical and construction industries [4]. Its application in the pharmaceuti-
cal industry has only begun to gain traction within the last decade due to the attributes
presented above and, especially, the possibility for customization and affordability [5–9].
Various dosage forms, such as orally administered tablets [10], transdermal patches and
microneedles have been successfully fabricated using AMTs [11]. Furthermore, AMTs have
also been implicated for clinical use, including cardiology [12], neurosurgery [13], otolaryn-
gology [14], pulmonology [15], podiatry [16], gastroenterology [17] and radiotherapy [18].
In light of its potential applications within the pharmaceutical industry, 3DP technology is
likely to advance the sector’s scope of products output and applications, especially in the
realm of personalized medicines [19].
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Pharmaceutical production methods like capsule filling and tableting have advanced
in the last few decades, especially in the provision of modified drug-release profiles through
novel drug-delivery formulations, including polymeric matrices, nanoparticles, functional-
ized liposomes and biomimetic particles [20]. However, these formulations go as far as to
provide doses to patients based on label claims. They do not account for the variations in
dosage requirements amongst patients imposed by genetic or metabolic predispositions
and, therefore, cannot be tuned for the requirements of personalized medicines. This is
mainly due to process restrictions within conventional production modalities. Absorption
of active pharmaceutical ingredients (APIs) following oral administration of conventional
dosage forms is associated with a variability in the release of APIs from the dosage form and
unpredictable pharmacokinetics. AMT provides scope for the design of patient-centered
dosage forms with programmable release capable of minimizing unpredictability in the
absorption and maximizing therapy [20].

The first and only 3D-printed tablet currently on the market (Spritam® by Aprecia
Pharmaceuticals, Blue Ash, OH, USA) received Food and Drug Administration (FDA)
approval in 2015. The tablet is administered via the oral route and is used in patients with
dysphagia [21]. Liquid dosage forms may also be used in dysphagic patients; however,
these offer diluted dosing and promote instability of the API [22,23]. Interestingly, T19 is
another 3D-printed drug produced by Triastek, a Chinese pharmaceuticals and 3D printing
technology firm, that has received an investigational new drug (IND) approval from the
FDA. T19 is been designed for treatment in rheumatoid arthritis [24].

Several approaches have currently been applied to improve the solubility of drugs,
including particle size reduction, nanosuspension, salt formation, pH adjustment, use of
surfactants and use of amorphous solid dispersions (ASDs) [25–30]; however, solubility
enhancement techniques tag along peculiar constraints [31,32], as presented in Figure 1.
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Three-dimensional printing technology has emerged in recent years as a possible tool
for the production of ASDs, with the inclusion of variable doses of APIs in solid dosage
forms [33]. In the context of customizing 3DP technology for individual patient needs,
this dual approach of 3DP and ASD may be useful at dispensaries and pharmacies, with
scope for the improvement in solubility of APIs and the production of variable doses of
medications [33]. Furthermore, the approval of Spritam® has set the precedence for the
utilization of 3DP in the manufacture of newer drug-delivery systems [34].

Three-dimensional printing offers different types of feed mechanisms (technologies)
such as material jetting, powder bed fusion, direct energy deposition, binder jetting, light
photopolymerization and extrusion. These types of 3DP technologies enable the 3D printing
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of materials such as fluids, waxes, powder and solids [35]. Thus, there is flexibility in the
choice of the appropriate material as per requirement.

Aptly, AM techniques offer robust and potent platforms that can be largely employed
by pharmaceutical companies for the manufacture of various doses and dosage forms
as alluded to above. However, fused deposition modeling (FDM) is an extensively used
extrusion-based approach, with consequential outcomes in the pharmaceutical industry due
to the similarity to other extrusion techniques already utilized in the industry, i.e., hot melt
extrusion (HME) [36]. Moreover, FDM offers the possibility of utilizing biodegradable ther-
moplastic polymers commonly employed in the formulation of drug products [37,38]. FDM
technology is affordable, amenable to modifications, and is simple and may be adapted
for desktop usage [39]. Therefore, there is potential for its adoption and evolution in phar-
macies and dispensaries toward the provision of personalized medicines [40,41]. In this
review, we expound the potential of the FDM 3D printing technique in the pharmaceutical
industry along with the challenges it faces.

2. Key Elements of Fused Deposition Modeling (FDM)

In FDM, the print material, usually a thermoplastic filament, is deposited selectively
onto a build platform as it melts and oozes out of a nozzle or orifice. The platform and
nozzle move in synchrony to allow the layer-by-layer construction of a 3D model [42].
Materials including plastic prototypes and low-volume functionality components can be
fabricated using FDM extrusion-based approaches. For instance, FDM is the most extensively
used extrusion-based approach for modeling, prototyping and fabrication [43,44]. FDM 3D
printing utilizes a variety of thermoplastic polymers including polylactic acid (PLA), ace-
tonitrile butadiene styrene (ABS), polypropylene (PP) and polyvinyl alcohol (PVA). These
polymers facilitate fabrication processes and the fabricated object may provide feedback on
the efficiency of the filament for the printing [45].

The production of a filament for the FDM process can be achieved through HME,
whereby the polymer is heated and squeezed through an extruder to produce the filament.
Once the filament is formed, a 3D-printed object may be fabricated using an FDM 3D
printer [36,46].

With regard to the potential applications of FDM by the pharmaceutical industry and
pharmacies, the need for incorporation of an API in the filament is very crucial. An API
may be incorporated in the filament via impregnation (IMP) after the filament is formed
or during HME of the filament [47]. However, API loading via IMP after formation of the
filament is inefficient because it results in very low drug loads. Maximum drug loading
is achievable through incorporation during HME [47,48]. This approach also allows the
incorporation of other additives, including plasticizers or polymers (as in the formation
of ASDs) [48]. As previously reported, HME may also be used to produce ASDs of poorly
water-soluble drugs, whereby the API is presented in an amorphous configuration [48].
This amorphous configuration of the API ensures improved solubility.

The HME mixer also ensures that the API is homogenous within the extruded filament.
Mixing can be carried out on a double or single screw mixer [46]. Subsequently, the fabricated
filament is fed into the FDM printing machine to print a tablet [48], as shown in Figure 2.

The coupling of HME with FDM-based 3DP allows for the production of pharmaceutical-
grade filaments for the printing of medicines [49]. In this light, HME is favored for obtaining
drug-loaded filaments, which are used as starting materials for the 3D printing of tablets
and other dosage forms [50]. The use of HME to produce filaments with defined shapes
and properties is crucial for the success of 3D printing in pharmaceutical applications [51].
The continuous and cost-efficient nature of HME makes it an attractive manufacturing
process for drug-delivery systems [52]. Moreover, the use of HME in combination with 3D
printing technology also supports the development of personalized medicine and targeted
drug-delivery systems [53]. The production of filaments through HME is a critical step in
the fabrication of 3D-printed dosage forms, enabling the incorporation of drugs into the
matrix and ensuring the smooth structure of the filaments for successful 3DP [53].
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However, the potential applications of HME coupled with FDM-based 3DP may be
limited, especially in the bioprinting of thermolabile drugs. However, alternative strate-
gies have been suggested in order to overcome such limitations. One approach involves
reducing the FDM printing temperature to accommodate low-melting and thermolabile
drugs, as demonstrated by a certain study [54]. Furthermore, the use of natural products in
the preparation of 3D-printed drug-delivery systems has been investigated, providing a
valuable potential for the fabrication of thermolabile drug-containing tablets via FDM [55].
In addition, inkjet printing of thermolabile model drugs onto FDM-printed substrates
has also been explored, offering a potential alternative strategy for drug formulation and
evaluation [56]. Moreover, the use of polymer blends to improve the printability and to
regulate drug release from pharmaceutical solid dispersions prepared via FDM 3D printing
has been investigated, indicating a promising approach to address the challenges associ-
ated with printing thermolabile drugs [57]. These alternative strategies demonstrate the
ongoing efforts to overcome the limitations of FDM-based printing of thermolabile drug
substances, offering potential solutions for the fabrication of patient-tailored dosage forms
and drug-delivery systems.

Similarly, other 3D printing techniques such as selective laser sintering (SLS) and
stereolithography (SLA) have also been evaluated as suitable alternatives to FDM-based
printing. These techniques involve the loose packaging of polymers, ultimately giving
rise to porous structures that serve as enhanced drug-delivery systems. However, due
to the use of high-energy lasers in such manufacturing processes, damage to especially
sensitive drugs is a huge possibility [58]. Therefore, these techniques may not be frequently
employed in the manufacturing of drug-loaded formulations. Moreover, in comparison
to FDM-based 3DP, they may prove to be less cost-efficient. For example, FDM processes
require lower initial investment and operational costs, as compared to SLA. FDM printers
are generally more affordable, and the materials used in FDM are often cheaper than
SLA resins. In addition, the binder-jetting 3D printing technique can be used to produce
amorphous dosage forms for heat-sensitive drugs with high speed using a liquid binding
agent to bond thin layers of solid powder [58].

3. Polymers Utilized in FDM-Based 3DP

Commonly used filaments in FDM 3DP techniques include acrylonitrile butadiene
styrene (ABS) and polylactic acid (PLA) [4]. ABS is a thermoplastic polymer manufactured
from petroleum, through combining acrylonitrile, butadiene and styrene. Owing to its tough-
ness and impact resistance, it has found numerous applications in the automotive industry
and in the production of marine components and toys [5]. However, due to its nonbiodegrad-
ability and mild toxicity, it is not the preferred choice in pharmaceutical industries [3].

In comparison, polylactic acid (PLA) is another thermoplastic polymer that has an
advantage over ABS, due to it being biodegradable [5]. Accordingly, it has received
approvals from both the FDA and the European regulatory authorities for its application in
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the medical and food industries [59]. The utilization of PLA is linked to several advantages,
including biocompatibility [60].

Likewise, owing to the growing interest in FDM-based 3DP, many studies have in-
vestigated the use of various other polymers in the fabrication of filaments for use in
FDM-based 3D printing. Consequently, a particular study demonstrated the potential of
pharmaceutical-grade polymers such as polyvinylpyrrolidone (PVP), polyvinyl alcohol
(PVA), Kollicoat® IR (KIR), Soluplus® (SLP), polyethylene oxide (PEO), hydroxypropyl
methyl cellulose (HPMC), Eudragit® L (ERD L), Eudragit® RL (ERD RL) and ethyl cellu-
lose (EC) as filaments for 3DP [61]. Interestingly, this study reported that drug release is
largely dependent on the type of polymers used in the manufacture of the filament and
differs based on their water solubility. For example, polymers such as PEO and KIR offer
an almost immediate drug release, while on the other hand, HPMC, PVA and SLP are
used for sustained or extended drug release [61]. Conversely, the use of poorly permeable
hydrophobic polymers such as EDR RL and EC often results in an extremely slow release
of the drug [61]. Similarly, other agents, like “Ticagrelor”, a blood-thinning drug, and
“Tacrolimus”, a macrolide inhibitor of calcineurin used in organ transplantations, have also
been developed using 3DP techniques [62,63]. In addition, another slow-release drug, in
the form of pH-responsive tablets for colon drug-delivery applications, have been devel-
oped through the use of 3DP technology [64]. Evidently, an array of polymers is currently
available for use in the application of FDM-based 3DP in pharmaceutical industries. How-
ever, the choice of polymer is tightly governed by the specification of the type of drug, its
biological target and the duration of the therapy [61].

4. FDM 3D Printing and Amorphous Solid Dispersions (ASDs)

ASDs may be defined as a solid dispersion that involves the melting of a solid mix-
ture of API and a suitable vehicle, usually polymers that form eutectic mixtures [51,65].
The polymer or “solvent”, interferes with the ordered arrangement of the crystalline API
and thereby transforms the mixture into an amorphous solution [51,52,65,66]. The use of
FDM in conjunction with ASDs of APIs with low solubility has shown that 3D-printed
tablets derived as such show considerable improvement in the solubility of the API [67].
However, the type of polymer used in the printing is very crucial. In a particular study [57]
on the formation of felodipine ASDs using FDM 3DP, they observed that the drug-release
rate can be altered by varying its miscibility in the polymer blend. The polymer blending
technique is an efficient formulation strategy widely used in the plastic and polymer in-
dustries to improve the processibility of the material [57]. In addition to the miscibility of
the API in the polymer blend, the printability of the blend using FDM is equally crucial.
A separate mixture of Eudragit EPO and Soluplus with PEG (polyethylene glycol), PEO
(polyethylene oxide) and/or Tween 80 resulted in excellent printability of the blends, as op-
posed to only Eudragit EPO or Soluplus used alone, which exhibit poor fluidity as well as a
high-melt viscosity. This is despite the fact that Eudragit EPO and Soluplus are extensively
used in the HME, but are clearly not suitable for FDM 3DP [57]. Furthermore, the ratio
of the API to the excipient in the filament can also affect the printability of the filament
using FDM. In a study by Kissi et al., HME-extruded filaments containing naproxen were
discovered to be amorphous and by increasing the API ratio from 0–10% to 10–20%, the
filament brittleness was reduced and printability improved without a compromise on ASD
stability. This was due to the plasticizing effect imparted to the filament by the API [68].
In another study, Tan et al. also showed that the configuration of the API in the filament and
FDM-printed tablets remained amorphous and the polymeric solvent controls the ductility
and flexibility of the formed filament, which, in turn, affects the efficiency of printing using
FDM [69]. In the same study, the dissolution behavior of theophylline from 3DP tablets us-
ing FDM using hydroxyl propyl cellulose (HPC), polyethylene glycol (PEG) and Eudragit®

RL/PO showed that both HPC and PEG tablets were fully disintegrated/dissolved, but
not the Eudragit® RL/PO tablets, retaining its shape because of the insoluble nature of the
Eudragit matrix [69]. Consequently, the rates of theophylline release from the HPC and
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PEG tablets were higher than from the Eudragit® RL/PO [69]. The retention of tablet shape
or disintegration of matrices during API release will also dictate the release mechanism.
In the case of the Eudragit® RL PO, the matrices are permeable but not soluble; thus, release
is likely a diffusion-mediated profile. Furthermore, biodegradability of a polymer in physi-
ologic media will also impact the rate of the release mechanism of the API from the printed
tablets; for example, polylactic acid (PLA) has a degradation half-life of approximately
210 days, hence the biodegradation-mediated release of API will be a slow process [70,71].
Tagami et al. showed that by increasing the hydrophobic filler component consisting of
PLA and decreasing the hydrophilic component containing a hydrophilic API, e.g., calcein,
a slow release profile was obtained and vice versa from the FDM polymer composite [72],
as illustrated in Figure 3a–c (reproduced with permission). Thus, through careful choice
of polymer blends, and printing geometries, we can modulate the rates of API release
from FDM-printed ASD. In a related study, Jamróz et al., 2018 [73] separately utilized
Kollicoat® IR (water-soluble polymer) or PLA (water insoluble) to construct tablets using
FDM, whereby the tablets formulated with the PLA polymer presented a prolonged release
profile of up to 70% after 6 h. On the other hand, the tablet constructed with Kollicoat® IR
showed 90% of drug release within 45 min [73]. This shows that polymer combinations can
be very useful for tailoring the drug release from the FDM 3D-printed tablets [73,74].
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Figure 3. Red shade: drug in soluble polymer (PVA); blue shade: water-insoluble PLA filler only.
(a) ASD surrounded by insoluble PLA in dosage form; (b) ASD adjacent to insoluble PLA in dosage
form; (c) Insoluble PLA surrounded by ASD. * (Reproduced with permission from reference [59]).

However, some single water-soluble polymers are not printable; for example, Kollidon®

VA64 (PVP-VA) due to brittleness [75]. Furthermore, some hydrophobic polymers such as
PLA impede API release from the FDM 3D-printed tablets, which is exacerbated when the
API is completely miscible in the polymer [76].

In addition, alternate strategies to FDM-based 3DP have been developed in order to
eliminate the need to produce filaments for subsequent fabrication into 3DP tablets using
FDM; for example, direct powder extrusion (DPE) may be used to prepare ASDs [77], whereby
ASD/3D-printed tablets are produced in a single step, with effective improvement in the
solubility of a poorly soluble API [77]. However, when compared to FDM, DPE is less reliable
in the formation of ASDs due to the possibilities of recrystallization of API from the ASD.
On the other hand, DPE is useful in the formation of ASDs of thermolabile APIs [39].

5. FDM-Printed Tablets for Targeted Gastrointestinal Drug Delivery

Since FDM-printed tablets are almost certainly destined for oral administration, this
section is dedicated to relevant pharmaceutical technologies that may be employed in
conjunction with FDM designs for effective gastrointestinal drug deployment. In addi-
tion to the possibilities of forming ASDs, the FDM technique may be used to produce
individualized doses to match the severity of a disease or patient predispositions [78].
Combined ASD/FDM technologies can potentially be used for the production of poly pills
in chronically ill patients, with the added provision of improving the solubility of APIs [78].
With regards to the oral administration of 3DP tablets, it is important to recognize the phys-
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iological and anatomical constraints along the gastrointestinal tract as well as features that
can be exploited to maximize absorption. The enzymatic milieu, acidic environment of the
stomach and neutral to alkaline pH of the small intestine and colon all provide challenges
and opportunities for successful deployment of APIs from FDM-printed tablets [79]. In this
regard, the careful selection of polymer/excipients in FDM design and production can be
tuned to achieve targeted drug delivery.

For example, despite the low absorptive surface area of the colon, it may be optimal
for the absorption of many API drugs due to low enzyme/proteolytic activity and extended
transit of dosage forms [80]. Thus, colon-targeted delivery of APIs is recognized as a
potential strategy for systemic deployment of protein and gene products [80]. FDM design
may incorporate enteric polymers such as Eudragit® FS30 D or cellulose acetate phthalate
as a printed coating, which dissolves at a pH of about 7, and is therefore ideal for shielding
acid-labile drugs from the acidic pH of the stomach or for a colon-targeted delivery of
therapeutics. The use of these polymers as coatings in conventional tablet dosage forms is
well established. However, FDM printing technologies provide scope for the incorporation
of additional polymers for pharmaceutical or therapeutic applications in a relatively simpler
manner. Finally, there is more flexibility for the evolution of FDM tablet designs aimed at
achieving targeted gastrointestinal delivery [81,82].

6. FDM-Based Bioprinting of Implant Transplantation Devices and Prosthetics

The applications of AMT in the biomedical sector are diverse. In this light, the role
of FDM-based 3DP in personalized medicine is fundamental because customized patient
therapy is growing into the future of targeted medicine.

The bioprinting of tissues and organs for suitable transplantation into the host is one
such application with a high demand. This process utilizes a digitally guided pipette in
order to layer living cells to artificially engineer living tissue according to a prespecified
blueprint [83]. Currently, bioprinting has been used to develop tissues of the bone such
as cartilaginous structures, and heart tissues such as vascular grafts, in addition to multi-
layered skin grafts and tracheal splints [84]. Interestingly, some studies [34,85] have also
explored the embedding of drug-delivery systems inside the generated implants in order to
facilitate enhanced surgical recovery and complete restoration of intended activity. In recent
times, implant dosage forms engineered through the utilization of 3DP platforms is indeed
gaining momentum for its crucial application in the pharmaceutical industry. Interestingly,
this technology is able to produce implants in both micro- and macro-architecture settings.
Accordingly, a particular study demonstrated that drug implants fabricated through 3DP
have more clear advantages, as compared to implants engineered through conventional
compressing-based methodologies [86]. This is particularly because 3DP techniques facil-
itate the generation of implants with a higher porosity, thereby offering a complex and
sophisticated release profile that is difficult to achieve through other conventional methods.
In this light, a variety of implants have been generated using 3DP technologies, namely, im-
plants with the pulsed, bimodal, immediate, sustained, delayed and complex drug-release
profiles [86,87].

Similarly, artificially generated organoids and tissues generated through the use of
3DP platforms have also found their application in medical research, due to their abil-
ity to mimic organs in vitro, thus offering an economical and sustainable experimental
platform [83]. The use of medical models is fundamental in medical training, pre- and
postoperative planning as well as in patient education [84,88]. However, more recently,
through the use of AMTs, it is now also possible to engineer life-sized organ implants
and anatomical models that have found their application in surgical practice and training,
as well as in assisting medical diagnosis [89–93]. These models are often created from
two-dimensional images like X-rays, CT scans or MRIs that are generally patient-specific,
thereby offering ideal and realistic structures of intricate anatomical parts of the human
body. In addition, 3DP has also found its application in the generation of tissue scaffolding
and mechanical bone replicas [94,95]. Distinct techniques like electro-spinning, freeze-
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drying, emulsification and solvent casting are often employed in the development of tissue
scaffolds [83]. Biomanufacturing is yet another technology that utilizes AMTs in combi-
nation with tissue engineering [96]. This process is often used to generate biocompatible
structures to compensate for osteo defects [97].

FDM-based 3DP has also found its application in the development of medical devices
that significantly enhance surgical and clinical procedures. It is now utilized to construct
orthopedic instruments, and dental and surgical guides that can follow the patient’s unique
anatomy with high levels of precision [98]. Such tools are purposed for application in
complex and intricate surgeries, thus providing enhanced safety to the patient [99]. These
are often engineered according to patient-customized dimensions, such as in drilling
guides [100]. Also, in the area of dental practice, FDM-based 3DP has been exploited in the
development of dental pieces like bridges and crowns [101,102]. Currently, the generation
of customized instruments for use in dental surgery are commonly preferred [103,104].

Another stratum of biomedicine where the use of AMTs is imperative is in the devel-
opment of prosthetics. Prosthetic limbs can be engineered and personalized to the fit of the
patient. Three-dimensional printing is extremely efficient in the generation of customized
prostheses like cranial, maxillofacial and mandible implants, thus helping in the resolution
of various orthopedic impediments [105]. For example, a particular study [106] used 3DP
to design and develop joint prostheses that have been engineered on the basis of surgically
resected tibial osteosarcomas. Similarly, another study [107] discussed the implantation of
femur modular prosthesis in a patient with osteosarcoma that was generated through the
use of AMT. The study stated that the patient was able to attain complete painless recovery
with perfect weight-bearing capacity. The process of development of prosthetics usually
begins with medical imaging and segmentation, followed by three-dimensional scanning
and finally 3D modeling [108]. In certain cases, manufacturing techniques involving AMTs
can also be computer numerical control technologies [109].

7. Challenges

There are some significant challenges associated with the use of FDM. This technique
may be best suited for small-scale prototyping, although larger printers are in use in various
industries. In this light, although FDM-based 3D printing may identify as an easily operable
technique with less postprocessing requirements, it is also commonly associated with
certain limitations [110]. First, it is a relatively slow and expensive method of production
of final articles owing to the limited availability and high cost of raw materials [111].
Second, it often requires skilled labor in order to achieve precise and accurate end-products.
Consequently, despite the fact that materials used in 3DP may last longer as compared to
the conventional pharmaceutical and industrial manufacturing procedures, a higher level
of precision is often demanded in order to achieve desirable results, thereby slowing down
the duration of the process [112]. However, in foresight, a gradual decline in the costs of
the materials and machinery is expected in the near future.

Moreover, in comparison to traditional processes of drug manufacture, FDM-based
3DP is led by a three-dimensional modeling of drugs that is largely software based [113].
As a result, an infinite amount of product variability is achievable without an additional
cost, as compared to conventional technologies of drug manufacture that demand a detailed
architecture of products and multistep processes for customized end products [113]. Thus,
FDM-based 3DP may be the best-suited option for personalized therapies, where drugs are
often produced/dispensed in relatively smaller quantities.

Further, under certain circumstances, such product schemes identify with a tradeoff
for lack of precision. There is also inaccuracy in the nozzle temperature, in effective
solidification and in poor layer adhesion [114]. FDM produces low-resolution finishing,
and twisting/wrapping problems [115]. Thus, there is the need for post-manufacture
processing, or worse, structural demolition to achieve the desired configuration of the
prototype [114]. Moreover, the volume capacity of the printer sets a restriction on the size
of the printed object [114].
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With regards to FDM-based 3DP for pharmaceutical dosage forms, thermolabile drugs
are likely to be degraded during printing [116]. Inadequate API loading in filaments
and, subsequently, in printed tablets is a key constraint in the use of FDM leading slow
rates of API release [116]. On the other hand, an increased API content modifies the
crystallographic, thermal and rheological properties of the filament, with the possibility
of rendering them unprintable [116]. Since FDM is a mechanical process, failure within
moving parts can affect the printing process [117]. Crucially, there is only a handful
of suitable thermoplastic polymers suited for use in FDM 3DP pharmaceutical dosage
forms [72]. Use of a hydrophobic polymer such as PLA may cause a slow drug release
from printed tablets. Innovative designs aimed at increasing the surface area of printed
tablets exposing the drug to the media only marginally improved the rate of release [118].
These constraints have negatively impacted the utilization of FDM in the pharmaceutical
industry [118]. However, with key advances in polymer chemistry and pharmaceutical
technology, it is the view of the authors that these constraints are not insurmountable.

8. Conclusions

We conclude that FDM-based 3DP offers a huge potential to the pharmaceutical in-
dustry for the fabrication of a variety of solid dosage forms, particularly those intended
for gastrointestinal delivery. It is versatile and permits the incorporation of several phar-
maceutical excipients in relatively fewer production steps. The formation of ASDs is
noteworthy, where improvement in the solubility of APIs is an added output. Furthermore,
the technique provides a framework for polymer combinations in tablet designs, including
gastrointestinal targeted. The FDM 3D printing technique also provides insights into the
production of personalized medicines due to the efficiency in production. Notwithstanding,
there are regulatory and production constraints, but these are not insurmountable. It is
our view that research should focus on the production of biocompatible/biodegradable
thermoplastic polymers that also promote API release from printed tablets, because this
may shorten the trajectory to the realization of FDM 3DP tablets on the market.
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Abstract: Polymer powder bed fusion (PBF) is becoming increasingly popular for the fabrication
of lightweight, high-performance parts, particularly for medical and aerospace applications. This
study investigates the effect of powder re-use and material aging on the coalescence behaviour,
melt flowability, and isothermal crystallisation kinetics of polyamide-12 (PA-12) powder. With
increased powder re-use, a progressive reduction in melt flowability and material coalescence is
observed; at 200 ◦C, the particle consolidation time increases from 15 s in virgin powder to 180 s in
powder recovered from build 6. The observed changes in the behaviour of PA-12 were attributed to
polycondensation and cross-linking; these aging phenomena also create structural defects, which
hinder the rate and extent of primary crystallisation. At an isothermal crystallisation temperature
of 165 ◦C, the crystallisation half-time increased from 12.78 min in virgin powder to 23.95 min in
powder re-used across six build cycles. As a result, the commonly used Avrami model was found to
be unsuitable for modelling the crystallisation behaviour of aged PA-12 powder, with the co-efficient
of determination (R2) reducing from >0.995 for virgin powder to as low as 0.795 for re-used powder.
On the other hand, an alternative method, the Hay model, is able to successfully track full phase
transformation within re-used powder (R2 > 0.99). These results highlight the importance of selecting
the most appropriate model for analysing the crystallisation kinetics of PA-12 powder re-used across
multiple build cycles. This understanding is crucial for obtaining the strong mechanical properties
and dimensional precision required for the fabrication of functional, end-use parts within PBF.

Keywords: powder bed fusion; polyamide-12; Avrami; polycondensation; cross-linking; powder
re-use

1. Introduction

Laser sintering (LS) is a subset of additive manufacturing (AM), whereby parts are
fabricated layer by layer, from a powdered polymeric material, using a three-dimensional
computer-aided design (3D-CAD) geometry file [1–3]. LS of semi-crystalline, thermoplastic
materials, most commonly polyamide-12 (PA-12) [2,4–9], has become increasingly popular
for low-volume production of end-use parts. Application areas include medical (e.g.,
customised prothesis), aerospace (e.g., complex impellers), and retail (e.g., innovative
insoles for trainers).

LS can offer complex, customised parts with high dimensional precision. Another key
advantage is lightweighting and the fabrication of parts with a high strength-to-weight
ratio [1,3,10–12]. Given the climate crisis, it is becoming increasingly necessary for the
manufacturing industry to transition toward more sustainable processing methods. The
ability to produce lightweight parts, with sufficient mechanical properties, could be crucial
in reducing fuel consumption and CO2 emissions, especially within aerospace applications.
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However, the mechanical and physical properties of thermoplastic polymers are heavily in-
fluenced by the crystallisation process and crystalline morphology [13]. This is of particular
importance for critical end-use parts, such as aerospace components, where dimensional
precision and mechanical performance are vital. During LS, crystallisation is associated
with a volume reduction, which can affect the geometrical accuracy of the final part;
non-uniform crystallisation within parts can result in warpage, rendering the component
unserviceable [14]. Polyamide-12 (PA-12) is the most common commercial polymer within
laser sintering, and a key characteristic of this material is a large processing window [2,4–6].
This ensures that there is a substantial difference between the crystallisation temperature
(Tc) and the melting temperature (Tm), preventing crystallisation occurring during the
build and reducing the shrinkage process. However, the crystallisation kinetics of PA-12
are also heavily dependent on multiple processing parameters, such as temperature, time,
cooling rate, pressure, and melt orientation [7,15]. Furthermore, PA-12 is metastable and
polymorphic, which can result in a multi-phase crystallisation process whereby, depending
on temperature, PA-12 may transform into various different crystal phases [7]. From an
industrial standpoint, understanding this behaviour is crucial because changes in the extent
of crystallinity development, and type of crystalline morphology, can significantly affect
the thermal and mechanical properties of a fabricated part [15].

Polymer crystallisation involves primary and secondary processes, which are often
treated in isolation. Primary crystallisation is initiated when the polymer melt is cooled
below Tm, via a process known as nucleation. Homogenous nucleation is where disordered
molecules, within entangled amorphous polymer chains, are able to rotate, allowing small
nuclei to form spontaneously throughout the polymer melt [16]. However, nucleation
can also occur heterogeneously, whereby impurities present in the polymer system act
as artificial primary nuclei [16]. Following the formation of stable nuclei, free rotation
of flexible polymer chains allows chain folding and alignment into a lamellar structure,
whereby adjacent crystalline blocks are separated by a mobile, inter-lamellar amorphous
phase [17]. This results in the formation of spherulites, which grow radially from the
nuclei until spherulite impingement, indicating completion of the primary process. The
rate of primary crystallisation is related to the degree of supercooling from the melt. At
temperatures near the Tm, crystal growth is thermodynamically favoured so nucleation is
limited, resulting in a relatively smaller number of nuclei that grow into large spherulites.
The presence of large spherulites increases the strength of the polymer but also renders
the material brittle, emphasising how an understanding of crystallisation kinetics can
allow close control of material morphology and, subsequently, the mechanical properties
of LS parts.

Traditionally, it was considered that secondary crystallisation describes any further
developments of crystallinity, which occur following impingement of spherulites, permit-
ting previously “non-crystallisable units”, which were unable to contribute to primary
crystallisation, to integrate into the growing lamellae structure [18]. This can refer to lat-
eral thickening of the crystalline lamella formed during primary crystallisation [19–21]
and the growth of new, smaller crystal structures within the amorphous fraction through
“infilling” [15,19,20] (Figure S1). During primary crystallisation, radial growth of lamellae
generally occurs linearly with time until spherulite impingement [22]; however, an alter-
native kinetic mechanism is required to define the secondary process. Conventionally, a
logarithmic increase in secondary crystallisation with time was reported [23–25], but more
recently, it has been suggested that secondary crystallisation adheres to a root time depen-
dence, which relates to a diffusion-controlled process [18,20–22]. This theory was proposed
by Hay, who also presented evidence for primary and secondary crystallisation occurring
simultaneously, contradicting previous suggestions that the secondary process can only ini-
tiate following termination of primary crystallisation through spherulite impingement [26].
Lamellae produced in the early stages of crystallisation, at the centre of the spherulite, were
observed to be thicker than at the outer boundary, indicating that secondary crystallisation
must occur within the spherulite as soon as lamellae are formed [22,27].
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Another important consideration of LS is the requirement for significant amounts of
support material, resulting in 80–90% of feedstock powder remaining un-sintered during
each build. Therefore, to ensure the economic and environmental sustainability of the
process, un-sintered powder remaining in the build chamber must be re-used in future
builds [11,28]. However, during each build, PA-12 is exposed to temperatures close to
the material melting point for prolonged time periods, leading to aging and degradation,
which affect the quality and re-usability of the material. At the powder bed temperature of
~170 ◦C, multiple aging processes, namely, polycondensation, secondary crystallisation,
cross-linking, and chain scission, often occur concurrently [29–31]. To counteract the
effect of these aging phenomena, it is common for the un-sintered (“used”) powder to be
“refreshed” with virgin material before re-use in subsequent builds. As such, a refresh
ratio is commonly used, which refers to the proportion of recycled to virgin powder, and
typically ranges from 30–50% virgin powder [29,32]. Nonetheless, within the LS industry,
there is currently a limited understanding regarding the effect of re-using PA-12 powder
across multiple build cycles on the crystallisation kinetics of PA-12 powder.

Previous studies have shown that aging and degradation have the potential to alter the
crystallisation behaviour, melt flowability, and particle coalescence of PA-12 powder. When
polyamides are exposed to elevated temperatures, increased mobility of amorphous regions
can result in increased crystallinity via secondary crystallisation [28,30,33]. Multiple papers
have reported that successive powder re-use, or simulated oven-conditioning, causes a
reduction in melt flow rate; this can be attributed to an increased cross-link density [9,30,33],
or a rise in molecular weight (Mw), as a result of polycondensation [4,5,7,9,11]. In the context
of LS, reductions in melt flowability can limit full coalescence of PA-12 particles. As LS
occurs under atmospheric pressure, coalescence is particularly important because particle
viscosity and surface tension become the driving force for complete consolidation and
compaction of the powder layer [34]. Therefore, reductions in material coalescence can
hinder the surface finish of LS parts [34] and cause increased part porosity, which often
results in embrittlement of fabricated components [32,35,36]. However, there have been no
previous investigations into the effect of powder re-use, aging, and virgin refresh rates on
the isothermal crystallisation kinetics of PA-12 powder. As crystallisation is so crucial to
fabricating LS parts with sufficient mechanical and structural properties, this research is
necessary to help reveal more information about the behaviour of un-sintered powder and
its suitability for re-use in future builds.

There are multiple models that aim to best illustrate the isothermal crystallisation
kinetics of polymers. The Avrami model undoubtedly remains the most popular isothermal
crystallisation model and has been used frequently to explain the crystallisation kinetics
of various polyamides [37–39], including LS grade PA-12 powder [7,14,31,40]. However,
despite widespread use, the Avrami model has been criticised due to a number of limita-
tions [41]. In practice, the Avrami model is only suitable for modelling primary crystalli-
sation and is unable to accurately describe the latter stages of crystallisation that follow
spherulite impingement. As such, Avrami often returns non-integer values for the Avrami
exponent, which provides limited information regarding the mechanism for nucleation
and growth [22,26,42]. The Avrami model also fails to account for an induction time, and
differential scanning calorimetry (DSC) often returns incomplete exotherms, leading to
integration errors and inaccurate data [41]. These limitations have led various authors to
propose alternative models that aim to resolve these problems by modifying the existing
Avrami equation. These include, but are not limited to, the simplified Hillier [43], Tobin [44],
Malkin [45], and Hay models [20,21,46,47].

Previous work has begun to explore the isothermal crystallisation kinetics of PA-
12 powder in the context of laser sintering [14,40,48]. A study from Neugebauer et al.
explored both the isothermal and non-isothermal crystallisation kinetics of polyamide-12
used within LS [14]. This study intended to emulate the laser exposure found within the
LS procedure. However, they used a cooling rate of only 40 ◦C/min to reach the target
isothermal temperature, which is likely slower than the rate of cool-down that the powder
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experiences after laser scanning. Similarly, this rate may not be quick enough to prevent
crystallisation initiating during cooling prior to the isothermal step. Zhao, Wudy, and
Drummer explored the isothermal crystallisation kinetics of PA-12 between 160–168 ◦C,
using a faster cooling rate of 60 ◦C/min. They observed that the Avrami model can only
accurately fit 70% of the full crystallisation process; beyond this point, the experimental data
deviate away from the modelled curve. However, their work was limited to the Avrami
model alone, and the various alternative models were not considered [40]. Furthermore,
these papers do not explore the effect of powder re-use, and subsequent material aging, on
the isothermal crystallisation kinetics of PA-12.

Paolucci et al. investigated the influence of aging on the crystallisation kinetics
of PA-12 powder [7]. Virgin PA-12 powder was stored at a range of temperatures for
extended time periods, in a nitrogen flushed oven, to replicate the conditions of an LS
build chamber. Thermal treatment resulted in polycondensation, indicated by increases
in Mw and melt viscosity. Fast scanning calorimetry experiments on the “annealed” PA-
12 samples suggested that powder aging does not affect crystal nucleation but causes
a reduction in the crystal growth rate of PA-12. Nevertheless, it was reported that this
reduction in crystallisation kinetics only occurred in a specific temperature range between
100–150 ◦C, which is below the expected powder bed temperature during LS. Also, oven
storage cannot directly replicate complex powder re-use procedures, such as the use of
refresh ratios, which restricts the industrial relevance of their work.

This paper investigates the coalescence behaviour, melt flowability, and sintering kinet-
ics of PA-12 powder in order to identify the key aging processes occurring when feedstock
material is re-used across multiple LS build cycles with a 70:30 refresh ratio. Via differen-
tial scanning calorimetry experiments, the effect of powder re-use, and subsequent aging
processes, on the isothermal crystallisation kinetics of PA-12 is quantified and modelled
using the traditional Avrami model. Furthermore, to the best of the authors knowledge,
the applicability of alternative models, namely, simplified Hillier, Tobin, Malkin, and Hay,
to describe the crystallisation behaviour of LS grade PA-12 powder is yet to be determined.
As such, this work also uses non-linear regression analysis to determine the suitability
of each of these models for describing the isothermal crystallisation behaviour of virgin
and re-used (aged) PA-12 powder. Finally, the most appropriate model for analysing the
crystallisation kinetics of virgin PA-12 powders, and PA-12 feedstock re-used in up to six
LS build cycles, is proposed.

2. Experimental Method

Prototal UK Ltd. (Newbury, UK) provided industrial grade virgin PA-12 (PA2200)
powder (EOS GmbH, Krailling, Germany) and refreshed PA-12 powder samples that had
been re-used in up to 7 laser sintering builds, using a refresh ratio of 70:30 (used: virgin)
for each build cycle. In this study, virgin powder and powder re-used in 2, 4, and 6 build
cycles were analysed. These are referred to as used 2, used 4, and used 6, respectively.

2.1. Powder Characterisation
2.1.1. Hot-Stage Microscopy (HSM)

The effect of powder re-use on the melting and coalescence behaviour of PA-12 powder
was visualised using a Keyence 4K digital microscope (Keyence UK Ltd., Milton Keynes,
UK), equipped with a Linkam THMS600 heating stage and a Linkam TMS 94 temperature
controller (Linkam Scientific Instruments Ltd., Redhill, UK). To investigate the coalescence
behaviour, virgin and re-used powders were heated from 25 ◦C to 220 ◦C at 10 ◦C/min,
and samples were viewed using a microscope magnification of 300×. Alternatively, for the
isothermal particle “sintering” experiment, samples were heated from 25 ◦C to the sintering
temperature (195 ◦C, 200 ◦C, 205 ◦C) at 150 ◦C/min and held at that temperature for 5 min.
In this case, to focus on two individual powder particles, the magnification was 1000×.
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2.1.2. Differential Scanning Calorimetry (DSC)—Isothermal Crystallisation

A Mettler Toledo differential scanning calorimeter, DSC 1 (Mettler Toledo, Schw-
erzenbach, Switzerland) calibrated with zinc (Tm 419.5 ◦C, ∆Hf 107.5 Jg−1) and indium
(Tm 156.6 ◦C, ∆Hf 28.45 Jg−1), was used to determine the isothermal crystallisation kinetics
of the PA-12 powder. Powder samples (6 ± 0.5 mg), were placed into Mettler Toledo 40 µL
aluminium DSC pans, capped with aluminium lids, and sealed with a press. All experi-
ments were conducted under a nitrogen flow rate of 100 cm3/min, and a pinhole was placed
in the top of each DSC pan. A Huber TC100 immersion cooler (Huber Kaltemaschinenbau
AG, Offenburg, Germany) provided temperature control for extended isothermal segments.

The DSC protocol involved isothermal experiments from the molten state, also known
as melt-crystallisation. In each DSC experiment, samples were heated at 30 ◦C min−1 to
220 ◦C and held for 3 min to eliminate any residual crystals. They were then cooled at
70 ◦C/min to the designated isothermal Tc (162–169 ◦C) and held for up to 420 min. The
cooling rate of 70 ◦C/min is the maximum capability of the DSC-1 system and was selected
to try and prevent any crystallisation initiating on the cool-down. Following the isothermal
hold, samples were immediately re-heated to 220 ◦C at 10 ◦C/min to analyse the effect
of isothermal temperature on the polymers melt behaviour. The heat of fusion (∆Hf) was
determined from the melting peak and used to calculate percentage crystallinity (Xc) using
Equation (1), whereby ∆Hf

0 = 209.3 Jg−1 (100% crystalline PA-12) [2].

Xc(%) =
∆Hf

∆Hf
0 × 100 (1)

To investigate the isothermal crystallisation kinetics of virgin powder and material
re-used in 2, 4, and 6 LS build cycles, raw data from the isothermal DSC segment was
extracted and the change in heat flow, as a function of time, measured. These raw data,
after being subjected to baseline and induction time corrections, were used to analyse and
compare the Avrami [49], simplified Hillier [43,50], Tobin [44], and Malkin [45] models
(Equations S1–S5). To enable visual comparison with the Hay model [22,51], cumulative
crystallinity data were converted to true fractional crystallinity using Equation (2). For a
detailed explanation of each model, refer to previous work from Kelly and Jenkins [15,47].

Fractional crystallinity =
Cumulative area under the exotherm

(
Wsg−1)

Heat of fusion (Jg−1)
(2)

Following the isothermal crystallisation experiments, the crystallisation kinetic param-
eters were estimated from traditional double log plots for the Avrami, simplified Hillier,
Tobin, and Hay models, whilst the Malkin parameters were established from the Avrami
results. Using SPSS software (IBM, Portsmouth, UK), the calculated parameters were then
employed with each model to produce fractional crystallinity versus time plots. The fit of
these plots was compared with experimental data and analysed using visual evaluation, as
well as values for the coefficient of determination (R2) and standard error of regression, s
(Equation (3)):

s =

√
∑
(
Xt − X′t

)2

n− 2
, (3)

where s is the standard error of regression, Xt is experimental fractional crystallinity, X
′
t is

the modelled fractional crystallinity, and n is the number of data points. Additionally, SPSS
was utilised to generate curve fittings for each model using non-linear regression. This
produced multivariable kinetic parameters, which were also used to produce fractional
crystallinity curves and analysed via the same methods. These various statistical analysis
techniques were applied to understand the applicability of each model as a function of
aging state; as such, the most suitable model for both virgin and re-used PA-12 powder
was determined.
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3. Results and Discussion
3.1. The Effect of Powder Re-Use on Sintering and Coalescence Behaviour of PA-12

The melt flowability and coalescence behaviour of PA-12 powder is a useful indicator
of powder quality because it can have a significant effect on the structural and mechanical
properties of final LS parts. Nonetheless, the use of hot-stage microscopy for characterising
recycled polymeric powder is less common than other techniques such as DSC or melt-
flow index. In this study, HSM showed a reduction in melt flowability and material
coalescence as a function of powder re-use (Figure 1). Upon heating, virgin powder particles
remain solid until at least 180 ◦C; however by 190 ◦C, melting has already begun, and at
195 ◦C, the material is in an entirely molten state. Therefore, melting of virgin material
occurs sharply with a moderate melting point range. The molten polymer can flow easily
without restriction; by 210 ◦C, there is minimal free volume remaining within the sample,
which represents an increased coalescence rate and good melt flowability. However, with
increased powder re-use, melting initiates at progressively higher temperatures (indicated
by the theoretical yellow arrow in Figure 1) and over a notably broader temperature range.
This is further shown by DSC experiments, where an increased peak Tm and Tm range is
observed as a function of build number (Figure S2). In used powder samples, consolidation
of the molten material is limited, even at temperatures as high as 210 ◦C, suggesting a
significant decrease in powder coalescence and melt flowability. Similarly, in used 4 and 6
powder samples, un-molten particle cores are present at 200 ◦C and 210 ◦C, respectively,
indicating that increased powder re-use could lead to incomplete melting during the
sintering process.
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Figure 1. Powder melting and coalescence behaviour of virgin and used powder, observed using hot
stage microscopy by heating samples at a constant heating rate of 10 ◦C/min. The theoretical yellow
arrow indicates the change from particle softening to melting and coalescence during heating; yellow
circles provide examples of incomplete melting and the presence of un-molten particle cores.

Successive re-use of PA-12 powder in LS builds could result in polycondensation, an
aging process that causes macromolecular chain growth via reactions of free-chain end
groups (Figure S3). Ultimately, this often results in a significant increase in Mw [2,6,8,28,52]
and melt viscosity, which hinders the flowability of the molten phase [4,7,10,30,53]. For
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example, Sillani et al. calculated that the molecular weight of recycled PA-12 powder (50:50
refresh ratio) was 163% greater than virgin powder after only one build cycle [2]. Similarly,
Wudy and Drummer used gel-permeation chromatography to show that the Mw of PA-12
powder almost doubles after re-use for five build cycles [28]. In both cases, the increase in
Mw was attributed to the polycondensation process. Furthermore, storage of PA-12 powder
at elevated temperatures during LS can cause intermolecular cross-linking, leading to the
formation of “tie-chains” within the polymer structure (Figure S1). A tie chain represents a
portion of a disordered molecule, which is able to traverse the free space between adjacent
crystalline lamellae unobstructed [54]. This forms a connection between lamellae structures,
restricting the mobility of the inter-lamellae amorphous chains, leading to increases in melt
viscosity [9,32,33]. As a result, cross-linking may also contribute to the observed reduction
in melt flow and particle coalescence.

The change in coalescence behaviour of PA-12 powder is also evident in Figure 2. In
virgin material, at a constant ‘sintering’ temperature of 200 ◦C, two separate particles can
combine to form one ‘fused’ particle within 10 s, exhibiting fast coalescence. However,
in used powder, at the same temperature of 200 ◦C, particle coalescence is much slower.
With increased powder re-use, a progressively higher thermal exposure time is required to
ensure consolidation of the two particles, emphasising a reduction in the flowability and
coalescence of the molten material. This experiment was also repeated at temperatures of
195 ◦C and 205 ◦C (Figure S4). The coalescence rate of PA-12 powders, as a function of
powder re-use and isothermal temperature, was quantified using relative roundness, which
describes the time it takes for two separate particles to merge into one “combined” particle
(Figure 3). Relative roundness (Equation (4)) is measured using ImageJ and provides a
qualitative, dimensionless value, whereby 0.0 relates to two separate particles and 1.0
correlates to a fully consolidated, single, ‘round’ particle.

4× [Area]

π× [Major axis]2
(4)

The data presented in Figure 3 demonstrate that the coalescence behaviour is heavily
dependent on temperature. Independent of powder type, with increased hold temperature,
the rate of particle coalescence increases. For example, at 205 ◦C, powder recovered from
build 6 reaches a relative roundness of 1.0 after only 120 s, significantly faster than the
250 s required at a temperature of 195 ◦C for the same powder type. However, relative
roundness is also affected by powder re-use. At all temperatures, the coalescence time for
virgin powder is less than 15 s, but with increased build number, the time required for full
particle coalescence progressively rises.

If the results shown in Figures 1–3 are contextualised to the scale of a laser sintering
build chamber, then the impact of reduced melt flowability and restricted coalescence
become increasingly relevant. Assuming that build processing parameters remain constant,
the higher melting points of used powder (Figure 1) may cause incomplete melting during
the sintering process, resulting in the presence of un-molten particle cores [4,33]. In addition,
the influence of temperature on the coalescence behaviour of virgin and re-used powder
is significant when considering the layer-by-layer nature of the LS process. To ensure
sufficient coalescence of particles within each layer, and vertically between layers, a high
melt flowability is required. However, as the number of layers for a particular component
progressively increases, the bottom layers of that part become further away from the heat-
source, causing a decrease in the localised temperature. Similarly, it is possible for large
temperature gradients to form within a LS build chamber [33,55]. Figure 3 demonstrated
that reductions in temperature, and increased powder re-use, hinder the rate of particle
coalescence. As such, there may be limited thermal energy, or insufficient time, for complete
coalescence in the lower layers of the build chamber, which prevents full interlayer bonding
and increases pore density within vertically orientated parts. This could contribute to the
anisotropic behaviour often observed in LS parts, whereby vertically orientated samples
have the weakest tensile strength and are the most brittle [53,56]. Overall, un-molten
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particles and reduced melt flow rate cause reduced material coalescence, resulting in surface
defects (orange peel) [34] and increased porosity [32,35,57] within parts fabricated from re-
used powder. Increased porosity reduces part strength and induces embrittlement [32,36],
which could render LS parts un-fit for purpose, particularly in critical end-use applications.
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Figure 2. The coalescence behaviour, at 200 ◦C, of two virgin powder particles, and powder recovered
from different LS build cycles.
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and (c) 205 ◦C.

174



Polymers 2024, 16, 612

3.2. The Effect of Powder Re-Use on Crystallisation Behaviour of PA-12

The mechanical and physical properties of LS parts are also heavily dependent on the
crystallisation process and the crystalline morphology that develops. Therefore, isother-
mal crystallisation experiments were conducted using DSC to understand the effect of
powder re-use and subsequent aging processes on the crystallisation behaviour of PA-12.
During these experiments, values for absolute crystallinity, measured from the isother-
mal crystallisation exotherm and peak melting temperature, recorded on the immediate
re-heat after the isothermal hold, were obtained (Figure 4). Independent of powder ag-
ing state, with increased isothermal Tc, there is an increase in peak melting temperature
because diffusion and growth dominate nucleation, so thicker and more perfect lamellae
can develop [40,56]. More importantly, at each isothermal crystallisation temperature,
used powder samples display a higher Tm than the respective virgin sample, indicating
that powder re-use increases melting temperature. Previous literature suggests that an
increase in the Tm of polyamides can be caused by polycondensation [11,30,53], secondary
crystallisation [9,28,58], and cross-linking [30,59]. However, the increases in Tm observed
in this experiment cannot be explained by secondary crystallisation because all traces of
crystallinity are removed on the heating segment prior to the isothermal hold. On the other
hand, although polycondensation is typically a reversible reaction, an LS build chamber
combines high temperatures with an inert atmosphere, which forces the reaction towards
continuous water removal. As such, under the conditions present during LS, un-sintered
PA-12 powder is effectively exposed to a non-reversible polycondensation reaction. Cross-
linking is also irreversible, so both of these processes cause permanent structural changes
to PA-12. As such, polycondensation and cross-linking appear to be the dominant cause for
the observed increase in Tm with successive powder re-use, and this may have significant
consequences for the quality of final LS parts, as explained in Section 3.1.
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Additionally, for isothermal Tc’s between 162–167 ◦C, crystallinity development is
higher within virgin powder samples than re-used material, which provides further ev-
idence for the occurrence of polycondensation and cross-linking during LS (Figure 4).
These aging processes result in structural defects, which reduce chain mobility and prevent
amorphous fractions from re-ordering. This hinders the crystallisation process, resulting
in reduced crystallinity development within used powder samples during isothermal
crystallisation. The reported values for crystallinity were calculated using the enthalpy of
crystallisation (∆Hc) from the isothermal crystallisation exotherm. To ensure that no reor-
ganisation processes were occurring during re-heating, enthalpy of fusion (∆Hf) was also
measured from the melting endotherm, and, within the limits of experimental variability,
the change in ∆Hf is equal to the change in ∆Hc (Figure S5). This confirms that the observed
changes in thermal properties and crystallisation behaviour, as a function of powder re-use,
were a result of aging rather than crystal reorganisation during re-heating. Furthermore,
the most significant increase in Tm, and the largest reduction in crystallinity, occurs over
the first two build cycles (Figure 4). For example, at an isothermal Tc of 162 ◦C, there is a
3.45% reduction in absolute crystallinity between virgin powder and material recovered
from build 2; similarly, Tm increases by 0.9 ◦C. However, these changes are followed by a
plateau, whereby the difference across the next four build cycles is minimal. It has been
suggested previously that polycondensation occurs more rapidly in thermally unstressed
material, i.e., virgin PA-12 powder; in used, aged powder, further chain growth is hindered
by a reduced availability of end groups [6,12,30,57].

It is generally agreed that the glass transition temperature (Tg) of linear polymers is
dependent upon the average Mw of the system; polymers with a greater Mw usually have
a higher Tg [60–63]. This relationship is related to the free-volume present in the system,
whereby a reduction in free volume limits the mobility of amorphous chains, therefore
causing an increase in Tg [54,60]. Polycondensation [2,6,8,28,52] and cross-linking [9,30,32]
are both thought to increase the Mw of PA-12. These aging processes also cause an increase
in chain-end and cross-link density, which decreases the free-volume present in the inter-
lamellae amorphous phase. With increased powder re-use, there is an increase in the onset
and midpoint of Tg, thus suggesting an increase in Mw (Figure 5). This provides further
evidence of polycondensation and cross-linking occurring with successive re-use of PA-12
within LS.
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Figure 5. (a) With increased powder re-use, there is a shift in Tg to higher temperatures (represented
by arrow), as recorded by DSC; (b) shows the increase in Tg onset (blue datapoints) and Tg midpoint
(gray datapoints), whereby Tg is measured using the Richardson approach, and the plotted values
are taken as an average from 10 repeats.

176



Polymers 2024, 16, 612

3.3. Avrami Analysis of Isothermal Crystallisation

Sections 3.1 and 3.2 have provided evidence that shows polycondensation and cross-
linking are the key aging processes occurring when PA-12 is recycled across multiple
LS builds. In addition to hindering material coalescence, reducing melt flowability, and
decreasing the extent of crystallinity development, these processes also influence the rate
of isothermal crystallisation of PA-12. Avrami is the most commonly used kinetic model
for describing the crystallisation behaviour of polymeric materials. However, the effect of
powder re-use, and related aging processes, on the applicability of the Avrami model is yet
to be determined. Therefore, isothermal crystallisation experiments were conducted, for
each powder type, in the temperature range of 162–169 ◦C, and the raw data are presented
in Figure S6. In both virgin and used powder, as the Tc increases, there is a reduction
in the rate of crystallisation, as reported previously [14,40,48]. Using the Avrami model,
the raw DSC data were converted into double log plots, whereby the experimental data
are limited to primary crystallisation alone (Figure S7). Data are restricted to the linear
region so that the Avrami crystallisation kinetic parameters, n and k, can be accurately
estimated from the gradient and y-intercept, respectively. The estimated kinetic parameters
are displayed in Table S1. These data were used to create the plots presented in Figure 6,
highlighting that with increased powder re-use, there is a reduction in the crystallisation
kinetics of PA-12. Used powder was found to have a greater crystallisation half-life (t
1
2 ) than virgin material (Figure 6a), indicating a reduction in the rate of crystallisation
due to morphological changes caused by polycondensation and cross-linking. Chain
entanglements, knots, and permanent, non-reversible tie-chains create disorder and steric
hindrance, reducing the number of stable nuclei, which can form within the polymer system.
These structural changes also restrict chain mobility and prevent chains from re-ordering
into a crystalline structure. As such, the rate of both nucleation and growth decreases,
reducing the crystallisation kinetics and overall extent of crystallinity development. The
reduction in crystallisation rate is further shown in Figure 6b, which, particularly for lower
isothermal Tc’s, displays a reduction in the Avrami rate constant, ka.
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Figure 6. The change in (a) crystallisation half-life and (b) Avrami rate constant (ka) as a function of
isothermal crystallisation temperature for each powder type.

To better understand the effect of powder re-use on the crystallisation behaviour
of PA-12 powder at every isothermal crystallisation temperature, the kinetic parameters
(na and ka) presented in Table S1 were applied to create multiple relative cumulative
crystallinity curves using the Avrami equation (Figure 7). These plots track the progression
of phase transformation as a function of time for each powder type, providing information
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about the crystallisation process and the fit of the Avrami model. In virgin powder, at every
crystallisation temperature, the experimental data form a typical sigmoidal curve. Initially,
there is a crystallisation induction time, followed by accelerated primary crystallisation
at a constant rate before retardation of the crystallisation process. In the latter stages of
crystallisation, the rate of change in relative crystallinity with time is very small, and a
pseudo-equilibrium level of crystallinity is obtained, which represents completion of the
process [54]. In virgin material, the Avrami model almost parallels the experimental data
(Figure 7a), and the constant, linear increase in crystallinity, as a function of time, continues
until an almost complete phase transformation. This illustrates that the crystallisation
behaviour of virgin PA-12 powder adheres to the Avrami model, and termination proceeds
via spherulite impingement. This is further supported by co-efficient of determination (R2)
values of >0.995 for the virgin samples (Table S2).
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Figure 7. Relative crystallinity vs. time curves, created from both experimental data and the Avrami
model within SPSS for (a) virgin powder and used powder collected from build (b) 2, (c) 4, and (d) 6.

However, the used powder experimental data deviate away from the Avrami model
at significantly lower levels of phase transformation. This is most clearly visualised in
Figure 7b, whereby, at multiple isothermal Tc’s, used powder recovered from build 2
only conforms to the Avrami theory for up to ~60–70% of transformation. Beyond this
point, there are considerable deviations, and the crystallisation rate reduces significantly.
A similar trend is observed in used powder recovered from builds 4 and 6; however, the
difference between the experimental data and the Avrami model is most significant with
used 2 powder. This is also reflected by the R2 values for used material (Table S2), which
are substantially lower than virgin samples, indicating that the Avrami theory can only
accurately model a portion of the crystallisation process within aged powder.
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Previous work from Mandelkern et al. suggests that deviations from the Avrami
expression occur as Mw increases [54,64]. The influence of Mw may explain why, within
re-used powder, the Avrami expression can accurately explain the early stages of crys-
tallisation but fails as phase transformation progresses. The observation that Avrami is
unable to fit the experimental data at higher levels of phase transformation indicates that
the crystallisation process is no longer obliging to the Avrami theory of termination via
spherulite impingement [54]. Instead, other factors, such as microstructural defects, must
become involved as crystallisation progresses. This paper has provided significant evidence
to suggest that polycondensation and cross-linking occur when PA-12 powder is re-used
across multiple LS build cycles. Both processes cause an increase in Mw, which alters the
morphology and microstructure of the polymer; therefore, they are the most likely cause for
the observed deviation from the Avrami model in used powder samples. Polycondensation
and the lengthening of non-crystalline amorphous polymer chains causes an increase in
the concentration of permanent structural defects, such as chain entanglements and knots,
which are unable to participate in the crystallisation process. Similarly, intermolecular
cross-linking results in tie-chains, and these structures cannot be reversed or dissipated
during melting or crystallisation. Therefore, there are fewer crystallisable units available
within the polymer system, and the rate of nucleation and growth cannot continue at
the assumed constant rate. Therefore, at this stage, there is no longer a linear increase in
relative crystallinity as a function of time, so the progression of primary crystallisation
is impeded [54], causing the experimental data to deviate away from the Avrami model
at earlier stages of phase transformation. Furthermore, the level of deviation is most
significant in powder recovered from build 2, which can be explained by the suggestion
that polycondensation occurs more readily within thermally unstressed material. This
supports the crystallisation behaviour displayed in Figure 4, whereby the largest change in
crystallinity development and Tm occurred over the first two build cycles, before a plateau
was observed.

3.4. Modelling the Crystallisation Kinetics of Re-Used PA-12 Powder

Although the most commonly used model for analysing the isothermal crystallisation
kinetics of polymers, the Avrami theory can only accurately model a portion of the crystalli-
sation process within aged material. Consequently, Avrami is unsuitable for modelling the
overall crystallisation behaviour of re-used PA-12 powder, and a more appropriate model is
required for used, aged powder. As explained in Section 2.1.2, the Avrami, simplified Hillier,
Tobin, and Hay crystallisation kinetic parameters were obtained from traditional double
log plots, whilst the Malkin parameters were calculated from Avrami data (Tables S3–S5).
To investigate the suitability of each kinetic model as a function of powder re-use, SPSS
software determined the fit of these kinetic parameters to the experimental data for each
powder type at a constant crystallisation temperature of 165 ◦C (Figure 8). In this case,
all cumulative data were converted to actual fractional crystallinity using Equation (2). A
temperature of 165 ◦C was selected because it is in the middle of the crystallisation temper-
ature range studied, so there is a compromise in terms of crystallisation rate. This ensures
that crystallisation does not occur too rapidly, yet fast enough that the small changes in
heat flow, with time, can still be consistently measured accurately. Nonetheless, similar
behaviour was observed at every isothermal crystallisation temperature.

In virgin powder, the Avrami model sufficiently describes the full crystallisation
process, emphasised by an R2 value of 0.999, whilst the simplified Hillier and Malkin models
also produce high R2 values. Since virgin powder has not been exposed to aging processes,
the experimental data do not deviate away from the constant primary crystallisation rate
assumed within the Avrami model. Conversely, the Hay and Tobin models have lower
R2 values and are unable to accurately track the whole crystallisation process. Therefore,
the traditional Avrami theory is the most suitable model for describing the crystallisation
behaviour of virgin LS-grade PA-12 powder. On the other hand, Figure 8 emphasises
that Avrami is unable to precisely model the full phase transformation for re-used PA-12
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powder, supporting the results shown in Figure 7. The Avrami equation sufficiently defines
primary crystallisation; however, it cannot accurately track the region where the rate of
change in fractional crystallinity significantly reduces. As such, relative to virgin PA-12
powder, the Avrami model has substantially lower R2 values for re-used powder.
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Figure 8. Comparison of the Avrami, simplified Hillier, Tobin, Malkin, and Hay models with experi-
mental data obtained for PA-12 at 165 ◦C for each powder type. Fractional crystallinity curves were
fabricated by inputting the crystallisation kinetic parameters (Tables S3–S5) into the corresponding
models. Superimposed on each plot is a key and the respective co-efficient of determination (R2)
value for each model, * represents the model with the highest R2 in each plot.

As mentioned in Section 3.3, deviations away from the Avrami model, within used
powder, occur when primary crystallisation becomes limited due to restricted mobility
of long, entangled, and knotted polymer chains. As such, re-used powder contains more
“non-crystallisable units” that are unable to contribute to the primary process, so the rate
and extent of primary crystallisation reduces. Therefore, for full phase transformation to
occur, a greater contribution from secondary crystallisation is required. It is thought that
secondary crystallisation is a thickening process that adheres to either a log [23–25] or a root
time [18,47] dependence, so it occurs relatively slowly compared to primary crystallisation.
For the secondary process to occur, rearrangement of relatively immobile, highly entangled
inter-lamellar amorphous regions is required. Additionally, polycondensdation and cross-
linking also reduce the rate of secondary crystallisation as lamellar thickening becomes
restricted by diffusion of structural defects away from the lamellar growth front [21]; this
further increases the time required for full phase transformation within re-used powder
samples. Hay suggested that the overlap of primary and secondary crystallisation explains
the non-integer n values commonly observed when using the Avrami equation in polymer
crystallisation [22,51]. Hay also presented evidence to demonstrate that primary and sec-
ondary processes occur simultaneously [22,27,51], so the Hay model is designed to include
contributions from both primary and secondary crystallisation throughout the entire curve.
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As a result, Hay’s model is the most effective for describing the full crystallisation behaviour
of used powder because it can accurately estimate the latter stages of crystallisation when
the contribution from the secondary process is more significant. This is emphasised by the
high R2 values reported when modelling the isothermal crystallisation of used 2, used 4,
and used 6 datasets with the Hay theory (Figure 8). Using SPSS software, the experimental
data were also curve-fitted to each respective model via nonlinear, multivariable regression
analysis (Figure 9). These curves revealed almost identical results and similar R2 values for
both virgin and re-used powder. This further demonstrates that although the Avrami model
is suitable for modelling the behaviour of virgin PA-12 powder, the Hay model is most
appropriate for describing the full crystallisation process within re-used, aged material.
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A more comprehensive approach for comparing different models is to consider the
standard error of regression, s, (Equation (3)) for four individual areas of the cumulative
fractional crystallinity curve, whereby the lower the s value, the better the fit between
the model and experimental data. These four regions resemble the initial stages of crys-
tallisation, the region dominated by primary crystallisation, a transition segment, and the
secondary crystallisation region. Other than the initial stage (0 < Xt < 0.1), the exact Xt
values for each region varies depending on powder type. This method of analysis allows
the suitability of each model to be compared at different stages of the crystallisation process.
The data presented in Table 1 show that within virgin powder, all models have low s
values for the initial and primary regions of crystallisation, suggesting that each model can
accurately describe the crystallisation induction period and primary crystallisation process.
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However, only the Avrami and Malkin models could successfully model the transition and
secondary crystallisation regions. This is because in virgin powder, primary crystallisa-
tion dominates, and there is limited involvement of the secondary crystallisation process.
The Hay model, for example, expects a rise in fractional crystallinity due to secondary
crystallisation; in reality, as the primary process is not limited by hindered chain mobility,
almost full phase transformation occurs without much input from the secondary process.
As such, the s values shown in Table 1 emphasise that the Avrami (and Malkin) models
provide the closest fit to the experimental data for each stage of the crystallisation process
in virgin powder.

Table 1. Standard error of regression for each isothermal crystallisation kinetic model over four
selected regions of the cumulative fractional crystallinity curve.

Powder Type Region Xt Range Avrami Simplified Hillier Tobin Malkin Hay
DLP CF DLP CF DLP CF DLP CF DLP CF

Virgin

Initial 0.0–0.1 0.0003 0.0011 0.0003 0.0003 0.0004 0.0052 0.0044 0.0034 0.0009 0.0058
Primary 0.1–0.8 0.0010 0.0020 0.0016 0.0004 0.0286 0.0064 0.0018 0.0017 0.0020 0.0109

Transition 0.8–0.95 0.0053 0.0020 0.0013 0.0008 0.0527 0.0049 0.0007 0.0012 0.0101 0.0173
Secondary 0.95–1.0 0.0024 0.0019 0.0077 0.0077 0.0232 0.0032 0.0006 0.0005 0.0212 0.0135

Used 2

Initial 0.0–0.1 0.002 0.010 0.003 0.002 0.003 0.005 0.002 0.008 0.002 0.006
Primary 0.1–0.7 0.037 0.012 0.029 0.002 0.032 0.010 0.037 0.007 0.011 0.011

Transition 0.7–0.9 0.026 0.013 0.009 0.002 0.020 0.010 0.023 0.009 0.009 0.007
Secondary 0.9–1.0 0.013 0.013 0.022 0.022 0.010 0.008 0.013 0.008 0.002 0.003

Used 4

Initial 0.0–0.1 0.0012 0.0149 0.0008 0.0016 0.0004 0.0201 0.0058 0.0123 0.0076 0.0019
Primary 0.1–0.7 0.0121 0.0186 0.0257 0.0018 0.0041 0.0240 0.0045 0.0113 0.0225 0.0023

Transition 0.7–0.9 0.0293 0.0226 0.0140 0.0058 0.0254 0.0213 0.0317 0.0173 0.0108 0.0014
Secondary 0.9–1.0 0.0172 0.0169 0.0309 0.0309 0.0253 0.0136 0.0172 0.0107 0.0163 0.0006

Used 6

Initial 0.0–0.1 0.0008 0.0035 0.0005 0.0004 0.0048 0.0054 0.0055 0.0010 0.0018 0.0015
Primary 0.1–0.8 0.0061 0.0051 0.0193 0.0012 0.0062 0.0038 0.0324 0.0035 0.0023 0.0012

Transition 0.8–0.95 0.0125 0.0073 0.0157 0.0081 0.0075 0.0055 0.0083 0.0047 0.0012 0.0004
Secondary 0.95–1.0 0.0050 0.0036 0.0258 0.0258 0.0046 0.0033 0.0031 0.0021 0.0014 0.0005

On the other hand, in re-used PA-12 powder, the Hay model generally has the lowest
s values, especially in the transition and secondary crystallisation regions of the fractional
crystallinity curve. Compared to virgin material, all models are less successful at tracking
primary crystallisation. In virgin powder, the standard error of regression for the primary
region was commonly calculated to be less than 0.002, whilst in re-used powder samples,
s values are usually greater than 0.01. The higher s values are particularly noticeable in
powder recovered from builds 2 and 4. In used powder, polycondensation and cross-
linking reduce the rate of primary crystallisation, resulting in an inconsistent growth rate.
Therefore, predicting and describing the change in fractional crystallinity as a function of
time becomes more difficult. These aging processes also limit the extent of the primary
crystallisation process, causing the experimental data to deviate away from the Avrami
model. As such, the s values in the transition and secondary regions are also generally
greater within used powder than the respective values in virgin samples (Table 1).

The Avrami model is unable to accurately describe the latter stages of phase transfor-
mation in re-used powder because Avrami assumes that the rate of crystal growth is linear
and constant. However, structural defects caused by polycondensation and cross-linking
reduce the availability of crystallisable polymer units; therefore, the rate of nucleation and
growth are no longer constant, with respect to the extent of phase transformation [54].
The simplified Hillier, Tobin, and Malkin models are derived from, and closely related
to, Avrami and therefore display similar results. Hay is the only model that accounts for
primary and secondary crystallisation simultaneously. Similarly, Hay does not presume a
constant nucleation and growth rate, so it is better suited to describe the behaviour of aged
PA-12 powder, whereby structural defects hinder the crystallisation rate in the latter stages
of phase transformation. As such, within re-used powder samples, Hay is considerably
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more successful at modelling the transition and secondary crystallisation portion of the
curves, and s values are typically 0.005 or less.

These results, calculated for an isothermal crystallisation temperature of 165 ◦C, are
highlighted by the data presented in Tables S6 and S7, which show that comparable results
were obtained at every isothermal Tc. In these data, there is a focus on the Avrami and Hay
models because they were the two most successful models for describing the crystallisation
behaviour of virgin and used powder, respectively. Table S6 illustrates that for virgin
powder, the Avrami model has the highest R2 values, whilst the Hay model has higher
R2 values for every batch of re-used powder. This is further shown by Table S7, which
compares the s values of virgin and re-used powder at each isothermal Tc for the Avrami
and Hay models. At 168 ◦C and 169 ◦C, datapoints are missing for the Hay model. This
theory is unsuitable at higher temperatures because the crystallisation rate becomes so slow
that extended isothermal times of >8 h are required to fully model the whole crystallisation
process. It was observed that the DSC is unable to precisely maintain temperature over this
extended time period or accurately monitor the small changes in heat-flow. Nonetheless,
162–167 ◦C is a sufficient temperature range to demonstrate the advantages of using the
Hay model to investigate the isothermal crystallisation of aged PA-12 powder.

To fully understand the suitability of the Hay model for describing the crystallisation
behaviour of used powder, it is necessary to explore the relationship between powder type
and Hay’s kinetic parameters. Crystallisation half-time (t 1

2 ) can also be estimated using

the Hay model, whereby half-time is taken to be the time at which Xt =
Xp,inf

2 [51], whereby
Xp,inf describes the final fractional crystallinity upon completion of the Avrami primary
process. Figure 10 demonstrates that with an increased isothermal Tc, and increased
powder re-use, there is generally a reduction in Hay’s primary rate constant (kp) and Hay’s
t 1

2 . These same trends were observed when using the Avrami model to calculate ka and
t 1

2 (Figure 6), and the similarity between the Hay and Avrami estimations is shown in
Figure 11. Therefore, independent of the kinetic model employed, it is clear that there is
a reduction in the primary crystallisation rate as a function of powder re-use. The Hay
model offers additional, unique parameters that can reveal more information about the
full crystallisation process following the primary region. Although there does not appear
to be a significant change in the secondary rate constant (ks), as a function of powder
re-use (Table S8), a reduction in Xp,inf is observed (Figure 10a). This shows that primary
crystallisation terminates at lower levels of phase transformation within re-used powder,
further supporting the relative crystallinity curves presented in Figure 7. Values of Xp,inf
are also important when considering the estimations of crystallisation half-time using the
Hay method. The extent of the increase in t 1

2 , as a function of powder re-use, is modest
when calculated using Hay compared to Avrami (Figure 11b). In virgin material, the values
for t 1

2 are almost identical; however, in used powder, Hay calculates t 1
2 to be lower. This

occurs because Hay’s estimation of t 1
2 only includes the primary crystallisation process,

and with increased powder re-use, the extent of the primary process is reduced, leading to
lower values for t 1

2 . Overall, the similarity between the values of the kinetic parameters for
Avrami and Hay emphasises that both models can successfully model the primary region
of crystallisation for all powder types. However, Hay has the unique advantage of being
able to estimate the point at which the primary process terminates and can successfully
model the secondary crystallisation region. Further comparisons of the Hay and Avrami
kinetic parameters, at every isothermal Tc, are provided in Table S8.

The results outlined in this section have emphasised that although the traditional
Avrami model is the most suitable for describing the crystallisation behaviour of virgin
LS grade PA-12 powder, it is unsuitable and inaccurate for powder that has been re-used
in multiple LS builds. However, the Hay model can sufficiently describe the complete
crystallisation process for re-used PA-12 powder. To the best of the author’s knowledge,
this is the first study to establish the most appropriate kinetic model for describing the
crystallisation behaviour of re-used and aged PA-12.
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4. Conclusions

In this study, PA-12 powder was re-used for a total of seven laser sintering (LS) build
cycles, using a 70:30 refresh ratio. Hot-stage microscopy indicated that as a function of
powder re-use, there is an increase in melting temperature, a reduction in melt flowability,
and restricted particle coalescence. These changes in the thermal behaviour of PA-12,
attributed to polycondensation and cross-linking, can cause increased porosity and reduced
mechanical properties within LS parts fabricated from re-used powder. The mechanical
and structural properties of final parts are also heavily dependent on the crystallisation
behaviour of the polymer. In this work, the isothermal crystallisation of PA-12 was studied
using a range of models, namely, Avrami, simplified Hillier, Tobin, Malkin, and Hay. For
virgin material, the Avrami model was found to be the most successful at modelling the
entire crystallisation process. However, in re-used powder, polycondensation and cross-
linking cause structural defects that reduce the rate and extent of primary crystallisation,
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limiting the applicability of the Avrami model. Nonetheless, as a result of accounting for
both primary and secondary crystallisation, the Hay model accurately describes the whole
crystallisation process and is therefore the optimum method for defining the crystallisation
behaviour of aged polymeric material. From an industry perspective, applying the Hay
model to better understand the crystallisation behaviour of re-used PA-12 powder could
help ensure the fabrication of LS parts with sufficient mechanical properties and a high
dimensional precision.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym16050612/s1: Figure S1: Schematic diagram dis-
playing different mechanisms of secondary crystallisation and cross-linking: (a) lamellar thickening,
(b) lamellar infilling, and (c) tie-chain formation as a result of cross-linking. Equations (S1)–(S5):
Crystallisation kinetics models. Figure S2: The change in (a) peak Tm and (b) Tm range with increased
build number, whereby each datapoint is taken as an average of 3 repeats. Figure S3: Schematic dia-
gram representing the polycondensation process, emphasising the entangled, knotted chain structures
present in re-used powder. Figure S4: The coalescence behaviour of two virgin powder particles, and
powder recovered from different LS build cycles at (a) 195 ◦C and (b) 205 ◦C. Figure S5: The change
in enthalpy of crystallisation, measured from the exothermic peak during the isothermal segment
(column) and enthalpy of fusion, measured from the endothermic melting peak, when re-heating at
10 ◦C/min (dotted line), as a function of isothermal crystallisation temperature, and powder re-use.
Figure S6: Raw data from the DSC displaying the change in the shape and position of the exothermic
crystallisation peak, as a function of isothermal crystallisation temperature for (a) virgin, (b) used 2,
(c) used 4, and d) used 6 powder types. Figure S7: Avrami double log plots for each powder type,
in each case the Xt data range was restricted to the linear region to ensure an R2 > 0.99. Table S1:
Avrami crystallisation kinetic parameters and coefficients of determination (R2) derived from double
log plots over iso crystallisation range of 162–169 ◦C. Xt range restricted to ensure a R2 value of >
0.99. Table S2: Co-efficient of determination (R2) values, calculated using SPSS software, for each
isothermal crystallisation temperature and powder type. Table S3: Crystallisation kinetic parameters
derived from double log plots (n and k) and from non-linear multi-variable regression analysis in
SPSS (n* and k*). Table S4: A comparison of the kinetic parameters derived from double log plots
(n and k) with the kinetic parameters derived from non-linear multi-variable regression analysis
in SPSS (n* and k*) for the Hay model. Table S5: A comparison of the kinetic parameters derived
from double log plots (n and k) with the kinetic parameters derived from non-linear multi-variable
regression analysis in SPSS (n* and k*) for the Malkin model. Table S6: Co-efficient of determination
(R2) values for the Avrami and Hay models at every isothermal crystallisation temperature. DLP
curve is produced from parameters calculated through double log plots, CF curve is produced via
curve fitting in SPSS. Table S7: Standard error of regression, s, values for the Avrami and Hay models,
at every isothermal crystallisation temperature. DLP curve is produced from parameters calculated
through double log plots, CF curve is produced via curve fitting in SPSS. Table S8: The change in
kinetic parameters, as a function of powder re-use, calculated using the Hay and Avrami models.
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Abstract: The material addition rate (MAR) of fused filament fabrication (FFF) is an indicator of
process efficiency varied by process parameter settings, which affects energy consumption and part
quality in FFF. This study aims to identify the optimal MAR of FFF using carbon-fiber-reinforced
polyether-ether-ketone (CFR-PEEK) by considering a trade-off between energy consumption and
the dimensional accuracy of FFF outputs. A design of experiments considering two main process
parameters is planned to print three sample types through FFF for CFR-PEEK. Then, the MAR (i.e.,
deposited material volume per build time) of FFF is obtained to derive individual regression models
of energy consumption and the dimensional accuracy measured for each sample type. Furthermore,
a trade-off between energy consumption and dimensional accuracy on the MAR is formulated to
derive an optimal MAR for each sample type. The results show that FFF for CFR-PEEK has a trade-off
between energy consumption and dimensional accuracy; there exists a specific MAR that maximizes
the overall performance of energy consumption and dimensional accuracy for each sample type.
The optimal MAR is the highest for the small volume sample, whereas it becomes the lowest for
the vertical build orientation sample. This study suggests that the optimal MAR should be flexibly
adjusted based on a fabricated part. The findings from this study also address the fact that decision-
making for optimal FFF operations needs a transition from the identification of specific process
parameter settings to the management of a proper process efficiency level in FFF.

Keywords: fused filament fabrication; CFR-PEEK; material addition rate; energy consumption;
dimensional accuracy

1. Introduction

Additive manufacturing (AM) has received increasing attention as an innovative
manufacturing technology in that AM provides new manufacturing opportunities with
cost-effectiveness and environmental sustainability [1]. Among AM technologies, fused
filament fabrication (FFF) is one of the most widely used techniques due to its cost-effective
process, fabrication flexibility, and rapid processing for AM [2,3]. An FFF process ex-
trudes a thermoplastic material through a heated nozzle to deposit the material layer
by layer [4]. FFF is compatible with a wide range of polymer-based feedstock materials,
from low-performance polymers such as polylactic acid (PLA) and acrylonitrile butadiene
styrene (ABS) to high-performance polymers such as polyetherimide (PEI) and polyether-
ether-ketone (PEEK) [5–7]. FFF has been employed for various applications, including
biomedical [8], aerospace [9], and automotive [10] domains.

As the role of AM has been emphasized to realize sustainable manufacturing, recent
studies have investigated energy performance in FFF to understand energy behavior and
optimal AM operations for energy savings [1]. A concept of the process rate (i.e., added
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material volume or mass per printing time) of FFF has been employed in recent studies to
effectively model energy performance in FFF [11–14]. This paper refers to the process rate
of FFF as the material addition rate (MAR). Balogun et al. [15] proposed a general model of
energy requirements in FFF, and they showed that the high cycle time and low MAR of FFF
cause energy inefficiency. Liu et al. [12] addressed that the specific energy consumption of
various AM devices decreases as the MAR increases. Lunetto et al. [13] derived regression
models to predict the energy consumption of FFF using ABS and polycarbonate ABS on
the MAR, and they claimed that the MAR is a comprehensive measure of complexity in
FFF operations to effectively characterize the energy consumption of FFF. Hassan et al. [14]
employed a regression model of electric power demand on the MAR of FFF for CFR-
PEEK, and they simulated manufacturing scenarios with different FFF machine quantities
to analyze a trade-off between energy costs and cycle time. Kim et al. [16] derived the
regression models of power demand and energy consumption on the MAR of FFF for
CFR-PEEK to simulate the energy performance of an AM system that handles multiple FFF
machines and aircraft part designs.

Along with the energy consumption in FFF, the dimensional accuracy of FFF outputs
has been considered one of the important aspects of evaluating part quality in AM. For this,
existing studies have primarily investigated the effects of FFF process parameters on dimen-
sional accuracy along with other performance measures [17,18]. Wang et al. [19] performed
FFF experiments using ABS and identified that build orientation and layer thickness are
significant factors for the dimensional accuracy of FFF outputs. Sood et al. [20] considered
five FFF process parameters (i.e., layer thickness, part orientation, raster width, air gap, and
raster angle) for ABS to identify optimal FFF parameter settings that maximize the overall
dimensional accuracy of FFF outputs through the grey Taguchi method. Furthermore, they
employed a machine learning approach using an artificial neural network technique to
estimate the dimensional accuracy of FFF outputs. Sahu et al. [21] also considered five
process parameters for ABS, which were considered in Sood et al. [20], to derive optimal
parameter settings for the overall dimensional accuracy of FFF parts through the Taguchi
method and the fuzzy logic method. Beniak et al. [22] performed an analysis of variance
(ANOVA) to examine the effects of layer thickness and printing temperature on the di-
mensional accuracy of FFF using PLA and identified that thick layers and high printing
temperatures worsen the dimensional accuracy of FFF outputs. Günay et al. [23] derived
optimal layer thickness, printing speed, and orientation angle settings through ANOVA
and grey relational analysis to maximize the overall dimensional accuracy of FFF outputs.
They further identified the reproducibility of FFF through the process capability analysis of
the printed samples. Park et al. [24] found that the layer thickness, build orientation, and
printing speed of FFF for CFR-PEEK can differently affect the overall dimensional accuracy
of FFF outputs depending on the part design.

The MAR of FFF indicates process efficiency in the AM process, which leads to less
printing time for a given amount of material deposition at a higher MAR [13]. The FFF
process with low process efficiency would negatively impact energy consumption in that
the energy consumption of AM rapidly increases as the MAR decreases [25]. On the other
hand, a high MAR that is critical for the energy efficiency of FFF may not be suitable for
the part quality of FFF outputs. The fact that FFF does not have an adequate dimensional
accuracy level for a fabricated part at a high printing speed [23] supports that a high MAR
resulting from a high printing speed level can negatively affect the part quality of FFF
outputs. Indeed, optimal FFF operations solely for energy consumption with compromised
part accuracy are not desirable in practice, and both energy performance and part quality
resulting from AM should be jointly considered to improve the overall performance [26].

The consideration of both energy consumption and part quality in FFF becomes more
critical for a high-end polymer such as carbon-fiber-reinforced PEEK (CFR-PEEK). CFR-
PEEK is one of the most popular high-performance polymers for medical and advanced
engineering applications as a metal substitute due to its superior mechanical and chemical
properties [27,28]. FFF using CFR-PEEK generally imposes high-level operational require-

190



Polymers 2024, 16, 492

ments (e.g., high processing time and expensive material costs) [24]. Given the operational
expense of FFF for CFR-PEEK, a trade-off between energy consumption and part quality
of FFF for CFR-PEEK becomes a critical issue; the energy consumption of FFF using CFR-
PEEK is improved at a high MAR [16], whereas the dimensional accuracy of FFF outputs
using CFR-PEEK deteriorates at a high printing speed [24] that leads to a high MAR. In
this regard, understanding a proper process efficiency level for FFF using CFR-PEEK is
necessary to have optimal AM operations that satisfy the overall best performance under a
trade-off between energy requirements and part quality.

As a response, this study aims to identify an optimal MAR level for the FFF of CFR-
PEEK to maximize the overall performance in both energy consumption and dimensional
accuracy as a function of the MAR of the FFF. First, a full-factorial experimental design
consisting of layer thickness at five levels and printing speed at six levels is planned to
fabricate samples in three types, which are used to compare groups for part volume and
build orientation. The energy consumption of each experimental sample is collected while
the sample is being fabricated, and the overall dimensional error of each fabricated sample
from the original dimensions is measured to represent the dimensional accuracy of FFF us-
ing CFR-PEEK. The MAR value of each fabricated sample is calculated using the consumed
material volume and printing time of each fabrication to build the regression models of en-
ergy consumption and dimensional accuracy on the MAR. Then, a performance model that
integrates the fitted regression models of energy consumption and dimensional accuracy
is derived to identify an optimal MAR level of FFF for CFR-PEEK. The above procedure
is performed for three sample types to identify changes in the optimal MAR level and to
achieve the overall performance of both energy consumption and dimensional accuracy.

2. Materials and Methods

The following subsections illustrate the main steps to derive an optimal MAR that
simultaneously considers both energy consumption and the dimensional accuracy of FFF for
CFR-PEEK. Section 2.1 presents an experimental design to collect energy consumption and
dimensional accuracy data for three sample types through FFF using CFR-PEEK. Section 2.2
performs regression modeling for energy consumption and dimensional accuracy on the
MAR of FFF. Section 2.3 proposes a trade-off analysis procedure to derive an optimal MAR
that simultaneously improves both performance measures.

2.1. Design of the Experiment

This study used three hexahedron design cases for experiments (see Figure 1). These
sample types were employed as comparison groups for analysis. In Figure 1, Sample A
illustrates a cube (i.e., 10 mm × 10 mm × 10 mm) to represent an object with a smaller
volume and no build orientation effect (see Figure 1a). Sample B and Sample C repre-
sent a larger-volume object group (=2 cm3) than Sample A. In addition, they represent
different build orientations of an object. Sample B and Sample C, respectively, represent
horizontal and vertical orientation (i.e., 20 mm × 10 mm × 10 mm cuboid in Figure 1b and
10 mm × 10 mm × 20 mm cuboid in Figure 1c).

All experimental samples were fabricated by Apium P220 (Apium Additive Technolo-
gies GmbH, Karlsruhe, Germany) [29], which is an industrial FFF machine compatible with
CFR-PEEK. TECAPEEK CF30 (Ensinger, Nufringen, Germany) [27], which has 1.38 g/cm3

in density, 6000 MPa in tensile modulus, and 112 MPa in tensile strength, was used as a
material for the experiments. For each sample type, a full-factorial experimental design
was planned to fabricate experimental samples by varying layer thickness and printing
speed levels. These two FFF process parameters were chosen due to their significant effects
on energy consumption and dimensional accuracy for CFR-PEEK outputs [14,16,24]. All
possible combinations of layer thickness at five levels and printing speed at six levels were
randomly organized for the experiments of each sample type (see Table 1). It is noted that
0.2 mm layer thickness and 1200 mm/min printing speed are the default process parameter
settings for CFR-PEEK fabrication recommended by the manufacturer of the FFF machine.
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Experiments for Sample A in Figure 1 were considered a baseline experiment set to analyze
a trade-off between energy consumption and dimensional accuracy based on the MAR of
FFF for CFR-PEEK; a total of 90 samples (=five levels for layer thickness × six levels for
printing speed × three replicates) were fabricated for all the process parameter combina-
tions. In order to observe changes in the trade-off depending on volume variations and
build orientation, 30 samples (=five levels for layer thickness× six levels for printing speed)
for each type of Sample B and Sample C in Figure 1 were also fabricated, respectively. All
process parameters except for the varied process parameters for the experiments were fixed
according to the recommended parameter settings of the machine (see Table 1). In addition,
a brim was set for each sample fabrication to ensure a complete AM process for each sample
without detachment from the bed platform during the process (see Figure 1d). The process
parameter settings of each experimental sample were controlled by the Simplify 3D slicing
software [30].
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Figure 1. Three sample types for the experiments.

Table 1. Varied and fixed process parameters for experiments.

Type Process Parameter Value

Varied
Layer thickness (mm) 0.1 (L1), 0.15 (L2), 0.2 (L3), 0.25 (L4), and 0.3 (L5)

Printing speed (mm/min) 1000 (P1), 1100 (P2), 1200 (P3), 1300 (P4), 1400 (P5), and 1500 (P6)

Fixed

Bed temperature (◦C) 120
Nozzle temperature (◦C) 510
Nozzle diameter (mm) 0.4

Perimeter shells (# of layers) 3
top layers/bottom layers (# of layers) None

Extrusion percentage for the first layer (%) 96
Infill pattern (pattern) Rectilinear

Infill density (%) 100

Figure 2 illustrates the experimental environment of this study to collect energy data
during each experiment. The energy consumption (W·h: watt-hour) of each experiment
was recorded by the Wattman HPM-100A (ADpower, Pyeongtaek, Republic of Korea) [31]
during the FFF process. The total energy consumption of each experimental sample during
the material extrusion stage of the FFF process was considered for response data since
power demands in the heating and cooling stages were not significantly varied across the
experiments (see Figure 3).
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The dimensions (i.e., width, length, and height) of the fabricated samples were mea-
sured by the Mitutoyo NTD13-P15M digital vernier caliper (Mitutoyo, Kawasaki city,
Japan) [32]. The measured three axes of the fabricated samples were used to calculate
the overall dimensional accuracy (error) using Equation (1). The root mean square error
of each final output was calculated to represent the dimensional accuracy of the experi-
mental sample based on dimensional differences between the original dimensions and the
measured dimensions.

Dimensional Accuracy (DA) =
√

∑i (Mi − Ai)
2/3, (1)

where Mi is the measured value of dimension i (=x, y, and z-axis) for an experimental
sample, and Ai is the original size of dimension i for an experimental sample.

The total build time during the extrusion stage of each experiment and the total volume
of the deposited material for each fabricated sample were also collected by referring to
time in measured energy profiles and the Apium P220 data system, respectively. Table 2
summarizes the experimental data collected for this study.
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Table 2. Collected data from experiments.

Name Definition Unit

Build time (t) The total time taken during the material extrusion stage s
Deposited material volume (v) The total volume of deposited material during the material extrusion stage mm3

Energy consumption (EC) The total energy consumed during the extrusion stage W·h
Dimensional accuracy (DA) The root mean square error of a final output between original and measured dimensions mm

2.2. Modeling Energy Consumption and Dimensional Accuracy on MAR

Individual regression models for energy consumption and dimensional accuracy on
the MAR of FFF for CFR-PEEK were derived first based on the collected experimental
data. The MAR of each experimental sample was calculated by dividing the total deposited
volume by the build time (=v/t) to represent the amount of deposited material per time.
Then, the energy consumption model for FFF in Equation (2) [16] was used to fit the energy
consumption data of fabricated samples through linear regression.

EC = β0(EC) + β1(EC)·MARinv, (2)

where MARinv = 1/MAR, β0(EC) is an intercept, and β1(EC) is a coefficient for the predictor.
The dimensional accuracy of FFF for CFR-PEEK was expressed as a function of MAR

through a linear regression model in Equation (3). A linear regression model for dimen-
sional accuracy was assumed by referring to the findings of Park et al. [24], which identified
the statistical significance of layer thickness and printing speed on the dimensional accuracy
of FFF using CFR-PEEK through ANOVA.

DA = β0(DA) + β1(DA)·MAR, (3)

where β0(DA) is an intercept, and β1(DA) is a coefficient for the predictor.
The above regression models for energy consumption and dimensional accuracy were

fitted using MINITAB 20.3 [33]. The statistical significance and prediction performance of
the derived regression models were examined by t-test and R-squared, respectively. The
modeling procedure in this section was applied to each sample type to derive fitted energy
consumption and dimensional accuracy models.

2.3. Optimal MAR Based on the Trade-Off between Energy Consumption and
Dimensional Accuracy

A trade-off analysis for each sample type was performed to characterize both energy
consumption and dimensional accuracy on the MAR of FFF for CFR-PEEK. Since energy
consumption and dimensional accuracy have the same objective direction (i.e., to be
minimized) with different value scales, a normalization process in Equation (4) [34] was
performed to make them have the same value scale for the experimental dataset of each
sample type.

yi′ = (max(y)− yi)/(max(y)−min(y) ), (4)

where yi′ is a normalized response value, yi is an original response value for normalization,
max(y) is the maximum value of response variable y, and min(y) is the minimum value of
response variable y.

Then, the same regression procedure for the original data in Section 2.1 was performed
to derive regression models for normalized energy consumption and dimensional accuracy.
Then, regression models constructed for normalized energy consumption and dimensional
accuracy were added to characterize the overall AM performance. Equation (5) shows a
proposed AM performance model on the MAR of FFF.

P = β0(EC_Norm) + β1(EC_Norm)·1/MAR + β0(DA_Norm) + β1(DA_Norm)·MAR, (5)
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where P denotes the overall AM performance, β0(EC_Norm) and β0(DA_Norm) are constants for
the regression models for normalized energy consumption and dimensional accuracy, and
β1(EC_Norm) and β1(DA_Norm) are regression coefficients for normalized energy consumption
and dimensional accuracy.

Through the normalization process, both energy consumption and dimensional accu-
racy are transformed from cost criteria (i.e., the smaller the better) to benefit criteria (i.e., the
larger the better). It is assumed that energy consumption and dimensional accuracy are in a
trade-off relationship depending on the MAR of FFF; as the MAR increases, the normalized
energy consumption performance rapidly increases, whereas the normalized dimensional
accuracy performance worsens. Then, the formula for P forms a concave function that
reflects the trade-off, where P becomes maximum at a specific MAR. The optimal MAR
value that maximizes the overall performance can be obtained by a differential equation of
P. That is, the MAR value that satisfies dP/dMAR = 0 becomes the optimal MAR consid-
ering the trade-off. Changes in the trade-off behavior and the optimal MAR of the sample
types were analyzed to find implications regarding the role of the MAR for FFF operations.

3. Results

The regression models for energy consumption and the dimensional accuracy of each
sample type are presented in Section 3.1. Section 3.2 shows the results of the trade-off
analysis on the MAR.

3.1. Energy Consumption and Dimensional Accuracy Models for FFF Using CFR-PEEK

Table 3 shows the statistical significance of regression models for energy consumption
on the MAR of FFF for each sample type. Furthermore, Figure 4 illustrates regression
lines of energy consumption on the MAR for each sample type. The regression results of
energy consumption for all the sample types reveal that energy consumption is suitably
fitted as a linear function of the inverse MAR; the energy consumption of FFF for CFR-
PEEK nonlinearly decreases as the MAR increases (see Figure 4b). The inversed MAR
is statistically significant in all the derived regression models, regardless of the sample
types (see Table 3). Moreover, all the regression models have high explanatory power for a
relationship between energy consumption and the inversed MAR.

Table 3. Regression models for energy consumption.

Sample Type Regression Model R-Squared Test for β0(EC) (p-Value) Test for β1(EC) (p-Value)

Sample A EC =11.43 + 55.90·MARinv 99.74% t = 33.51 (p = 0.00 **) t = 183.03 (p = 0.00 **)
Sample B EC =13.49 + 108.36·MARinv 99.82% t = 15.60 (p = 0.00 **) t = 126.21 (p = 0.00 **)
Sample C EC =15.25 + 109.47·MARinv 99.68% t = 12.26 (p = 0.00 **) t = 93.24 (p = 0.00 **)

** p < 0.05.

In Figure 4a, Sample B and Sample C have almost the same energy consumption
pattern, and their energy consumption is always higher than the energy consumption of
Sample A for every inverse MAR. This result seems to be due to the part volume required
for the FFF of Sample B and Sample C; Sample B and C have twice as large a part volume
as Sample A. Accordingly, the regression coefficients for the Sample B and C cases are
approximately twice as high as the regression coefficient of the energy consumption model
for Sample A (see Table 3). This indicates that the energy consumption required for the
FFF of Sample B and Sample C more rapidly decreases than for the FFF of Sample A as the
MAR increases (see Figure 4b). The regression results indicate that energy consumption is
significantly varied depending on the MAR of FFF and the fabricated part volume.
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Table 4 presents the linear regression results of dimensional accuracy on the MAR
of FFF for each sample type. Figure 5 shows the linear regression plots of dimensional
accuracy on the MAR. The results show that the overall dimensional error of each fabricated
sample statistically increases as the MAR of FFF increases. The t-test for β1(DA) in Table 4
shows that the MAR is a statistically significant linear predictor of the dimensional accuracy
measure for each design case. However, the R-squared values of all the regression models
are at a moderate level, possibly due to dimensional variations added by the manual
measuring process using the vernier caliper and uncontrollable experimental factors in this
study. Different from the regression results for energy consumption, the fitted regression
lines of the Sample A and Sample B cases show a similar pattern. On the other hand, the
regression coefficient for Sample C is the highest among the derived regression coefficients
for the sample types; the negative effect of the MAR on the overall dimensional error of a
fabricated part for Sample C is more critical than in the other cases as the MAR increases
(see Figure 5).

Table 4. Regression models for dimensional accuracy.

Sample Type Regression Model R-Squared Test for β0(DA) (p-Value) Test for β1(DA) (p-Value)

Sample A DA =0.31 + 0.27·MAR 49.94% t = 9.55 (p = 0.00 **) t = 9.37 (p = 0.00 **)
Sample B DA =0.23 + 0.29·MAR 51.00% t = 3.36 (p = 0.002 **) t = 5.40 (p = 0.00 **)
Sample C DA =0.13 + 0.43·MAR 65.02% t = 1.73 (p = 0.094) t = 7.21 (p = 0.00 **)

** p < 0.05.

Sample C, which is a variant of Sample A with an increase in the z-axis dimension from
Sample A, has a low dimensional accuracy performance in FFF with process parameters
that result in a high MAR. It is noted that the crossing point between the regression lines for
Sample A and Sample C in Figure 5 is 1.13 mm3/s, approximately. The overall dimensional
error of Sample C becomes greater than that of Sample A at the MAR, which is greater
than 1.13 mm3/s. On the other hand, the dimensional error of Sample C is expected to be
lower than that of Sample A when the MAR is less than 1.13 mm3/s. This indicates that a
decrease in the MAR of FFF using CFR-PEEK can be effective in enhancing the dimensional
accuracy of the fabricated part if the part height is increased from its original dimension.
Alternatively, a change in the build orientation of Sample C can be an option to improve
dimensional accuracy at the same MAR of FFF. Figure 5 shows that Sample B, which has
the same part volume as Sample C, is expected to have better dimensional accuracy than
Sample C at most MAR levels.
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The regression models built for the energy consumption and dimensional accuracy
of FFF for CFR-PEEK confirm a trade-off between those performance measures on the
MAR. Figure 4b supports that energy consumption is in an inverse relationship with the
MAR, whereas Figure 5 shows that dimensional error is in proportion to the MAR. The
results show that there can be an optimal MAR at which both performance measures are
suitably achieved by avoiding extreme losses in either energy consumption or dimensional
accuracy performance.

3.2. Optimal MAR Considering Both Energy Consumption and Dimensional Accuracy

Table 5 and Figure 6 show an optimal MAR for each sample type when the trade-
off between the energy consumption and dimensional accuracy of FFF for CFR-PEEK is
considered to maximize the overall performance. The normalized performance plots shown
in Figure 6 clearly address the fact that the FFF of CFR-PEEK for all the sample types has a
trade-off between energy and quality performance depending on the MAR.

Table 5. Derived optimal MAR for overall AM performance.

Sample Type Normalized EC Model Normalized DA Model AM Performance Model Optimal MAR

Sample A

ECnorm= 1.37–0.67/MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 99.74%

DAnorm= 0.97–0.34·MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 49.94%

P = 2.34–0.67/MAR–0.34·MAR 1.40

Sample B

ECnorm= 1.36–0.74/MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 99.82%

DAnorm= 1.12–0.44·MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 51.00%

P = 2.48–0.74/MAR–0.44·MAR 1.30

Sample C

ECnorm= 1.35–0.68/MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 99.68%

DAnorm= 1.26–0.67·MAR
- Test for β0(p-value): 0.00
- Test for β1(p-value): 0.00
- R-squared: 65.02%

P = 2.61–0.68/MAR–0.67·MAR 1.01

The optimal MAR for the baseline case (i.e., Sample A) to maximize the overall AM
performance of energy consumption and dimensional accuracy is 1.40 mm3/s, which is the
highest process rate of all the sample types. This indicates that Sample A, requiring half the
volume of the other sample types, can be optimally fabricated at a relatively higher process
rate than the other sample types. In addition, the results in Table 5 and Figure 6 show that
Sample B and Sample C require a different optimal MAR, although their designated part
volumes are equal. The overall AM performance of Sample B is optimal at the MAR of
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1.30 mm3/s, which is near the optimal MAR for Sample A. On the other hand, the lowest
optimal MAR of all the types (=1.01 mm3/s) is required for Sample C.
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Figure 6. Optimal MAR to maximize overall AM performance.

The optimal MAR for Sample C is lower than that of Sample B, since the dimensional
accuracy performance of Sample C decreases faster than that of Sample B (see Figure 6c)
without significant variations in energy performance between Sample B and Sample C
(see Figure 4b). The findings indicate that the build orientation of a fabricated part can
be a critical factor in AM process efficiency. A change to horizontal build orientation to
have a wide bottom area can be an effective strategy to pursue higher process efficiency in
FFF if mechanical properties (e.g., tensile and compressive strength) affected by the build
orientation are not critical for the fabricated part. On the other hand, a part design that
has a height size relatively higher than sizes on the x-y plane may require the FFF with a
relatively lower MAR to maintain the best energy and quality performance in the FFF if the
FFF of the part requires its original build orientation due to mechanical functionality. The
above results also suggest that the MAR of FFF for CFR-PEEK should be properly managed
to improve the overall AM performance by jointly considering energy consumption and
dimensional accuracy, depending on the part designs considered for AM.

Table 6 shows the process parameter combinations of the experiments that lead to the
experimental MAR being close to the theoretical optimal value obtained for each sample
type. For this, all the MAR values calculated from the experiments were rounded off to
the first digit after the decimal point, and then the parameter combinations that result
in the MAR value closest to the optimal MAR were identified for each sample type. For
Sample A, the process parameter combinations specified in Table 6 are the experimental
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settings in which all the experimental replicates result in rounded-off MAR values equal
to the optimal MAR. It is noted that the energy consumption and dimensional accuracy
data specified for Sample A in Table 6 are averaged values for the associated replicates.
The results imply that there can be multiple process parameter combinations to satisfy
the overall best AM performance of energy consumption and dimensional accuracy. This
indicates that the process parameters of FFF for the overall AM performance are not a fixed
and single optimal process parameter set but a flexible and selective solution among the
alternative parameter combinations leading to the optimal MAR.

Table 6. Suggested process parameter settings.

Suggested Process Parameters MAR Measured EC Measured DA

Sample A 1.40 (optimal) 51.4 (estimated) 0.69 (estimated)
L4 and P4 1.38 52.2 0.66
L4 and P5 1.42 50.9 0.64
L5 and P1 1.37 53.5 0.74
Sample B 1.30 (optimal) 96.8 (estimated) 0.61 (estimated)
L3 and P4 1.27 98.2 0.63
L3 and P5 1.34 93.8 0.67
L4 and P1 1.28 99.2 0.72
Sample C 1.01 (optimal) 123.6 (estimated) 0.56 (estimated)
L2 and P5 0.99 126.3 0.35
L2 and P6 1.04 122.1 0.53
L3 and P1 0.99 129.3 0.65

4. Discussion

The resultant regression models of energy consumption show that the energy con-
sumption of FFF for CFR-PEEK is expressed as a decreasing non-linear function of the
MAR, as addressed in the existing studies. Indeed, process parameter combinations that
lead to a short build time in this study show a high MAR and a resultant low energy
consumption value in that the energy consumption of FFF for CFR-PEEK is significantly
affected by printing time [14]. This energy behavior on the MAR is consistently observed in
all the sample types, and the results support that an increase in AM process efficiency can
greatly decrease the energy consumption of FFF for CFR-PEEK. In particular, Sample B and
Sample C, which have the same part volume with different build orientations, show similar
energy consumption plots on the MAR; their energy consumption is higher than the energy
consumption of Sample A for every MAR. This indicates that the energy consumption of
FFF for CFR-PEEK is not significantly varied by the build orientation but is affected by the
designated part volume.

On the other hand, the dimensional accuracy of FFF for CFR-PEEK can be modeled as
a linear function of the MAR. A high MAR is achieved when layer thickness and printing
speed are set at high levels. However, these process parameter settings can negatively
impact printing resolution and thereby may cause an increase in the overall dimensional
error of a fabricated part. The negative impact of the MAR on dimensional accuracy is
stronger for Sample C than for Samples A and B, which have a similar pattern of overall
dimensional error on the MAR. A plausible reason for the worsened dimensional accuracy
observed in Sample C compared to Sample B, which has the same design and volume as
Sample C, is build orientation that increases the number of deposited layers. Sample C is
considered a vertically oriented Sample B on the build platform. FFF has greater residual
stress and heat shrinkage in the vertical direction (z-axis) than in the horizontal direction
(x-y plane), and therefore this can cause more dimensional deviations in a part fabricated in
a vertical orientation [35]. The results from the dimensional accuracy models indicate that
build orientation is a more critical factor for the dimensional accuracy of FFF for CFR-PEEK
than part volume.

The above energy consumption and dimensional accuracy characteristics of FFF for
CFR-PEEK clearly show a trade-off on the MAR. The overall AM performance model,
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through the integration of the normalized energy consumption and dimensional accuracy
models, presents that there is an optimal MAR at which FFF for CFR-PEEK is the most
effectively operated given the trade-off of energy consumption and dimensional accuracy.
Moreover, the fact that the optimal MAR varied by the sample type implies that the FFF
for CFR-PEEK should be flexibly operated to achieve an optimal MAR targeted for part
volume and orientation; relatively high AM efficiency can be pursued for a small volume
part (e.g., Sample A) in the FFF for CFR-PEEK to have the best performance in energy
consumption and dimensional accuracy. If the horizontal orientation of a part (e.g., Sample
B) is allowed to increase the contract area on the build platform, FFF for CFR-PEEK can be
managed to improve process efficiency that is expected to be lower in the original vertical
orientation of the part (e.g., Sample C).

5. Conclusions

This study focused on a trade-off between energy consumption and dimensional
accuracy of FFF outputs using CFR-PEEK to identify an optimal MAR to maximize the
overall AM performance of both energy consumption and dimensional accuracy. For this,
an experimental design considering five levels of layer thickness and six levels of printing
speed for FFF using CFR-PEEK was planned to manufacture experimental samples of three
types. Energy consumption and dimensional accuracy data measured for each experiment
were collected as response data, and the MAR of each experiment was calculated to be
used as input data. Herein, the MAR was employed to represent the process efficiency of
FFF using CFR-PEEK, which is an operational consequence of selected process parameter
settings, to effectively model energy consumption and dimensional accuracy for FFF.

Based on the collected data, individual regression models of energy consumption and
dimensional accuracy on the MAR for the considered sample types were derived to confirm
the impact of the MAR on the performance measures. Then, the original response data were
normalized to derive individual regression models for normalized energy consumption
and dimensional accuracy again, and they were integrated to represent the overall AM
performance model of FFF for CFR-PEEK for the sample types, respectively. Finally, an
optimal MAR to maximize the overall AM performance of each sample type given a trade-
off between energy consumption and dimensional accuracy performances was identified
to address the role of the MAR in successful FFF operation.

The findings of this study suggest that decision-making in FFF operations should be
viewed as maintaining optimal process efficiency instead of selecting optimal parameter
settings. Previous attempts to suggest optimal FFF operations in the literature focused on
identifying specific process parameter settings that maximize a specific performance mea-
sure. This was reasonable when the AM decision-maker was only interested in optimizing
a single performance measure. However, it would be difficult to determine specific process
parameter settings if multiple performance measures with complex trade-offs should be
jointly considered to improve the overall AM performance. In addition, optimal process
parameter settings for a specific FFF machine cannot ensure the optimal performance of
another FFF machine due to different machine specifications. Thus, FFF operations are
required to be considered as a generalized problem of process efficiency rather than specific
process parameter selection, and any process parameter combination associated with an
optimal MAR can be a solution for the best AM operation based on an AM strategy. For
example, if an AM decision-maker wants to significantly save energy consumption to
fabricate parts by compromising dimensional accuracy to some degree, process parameter
combinations generating a higher MAR in any FFF machine would be preferable.

This study contributes to decision-making for AM as a process efficiency-based AM
approach to generally model a trade-off between energy consumption and dimensional
accuracy. Nevertheless, this study should be further extended to understand the dynamics
of process efficiency not only for various design cases but also for more conflicting AM
performance measures in practice. In addition, operation strategies to flexibly handle

200



Polymers 2024, 16, 492

the MAR of FFF machines in a large-scale AM system can provide a new opportunity to
maximize the overall performance of the AM system.
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Abstract: The long-term durability of polymer components produced by additive manufacturing
(AM) in marine conditions is poorly understood. Here, fused filament fabrication (FFF) of Ultem
9085 was conducted and accelerated aging was performed. Two printing orientations (−45/45◦

and 0/90◦) and two sample types (ASTM D638 Type 1 and Type 4) were produced and subjected to
accelerated aging in either seawater or air. Results from tensile tests showed that the elastic modulus,
yield strength and ultimate tensile strength increased after seawater aging, whereas the elongation
to failure decreased. Results of thermogravimetric analysis (TGA) and derivative–TGA curves
indicated that hydrolysis occurred after seawater exposure to the polycarbonate (PC) component and
changes in structure or hydrogen bonds formed in the polyetherimide (PEI) component. Differential
scanning calorimetry showed that physical aging occurred after short exposure periods and low
temperature. Longer exposures and higher temperatures resulted in increasing plasticization by
water and scission of the PC molecules. Results from Raman suggest that hydrolysis of the PC
occurred, with a reduction in free volume produced by physical aging or hydrogen bonding with
water molecules. These results highlight that Ultem 9085 is susceptible to degradation in marine
environments, and there are two primary mechanisms, including physical and chemical aging. Their
specific contribution is highly sensitive to the aging temperature and require careful selection in
accelerated aging evaluations.

Keywords: accelerated aging; fused filament fabrication; hydrolysis; Ultem 9085

1. Introduction

Additive manufacturing (AM) represents a suite of novel processes for creating three-
dimensional physical objects directly from computer-aided design (CAD) models via
layer-by-layer construction [1]. Also commonly regarded as 3D printing, AM is considered
capable of creating structures with nearly unlimited complexity, with a substantial reduction
in time from conception to finished product in comparison with traditional manufacturing
processes. Consequently, it has received substantial attention in the last decade. Specific
AM processes are being adopted in various industrial sectors, including the aerospace,
automotive and medical industries [2].

Fused filament fabrication (FFF) is one of the most common techniques for AM and
is used for printing components of thermoplastic polymers, including prototypes and
functional end-use parts. In FFF, a polymer filament is extruded from a heated nozzle and
deposited onto the printing bed or a previous printed layer in a series of continuous lines
with specific orientation [3]. The mechanical properties of components that are produced by
FFF depend on the printing parameters, which are optimized to maximize the part quality,
the microstructure and overall printing process economy [4,5]. The process physics in FFF
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involves melting and solidification of the polymer, which can give rise to localized porosity
and anisotropic mechanical properties in parts [6]. Nevertheless, the affordability of FFF
printing systems and the tremendously large number of feedstock materials available for
FFF make it one of the most ubiquitous AM processes overall [4–6].

Underwater and marine structures are an interesting niche application for AM, such
as autonomous underwater vehicles, micro underwater vehicles and unmanned surface
vehicles [3]. When compared with traditional manufacturing methods, AM could enable
these systems to be developed with lower cost and minimal time from conception to final
product, substantially increasing the response readiness. However, these applications bring
new challenges and concerns, including the durability of 3D-printed products under envi-
ronmental threats posed by a marine environment [4,7]. Applications that require durability
must address the multiple sources for degradation, including exposure to ultraviolet (UV)
light, pressure cycles, chemical attack and the potential for hydrolytic damage [4,8–10]. As
such, if the components are intended for use in mission-critical applications, these sources
of marine environment degradation and their ramifications must be understood.

Polymer feedstock materials for FFF that are intended for applications in marine
environments should possess the appropriate resistance to degradation [11,12]. However,
the data concerning this aspect of performance are scant. Ultem 9085 is an advanced
engineering polymer for FFF that is adopted for applications that require outstanding
mechanical and thermal properties and good chemical resistance [6]. It is recognized for
its flame retardancy, low toxicity, dimension stability and retention of strength at high
temperatures. As such, it is sought for marine, aerospace and automotive applications,
especially where low-weight and high-strength materials are required [13]. In addition,
its high environmental resistance and high strength-to-weight ratio characteristics make
it a promising candidate for the renewable energy and turbomachinery industries [14,15].
Ultem 9085 is a blend of polyetherimide (PEI) with polycarbonate (PC) copolymer, which
is added to improve the printability of PEI [5]. Based on the importance of its structural
behavior, the mechanical properties of Ultem 9085 have been assessed after FFF through
tensile, fatigue, compression and flexural testing [16–23]. Nevertheless, the response to
threats related to marine conditions have received limited attention.

PEI is an amorphous engineering thermoplastic with excellent performance. The
qualities of PEI include high strength, high stiffness and capacity for high-temperature
resistance [24]. There are also limitations to PEI, such as its comparatively high cost and
instability in chlorinated solvents. Polycarbonate is an amorphous engineering thermoplas-
tic that is widely used to blend with other materials because of its desirable strength and
stiffness, as well as its outstanding compatibility with a series of polymers [25]. However,
PC can undergo degradation under exposure to bases and moisture, especially at elevated
temperatures [26]. Hence, there are qualities of PEI and PC that suggest that Ultem 9085
could be susceptible to degradation under prolonged exposure to marine conditions.

In recent years, there has been considerable research focused on printing conditions to
improve the mechanical performance of 3D-printed Ultem 9085. Shelton et al. developed a
chamber to control the printing environment temperature during FFF of Ultem 9085 [27]. It
was found that the capacity for inelastic deformation and post-neck yielding increased with
build chamber temperature, which had a large effect on the mechanical properties [27]. Zal-
divar et al. evaluated the thermal and mechanical behavior of 3D-printed Ultem 9085 with
respect to build orientations [6]. Their results demonstrated that the mechanical properties
of the printed samples were heavily dependent on the printing orientations [6]. That group
also investigated the influence of filament moisture content on the mechanical properties
of the printed material, finding that an increase in voids and poor filament orientation
arose with increasing moisture content, which were detrimental to the performance [5].
Post-processing of FFF prints can be applied for further improvements. For instance, atmo-
spheric plasma treatment, controlled cooling and post-process annealing have also been
explored for enhancing the mechanical performance of Ultem 9085 following FFF [28–31].
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Despite the importance of degradation in structure and properties posed by marine
applications, only limited assessment of the environmental effects on 3D-printed Ultem 9085
material has been reported. Padovano et al. conducted the thermal aging test on Ultem 9085
by treating samples with high temperature, cyclic climate change and thermal shock [21].
They concluded that the progressive variation in temperature or constant high temperature
did not cause significant degradation to the mechanical properties. However, sudden
cooling from a high temperature could degrade the mechanical properties of Ultem 9085.
A previous study exposed Ultem 9085 to various media and air and water at temperatures
from −60 ◦C to 160 ◦C (which is highly relevant to industrial applications) [32]. While
water immersion for up to 52 weeks had negligible effects on its mechanical performance,
exposure to an alkaline cleaner caused degradation after only 1 week of exposure [32].
Gallagher explored the degradation of 3D-printed Ultem 9085 to UV exposure, elevated
temperatures and vacuum conditions for up to three months [33]. Results showed that the
UV and vacuum environment at elevated temperature caused stiffening and strengthening
of Ultem 9085 but a reduction in the strain to fracture [15]. Considerations related to
changes in durability with exposure to seawater are just now appearing [15,34].

Environmental degradation over an exposure period can be regarded as aging. In gen-
eral, there are two categories of “aging” that can happen to polymers, including chemical
aging and physical aging, both of which can affect the physical properties [35]. Chemical
aging is generally related to the modification of the polymer chain and can result in chain
scission or oxidation [35]. It can happen in both processing and applications, where ele-
vated temperatures, air, light, moisture and living organisms and other factors exist [36].
Chemical aging is irreversible and usually causes degradation of the microstructure and
mechanical properties of the polymers. Hydrolysis is a common form of chemical aging
that involves the breakage of polymer bonds by water molecules, which can occur in marine
environments and cause degradation of the performance of polymers.

Contrary to chemical aging, physical aging is a reversible process driven by the non-
equilibrium state of polymer chains induced by rapid cooling of the molten polymer in the
manufacturing process [35]. During a sudden drop in temperature, the polymer chains
do not have ample time to relax and remain in a distorted configuration compared with
the chain distribution in an equilibrium state. This phenomenon is especially common in
amorphous polymers where the chains pursue densification in an equilibrium state [37].
The reduction in free volume can increase the intermolecular attraction of the molecules,
which will increase the strength and stiffness at a macro level but cause lower ductility.
Physical aging is enabled when the environmental temperature exceeds that required for
mobility of the side chains and localized groups. The propensity and rate of physical aging
increases with exposure temperature and its proximity to the glass transition temperature
(Tg) [37].

Accelerated aging is a common experimental approach that is adopted to assess the
long-term degradation of a material by conducting short-term tests. These are performed
using selected conditions that typically involve substantially more aggressive levels of
exposure than in natural exposure [38]. The purpose of acceleration is to reduce the re-
quired testing time. Polymers, in particular, are susceptible to degradation in a variety of
conditions, including exposure to elevated temperatures, moisture, chemicals, ultraviolet
light, oxygen, etc. In accelerated aging, the experimental conditions should emulate those
of the application to develop data through the responses that are most appropriate for
predicting performance. In fact, this is a common approach to support the development
of reliability and lifetime prediction models [38]. For example, Davis and Evrard applied
accelerating aging to build an Arrhenius model for the degradation of polyurethane in
marine environments [39]. Similarly, Tocháček and Vrátníčková utilized accelerated UV
aging to build a lifetime prediction model for polypropylene and its copolymers in out-
door exposures [40]. Using results from accelerated thermal and hydrothermal aging,
Bergaliyeva et al. simulated the mechanical properties of 3D-printed polylactic acid after
1.5–2.5 years of service [41].
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It is important to highlight that accelerated aging evaluations employed to assess
the durability of polymers under specific threats (ultraviolet light, moisture, chemicals,
etc.) are potentially controversial. The acceleration of aging could illicit mechanisms
of degradation or combinations of mechanisms that are quite different from those that
are experienced in the natural environment-intended applications [42]. As such, it is
important to treat the results and their applications with caution and understand the
potential limitations. Nevertheless, accelerated aging can serve as an effective measure of
sensitivity to degradation and can be helpful for rating the durability of polymeric materials.

The outstanding properties of Ultem 9085 make it a highly viable material for marine
applications. Yet, the durability of this material under prolonged marine environment
exposure is relatively unknown. As a result, the objective of this investigation is to evaluate
the degradation resistance of 3D-printed Ultem 9085 produced by FFF under exposure to
seawater. To achieve this objective, accelerated aging tests were performed in a standardized
marine environment. In this investigation, an accelerated aging approach was adopted to
evaluate the resistance of 3D-printed Ultem 9085 to degradation under prolonged exposure
to seawater. The quality of the printed material was evaluated by optical profilometry, tensile
testing and µCT scanning before and after exposure to the seawater environments. Here,
results of these accelerated aging evaluations are presented, the contributing mechanisms are
assessed and the feasibility of applying accelerating aging tests for Ultem 9085 is discussed.

2. Materials and Methods
2.1. Materials and Printing

The material evaluated in this investigation was Ultem 9085, which was acquired from
Stratasys by the Naval Undersea Warfare Center (NUWC, Keyport, WA, USA). Tensile
specimens were printed by fused filament fabrication (FFF) using a Fortus 900MC from
Stratasys. All printing was performed using the default settings of the machine for Ultem
9085 (which included a layer thickness of 0.254 mm) and an aerospace nozzle tip. The
remaining parameters associated with the default conditions of printing Ultem 9085 with
this printer are proprietary. To examine the potential influence of printing orientation,
two groups of samples were prepared with infill orientations of −45/45◦ and 0/90◦, as
shown in Figure 1. These two orientations were included because they are the most common
orientations chosen for printing of components. Furthermore, an infill percentage of 100%
was used to reduce the relative effects of porosity on the mechanical behavior, and that is
the intended form of application.
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Figure 1. Details regarding the 3D-printed Ultem 9085 tensile bars. (a) Type 1, 0/90◦ orientation;
(b) Type 1, −45/45◦ orientation; (c) Type 4, −45/45◦ orientation; (d) Type 4, 0/90◦ orientation;
(e,f) illustration of printing orientations (unit: mm).
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The standard ASTM D638 is widely used for evaluating the mechanical properties
of polymers and assessing the influence of manufacturing methods on the mechanical
behavior [43]. There is presently no additional guideline that defines how the mechanical
properties of products manufactured by FFF should be evaluated. Therefore, Type 1 and
Type 4 tensile specimens were printed with a 1.59 mm thickness by FFF according to the
geometry described in ASTM D638 [44]. A total of 120 specimens were prepared to assess
the effects of marine exposure, including 20 specimens with Type 1 geometry for each of the
2 infill orientations and 40 specimens with the Type 4 geometry for each of the orientations
(2 × 20 + 2 × 40 = 120).

2.2. Accelerated Aging

The accelerated aging testing in seawater was performed with multiple digital ther-
mostatic water baths (DK-2000-IIIL-4, Faithful, Huanghua, Cangzhou, China) and with a
bath volume of approximately 12 L. The marine environment for aging was designed after
prior-published work [39], utilizing standardized artificial seawater that was prepared in
accordance with ASTM D114 [45]. A standard seawater sample was chosen as the aging
medium (rather than an arbitrary natural seawater sample) to adhere to available guidelines
for assessing the importance of seawater exposure to polymer durability and to ensure that
the methods could be easily repeated by other investigators. The aging conditions used
for evaluating the Ultem 9085 samples are described in Table 1. Ten tensile coupons were
immersed within the standardized seawater baths at ambient pressure and at temperatures
of 50 ◦C, 70 ◦C and 90 ◦C. It is important to note that these elevated temperatures were
not indicative of the application temperatures envisioned for this material and that the
conditions did not replicate or mimic the natural service conditions. They were chosen
specifically to promote more rapid degradation if the polymer was susceptible while also
remaining below critical temperatures for this material. Here, the selected temperature
range for this evaluation was chosen because it is a common range used in performing
accelerated aging of polymers and it is below the glass transition temperature of Ultem 9085
(186 ◦C) [38,39]. The specimens were removed from the bath after an exposure period of
either 2 or 4 weeks and tensile tests were conducted to evaluate the degradation thereafter.

Table 1. Aging plan for Ultem 9085 in substitute sea water and air.

Temperature (◦C) Aging Period
(Days) Samples in Seawater Samples in Air

50 14 Type 4, −45/45◦, Type 4, 0/90◦, Type 1, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

50 28 Type 4, −45/45◦, Type 4, 0/90◦, Type 1, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

70 14 Type 4, −45/45◦, Type 4, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

70 28 Type 4, −45/45◦, Type 4, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

90 14 Type 4, −45/45◦, Type 4, 0/90◦, Type 1, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

90 28 Type 4, −45/45◦, Type 4, 0/90◦, Type 1, 0/90◦ Type 4, −45/45◦, Type 4, 0/90◦

Due to the lower number of Type 1 0/90◦ samples, the aging conditions applied to
those samples included 50 ◦C for 14 days and 90 ◦C for 14 and 28 days. Pilot experiments
were performed on extruded polyurethane sheet as a reference material to confirm the
validity of the accelerated aging approach. According to the results of the aging evaluations
in seawater, it was identified that complimentary air aging experiments should be con-
ducted to characterize the physical aging that occurs during the aging period at elevated
temperatures. Therefore, accelerated aging evaluations were conducted with Ultem 9085
in air under the temperatures and durations outlined in Table 1. These experiments were
conducted on additional specimens printed with the two different infill orientations.

2.3. Water Uptake

The uptake of water is an important concern for undersea and marine structures.
Therefore, the change in weight of the samples was measured before and after the exposure
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periods with an electric balance (Model JM-303, RESHY, Huzhou, Zhexing, China) with
±0.001 g precision. After the aging experiments and prior to the weight measurements,
excess moisture on the surface of the samples was blotted dry by tissue paper. The extent
of water uptake percentage (wwu%) was estimated by taking weight measurements of
5 samples of each sample configuration before (wo) and after (we) of the exposure period
according to:

wwu% =
we − w0

w0
× 100% (1)

2.4. Profilometry

Profilometry was performed to characterize the surface topography of the printed
samples using an optical profilometer (VR-3100 3D, KEYENCE, Osaka, Japan). One sample
of each geometry was randomly selected to characterize the surface topography prior to
aging. To inspect the surfaces for characteristics that could contribute to the mechanical
behavior, topographical images were taken on the printed side of the gauge section, grip
section and transition areas of the specimens at 12× magnification. The average roughness
(Ra) and ten-point roughness (Rz) of the specimens were estimated using images obtained
at higher magnification (×40) on the printed side and the edge of the gauge section using a
traverse length of 5.6 mm. The Ra represents the mathematical average deviation of the
surface from the mean line over the traverse length, and the Rz is the average deviation
of the five highest peaks and valleys from the mean line. The roughness parameters were
calculated using the multiline roughness software that is provided with the instrument.
An upper cut-off (lc) and lower cut-off (ls) of 0.08 µm and 25 µm were used in treating the
height distribution, respectively.

2.5. Microcomputed Tomography

To understand water diffusion within the microstructure and its accumulation, mi-
crocomputed tomography (µCT) scans were performed on virgin printed samples using a
commercial system (X5000, North Star Imaging, Rogers, MN, USA). The potential volume
for absorbed liquid in the voids was computed through the areal porosity and the length of
the voids. A 3D model for the Type 4 specimen was built by SOLIDWORKS (2020, Dassault
Systèmes SOLIDWORKS Corp, Waltham, MA, USA) based on the ASTM D638 standard to
estimate the volume of the specimen (2.557 cm3). The weight of the potential water uptake
was calculated by multiplying the volume of the specimens (V), average areal porosity of
the specimen (A%) and density of water (ρ) (assumed to be 1 g/cm3). The approximate
weight of specimens prior to aging (ws) was 2.6 g. Based on those values, the theoretical
maximum water uptake range based on filling of the pores (wt%) was obtained according
to the formula

wt% =
V × A × ρ

Ws
× 100% (2)

2.6. Tensile Testing

Tensile testing of the printed specimens was performed in ambient conditions using a
universal testing system (E1000 Dynamic Test instrument, Instron, Norwood, MA, USA)
with a 2 kN load cell. The loading was conducted in displacement control at a rate
of 5 mm/min according to the ASTM D638 standard guidance for rigid polymers [44].
Four samples each of Type 1 and Type 4 were tested in the unaged condition for each
of the two orientations to establish the control responses. Five samples from each aged
condition were tested and the stress–strain responses were used in estimating the elastic
modulus (E), yield strength (YS), ultimate tensile strength (UTS) and strain at failure.
According to guidelines outlined by ASTM D638, the test was only considered valid if
failure occurred within the gauge section of the sample; results for samples that failed
outside of the gauge section were disregarded. For each property assessed, the average,
standard deviation and coefficient of variation were determined. The yield strength was
determined from the 0.2% offset method. Two sample t-tests with unequal variance were
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applied to identify significant differences in the mechanical properties between the aged
and unaged specimens. Significant differences were identified by p ≤ 0.05.

2.7. Thermogravimetric Analysis and Differential Scanning Calorimetry

Thermogravimetric analysis (TGA) was performed on the Ultem samples before and
after aging using a commercial instrument (TGA Q50, TA Instruments, New Castle, DE, USA).
Approximately 5 mg was obtained from the sample of interest and heated within a nitrogen
atmosphere from ambient environment temperature to 800 ◦C at a 10 ◦C/min heating rate.
Conventional TGA as well as D-TGA (derivative TGA) curves were prepared to analyze the
changes in molecular conformation and potential degradation that resulted from aging.

Differential scanning calorimetry (DSC) was also performed to estimate the glass
transition temperature (Tg), relaxation enthalpy (δH) and peak temperature (Tp) of the
Ultem samples using a commercial instrument (Q20, TA instruments, New Castle, DE,
USA). Samples of approximately 3 mg were sealed in a Tzero aluminum pan with a
Tzero aluminum lid. The sealed crucible was heated at a rate of 10 ◦C/min in a nitrogen
environment. The maximum heating temperature was analyzed from the TGA curves up
to 300 ◦C for the samples.

2.8. Raman Spectroscopy

To evaluate the molecular structure for the untreated and treated samples, Raman spec-
troscopy was performed using a commercial instrument (inVia Raman microscope, Renishaw,
Wotton-under-Edge, UK). Raman spectra were generated using a 784 nm laser source with
10 s exposure on the surface of the sample with a 50× objective. The spectra were obtained
over wavelengths from 100 to 3200 cm−1. Samples of material for Raman spectroscopy were
sectioned from the grip sections of the fractured samples. Baseline correction, normalization
and smoothing of the Raman spectra were achieved by data analysis software (Origin, Origin-
Lab, Northampton, MA, USA). In addition, WiRE software (Version 5.2) was used to acquire
and compare the Raman spectra for Ultem 1000 to the spectra for PC.

3. Results
3.1. Mechanical Properties

Representative stress–strain curves for the unaged control samples and after acceler-
ated aging in seawater are shown in Figures 2a and 2b, respectively. The aging condition
in Figure 2b consists of aging in seawater at 90 ◦C for 28 days. Results in this figure are
presented for both the Type 1 and Type 4 specimens and the two infill orientations. The
mechanical properties were determined from these curves and are summarized in Figure 3.
The complete data set is listed in the Supplemental Information (SI, Tables S1–S4). It is
important to note that, due to printing anomalies and stress concentrations in the transition
areas associated with the infill, some of the specimens failed prematurely and outside of
the gauge section (Figure 2). As such, the tensile data for those specimens were excluded
when estimating the mechanical properties.

The elastic modulus of the samples in Figure 3a revealed that there was an increase in
the stiffness of the samples after aging in the artificial seawater regardless of temperature.
The yield strength distribution for the control and aged conditions is presented in Figure 3b
and shows that the yield strength increased with aging and with respect to the control.
Similarly, according to the tensile responses in Figure 3c, the UTS also increased with
aging, although not as markedly as the increase in yield strength. The UTS of the Type
1 0/90◦ samples was lower than that of the UTS of Type 4 0/90◦ samples in the control
condition, which could be attributed to differences in the porosity between the two sample
types. Noteworthy, the UTS of the Type 4 samples with −45/45◦ increased after aging in
seawater at all the elevated temperatures with respect to the control. However, the UTS of
the Type 4 −45/45◦ and 0/90◦ infill samples did not exhibit a distinct trend with increasing
temperature or exposure time. For the −45/45◦ printing orientation, the UTS decreased
with increasing exposure time at both 70 and 90 ◦C. And, for the samples with 0/90◦ infill
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at 50 ◦C and 70 ◦C, there was a decrease in UTS with extended aging time. Unique from
strength, Figure 3d shows that accelerated aging caused a decrease in the strain to failure
of the samples in the seawater environment.
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Detailed results for the Student’s t-test of the mechanical properties are listed in
Tables S1–S4. It is noteworthy that all samples underwent a significant (p ≤ 0.05) increase
in stiffness (reflected by E), except for the Type 1 0/90◦ specimens aged at 50 ◦C for 14 days.
Only the yield strength of the Type 1 0/90◦ specimens and Type 4 −45/45◦ specimens
exposed at 90 ◦C for 14 days did not show a change compared with the control specimens.
Regarding UTS, aging at 70 ◦C for 14 days and at 90 ◦C had a significant effect on the Type 4
−45/45◦ samples. However, for the Type 1 0/90◦ and Type 4 0/90◦ samples, only aging at
90 ◦C for 28 days caused a significant change in the UTS of the 3D-printed material. The
strain at failure decreased significantly for Type 4 0/90◦ after the aging at 90 ◦C for 14 days.
At 90 ◦C, the elongation to failure of both the Type 4 −45/45◦ and Type 1 0/90◦ specimens
underwent significant decreases after 28 days of accelerated aging.

The coefficient of variation (COV) for the Ultem 9085 samples is summarized in
Table S5. Regarding the mechanical properties, the Type 4 −45/45◦ specimens had the
largest COV overall in E, which increased after exposure to the marine environment at
elevated temperatures. Likewise, the Type 4 −45/45◦ specimens had the highest COV in
yield strength and UTS. Aging at 90 ◦C induced a large COV in yield strength for both
Type 4 −45/45◦ and Type 4 0/90◦ samples, whereas aging at 50 ◦C with a longer exposure
time caused higher COV in the UTS of Type 4 −45/45◦ samples. The COV for strain at
failure increased the most for Type 4 0/90◦ samples submerged in 70 ◦C seawater and for
Type 4 −45/45◦ samples submerged in 50 ◦C seawater. Overall, the Type 4 0/90◦ samples
displayed the greatest COV in strain at failure.

In summary, the E and the yield strength for the 3D-printed Ultem 9085 materials
increased significantly under the accelerating aging conditions. The UTS for this material
did not increase significantly with aging, except for the longer exposure time (28 days) in
seawater at 90 ◦C. The strain at failure for the Ultem 9085 material underwent a reduction
with accelerated aging, but only exposure at 90 ◦C caused a significant decrease.

3.2. Failure Characteristics and Contributions

Figure 2 presents images from representative specimens after tensile testing to fail-
ure. Specifically, selected Type I samples with 0/90◦ and −45/45◦ orientations are pre-
sented in Figures 4a and 4b, respectively, and corresponding Type 4 samples are shown
in Figures 4c and 4d, respectively. All the Type 1 samples with −45/45◦ infill orientation
failed within the transition region between the gauge and grip section, which invalidated
the mechanical testing results, whereas the 0/90◦ samples failed inside the gauge section
and at the transition region. For the Type 4 geometry, some of the 0/90◦ samples broke at
the transition from the grip and gauge sections, but notably fewer than occurred for the
Type I geometry; none of the 45/45◦ infill orientation failed outside the gauge section. The
documented locations of failure were used to categorize the results and censor the tensile
testing response used when estimating the mechanical properties. All results related to
failures that did not occur within the gauge section were considered invalid and were not
used when evaluating the mechanical properties presented in Figure 3.

Potential contributions to failure in the transition region of the tensile specimens were
explored through optical evaluations and profilometry. All the sample configurations
exhibited voids in the transition areas, as highlighted in Figure 5, except for the Type 4
samples with −45/45◦ infill, as evident in Figure 5d. For both the Type 1 and Type 4
samples, voids were identified in the transition areas between the contour and infill, as
evident in Figure 5a–c. Indeed, previous studies have commented on how the infill path
used for the printing of the ASTM D638 specimens can lead to stress concentrations in the
transition region and contribute to the failure process [46–48].
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Figure 5. Microscopy images for the Ultem 9085 samples obtained from the optical profilometer.
(a) Type 1, 0/90◦ orientation; (b) Type 1, −45/45◦ orientation; (c) Type 4, 0/90◦ orientation; (d) Type
4, −45/45◦ orientation. The yellow circles outline regions of voids at the boundary of contours.

To assess the infill distribution and other aspects of the surface topography that
could contribute to failures, the surface texture of the printed samples was evaluated.
Profiles were obtained from the gauge section surface (Figure 6) and from along the edge.
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Two different orientations of analysis were applied to the specimen faces, as shown in
Figure 6a,b. Representative surface roughness profiles taken parallel to the longitudinal
axis and (direction of uniaxial tension (Direction 1)) are presented in Figure 6c,e for the
0/90◦ and −45/45◦ samples, respectively. Results of the roughness measurements are
summarized in Table 2. As evident from these measurements, the samples with −45/45◦

infill orientation exhibited higher surface roughness in Direction 1, which resulted from
gaps between the discrete infill tracks and lower infill density, as evident in Figure 6e. As
evident from the surface roughness measurements in Table 2, both the Ra and Rz values
of the edges were substantially lower than for the faces, which resulted from the smaller
peak-to-valley height variations along the contours.
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Figure 6. Optical images of the gauge section of the tensile samples with higher magnification and the
roughness profile of the unaged Type 1 samples. (a) 0/90◦ printing orientation samples. D1: parallel
to the contour, D2: perpendicular to the infill filament. (b) −45/45◦ printing orientation samples.
D1: parallel to the contour, D2: perpendicular to the infill filament. (c) 0/90◦ orientation, D1; (d) 0/90◦

orientation, edge; (e) −45/45◦ orientation, D1; (f) −45/45◦ orientation, edge.

Table 2. Roughness of the Ultem 9085 samples produced by FFF.

Samples
Direction 1 Direction 2 Edge

Ra (µm) Rz (µm) Ra (µm) Rz (µm) Ra (µm) Rz (µm)

Type 1, 0/90◦ 11 48 10 48 2 11
Type 1, −45/45◦ 19 102 23 119 2 9

Type 4, 0/90◦ 12 62 11 66 2 11
Type 4, −45/45◦ 32 175 33 173 1 7

The porosity in the printed specimens was evaluated from the µCT scans obtained in
the transition areas, as shown in Figure 7a. Utilizing the areal porosity estimates in the XZ
plane, the maximum water uptake was estimated according to Equation (1) and results
are listed in Table 3 as a function of specimen type and infill pattern. Overall, the samples
with 0/90◦ orientation had greater porosity and water uptake than the −45/45◦ orientation
samples. Figure 7b compares the measured water absorption of the samples at different
temperatures after 14 and 28 days. For the Type 4 samples, the weight change caused by
water inside the pores was estimated from the areal porosity using Equation (1) and is
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highlighted in the diagram. It is important to note that there appeared to be an increase in
the extent of water update and weight increase with aging time and temperature. However,
the rate of increase in weight gain decreased over the aging time, as expected, suggesting
that the infusion of free water within the pores was reaching saturation.
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Table 3. Areal porosity in Type 4 Ultem 9085 samples and potential water uptake range.

Orientation Areal Porosity (%) Potential Water Uptake Range (%)

−45/45◦ 7.34 ± 1.69 7.21 ± 1.66
−45/45◦ 8.11 ± 1.50 7.98 ± 1.48

0/90◦ 8.43 ± 5.05 8.29 ± 4.97
0/90◦ 10.50 ± 5.19 10.33 ± 5.10

3.3. Thermal Properties (TGA and DSC)

The thermal degradation behavior of the 3D-printed Ultem 9085 is shown in Figure 8a
for the unaged and post-aging conditions. The D-TGA curve for the unaged samples shows
two peaks, which are evident at 506 ◦C and 594 ◦C. According to Padovano et al., thermal
degradation of Ultem 9085 in a nitrogen environment involved two components, which
included the degradation of PC at a lower temperature and PEI at a higher temperature [21];
indeed, that two stage response is noted in the D-TGA curves here.
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To quantify the degradation of the 3D-printed Ultem 9085 materials due to seawater
exposure, the initial decomposition temperature and the temperature for the two maximum
degradation peaks were determined from the TGA responses. The initial decomposition
temperature here is defined as the temperature with 5% weight loss (T5%); the temperature
for the first highest degradation peak (PC) and the second highest degradation peak (PEI)
are defined as T1 and T2, respectively. These three values (T5%, T1 and T2) are reported for
the Ultem 9085 samples in Table 4 for the experimental aging conditions. The T5% and T1
values for the treated specimens were all lower than the value for the untreated specimens,
whereas the T2 values increased after being treated in the marine environment. Also
evident in Figure 8a, another small peak appears near 440 ◦C after the samples underwent
accelerated aging.

Table 4. Thermal properties of unaged and aged 3D-printed Ultem 9085 samples before and after
seawater exposure. Note that “d” indicates days.

Samples T5% (◦C) T1 (◦C) T2 (◦C) Tg (◦C) δH (J/g) Tp(◦C)

Unaged 444.7 506.4 584.7 180.3 0.148 184
50 ◦C 14 d 443.2 501.9 589.1 180.7 0.01 188
50 ◦C 28 d 444.2 502.3 595.9 179.8 0.003 190
70 ◦C 14 d 441.1 499.9 588 179.1 0.042 184
70 ◦C 28 d 440.9 502.5 593.2 179.1 0.029 190
90 ◦C 14 d 435.3 498.8 590.1 178.1 0.028 186
90 ◦C 28 d 438.6 501.3 597.5 176.8 0

Relaxation enthalpy (δH) was obtained by calculating the enclosed areas between
the DSC trace and the baseline fitted through the DSC trace after the glass transition
temperatures [49]. The DSC curves for the virgin and aged Ultem 9085 samples are shown
in Figures 8b and S2a. Tg, relaxation enthalpy and peak temperature (Tp) before and after
seawater exposure are listed in Table 4. It has been widely stated that the Tg for Ultem
with over 10% PC blended with PEI will lead to phase separation that is evident in the
material [50–53]. As a result, there are often two distinct Tgs observed in the PEI/PC blend
product, which are produced by the PC-rich and PEI-rich regions. However, only one Tg
was observed in this study for Ultem 9085 at 180.3 ◦C. That agrees with the Tg reported in a
previous work for an Ultem 9085 filament, where the DSC curve exhibited a single peak and
Tg of approximately 180 ◦C [43]. Apart from the samples exposed at 50 ◦C for 14 days, Tg
decreased after aging in seawater, particularly with increasing exposure temperatures. Also
evident in Figure 8b, there was an endothermic enthalpy relaxation peak in the signature
for the untreated sample and, after accelerated aging, the treated samples had a lower
relaxation enthalpy for all the conditions.

3.4. Analysis of Molecular Composition (Raman)

Selected experimental Raman spectra for t Ultem 9085 in the unaged condition and
aged at 90 ◦C for 28 days are shown in Figure 9, ranging from 500 to 3200 cm−1. The
spectral properties of Ultem 9085 relies on the two major polymer components, i.e., PEI and
PC [54]. According to a comparison of the experimental spectra with the WiRE software
(Version 5.2) reference library and the Raman spectra of PC and Ultem 1000 (Figure S3),
there was no new peak caused by exposure of Ultem 9085 to accelerated aging in seawater.
The Raman spectra for Ultem 9085 are shown in Figure S4a of the SI for samples aged at
the different conditions. No new peaks in the spectra were produced after accelerating
aging in the artificial seawater, regardless of the aging condition. However, there was some
variation in the intensity of different peaks across the aging conditions, which suggests
potential differences in the degree of hydrolysis or physical aging reactions.
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4. Discussion

Results of microscopy and µCT imaging showed that the microstructure of the printed
samples exhibited a substantial degree of porosity regardless of the infill pattern (Figure 7a).
Considering marine applications, pores within the microstructure are detrimental for at
least two reasons, including the potential for premature failures due to the stress concentra-
tions and water ingestion within the pores that facilitates changes in weight and a greater
extent of water-related degradation. Previous studies conducted on injection-molded PEI
and injection-molded PC reported that the water absorption reached an equilibrium of
approximately 0.5 wt% and 0.6 wt% after approximately 4 days [55,56]. Other studies
conducted with Ultem 9085 specimens produced by FFF and immersed in a high-pressure
saltwater environment and real marine environment at around 15 ◦C reported that the
increase in weight saturated at 9 wt% after 8 days and at 4.5% after 6 months [15,34]. In
the present study, the maximum increase in wt% for the Ultem 9085 samples exceeded
7%, which falls within the rather wide reported range. Although the rate of water uptake
decreased after 14 days exposure, it was not clear that an equilibrium was reached after
28 days (Figure 7b). Clearly, the water uptake of the Ultem 9085 material exceeded that
of both the injection-molded PEI and PC, as expected, and the primary factor was the
printed microstructure. Based on the visible porosity, the degree of weight increase was
expected to depend on the printing parameters and part geometry, as both could contribute
to the extent of porosity in the 3D-printed components. That could also cause differences in
the degree of water uptake between benchtop studies with coupons and more completed
printed components, an issue of practical importance.

4.1. Property Changes Following Accelerated Aging

The thermal stability of polymers depends on the molecular weight, degree of crosslink-
ing and crystallinity [57]. As such, not all polymers undergo the same degree of aging-
related degradation. Hydrothermal aging reportedly does have a significant effect on the
properties of PC and is associated with chain scission [58–60], and hydrolytic attack of
this polymer reportedly happens more easily in a high pH and high-temperature environ-
ment. Indeed, the decrease in T5% and T1 peak values and appearance of the new peak
in Figure 8a can be attributed to scission of the PC chains caused by hydrolysis reaction
in the artificial seawater. In contrast, the thermal stability of PEI could be improved after
prolonged exposure to seawater at elevated temperatures. Crosslinking of PEI occurs above
320 ◦C, which is much higher than the aging temperature performed here [61]. However,
hydrogen bonds can develop that enhance the thermal stability of polymers in general [57].
In PEI, the increased thermal stability can result from the formation of hydrogen bonds, as

216



Polymers 2024, 16, 350

well as due to changes in the crystallinity or structure of PEI in marine environments at an
elevated temperature [62].

The Tg of polymers depends on the polymer chain mobility. The relaxation enthalpy
is frequently used to evaluate physical aging of polymers. In the Ultem 9085 samples
subjected to accelerated aging, there were four contributions to the polymer chain mobility,
which included chain scission by hydrolysis to PC, the formation of interchain hydrogen
bonding in PEI, the plasticization posed by water molecules and the physical aging in both
PC and PEI. The presence of a relaxation enthalpy peak in the unaged samples revealed
that there was already some thermal history on the sample. The process of physical aging
involves a competition between aging and rejuvenation [49]. It has been reported that the
earlier more dominant rejuvenation process can produce an increase in Tg and Tp and
a reduction in δH [49]. The increase in Tp and the decrease in δH occurring in the aged
samples suggested a more significant rejuvenation. For the samples aged at 50 ◦C for
14 days, the incremental increase in Tg appeared to result from the more severe physical
aging driven by the elevation in temperature in comparison with the contribution of water
plasticization due to the limited time that evolved for diffusion. With longer exposure
periods and higher temperatures, which drive a corresponding increase in water diffusion,
the plasticization effect of water and the chain scission of PC can lead to the decrease in Tg,
as evident for Ultem 9085 aged at 90 ◦C for 28 days.

Regarding the Raman spectra in Figure 9, no new peaks were evident after exposure
of Ultem 9085 to seawater degradation. Physical aging at an elevated temperature can
decrease the free volume, which can lead to changes in infrared spectra intensity [63].
The C-H bonds in both polymers generate peaks around 3000 cm−1 [54]. The intensity
changes in C=O stretching at 1748 cm−1 and 1780 cm−1 are reflective of the hydrolysis
occurring to PC and the influence of hydrogen bonding in PEI and/or the changes in the
molecular structure of PEI [64,65]. To further confirm the development of hydrogen bonds
in the system, a wavelength over 3200 cm−1 is needed [62], which is of interest but left for
future work.

While the changes in thermal properties of Ultem 9085 showed some degree of degra-
dation after accelerating aging in seawater, there was an unexpected improvement in the
mechanical properties and the potential mechanisms were not evident in the Raman spectra.
As a result, accelerated aging of another group of Ultem 9085 samples was performed in an
air environment (sans seawater). This effort was performed using the Type 4 configuration
with −45/45◦ and 0/90◦ Ultem 9085 sample groups. These two groups were chosen and
did not include the Type 1 specimens due to the larger number of Type 1 specimen failures
in the out-of-gauge section, as shown in Figure 4. The purpose was to investigate the
influence of elevated temperatures on the material independent of the hydrolysis driven by
seawater exposure. Akin to the evaluation after seawater aging, tensile tests, TGA, DSC
and Raman spectroscopy were performed, and the results were compared to those from
seawater aging.

4.2. Comparisons of Air vs. Marine Aging

Stress–strain curves for the Type 4 Ultem 9085 samples after accelerated aging in air
at 90 ◦C for 28 days are shown in Figure 10. The mechanical properties were determined
after air aging and are summarized in Figure 11; the complete data set is presented in
the Supplemental Information (SI, Tables S6–S9). Akin to results from the seawater aging,
some of the specimens failed prematurely in the out-of-gauge section and the tensile data
for those failed specimens were excluded when estimating the mechanical properties. All
results from the statistical comparisons are detailed in SI Tables S6–S9.
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Figure 11a presents the elastic modulus of the specimens. As evident from these
responses, the E of the Type 4 0/90◦ specimens increased after aging in air, which was
consistent with results of the Type 4 0/90◦ specimens after aging in seawater. Although
there was a very small increase in E of the Type 4 −45/45◦ specimens after aging at 70 ◦C
for 14 days, there was no significant increase in E for the remainder of the aging conditions.
That contrasted results after aging in seawater, where the increase in E was significant for
all conditions and temperatures. Results for the yield strength of Ultem 9085 exposed to
accelerated aging in air are presented in Figure 11b. Accelerated aging in air caused an
increase in the yield strength, which was consistent with seawater aging. The yield strength
of both sample groups that underwent air aging exhibited a significant increase, except
for the Type 4 0/90◦ samples aged at 50 ◦C for 28 days and 90 ◦C for 28 days and Type 4
−45/45◦ aged at 50 ◦C for 28 days. When comparing the increase in yield strength for air
and seawater (Figure 7b), air aging caused a higher increase in yield strength of the Type 4
0/90◦ samples in all conditions, excluding at 90 ◦C for 28 days. In contrast, the seawater
aging led to a higher yield strength of the Type 4 −45/45◦ samples in all the conditions,
excluding at 90 ◦C for 14 days.

Results for UTS in Figure 11c show that accelerated aging of the Type 4 0/90◦ spec-
imens caused some moderate increases in UTS, whereas there were no marked changes
in the UTS of −45/45◦ specimens after accelerated air aging. Recall that after exposure to
seawater, the UTS of both Type 4 sample configurations increased, especially at the highest
temperature. In contrast to aging in seawater, in air, the highest temperature (90 ◦C) did not
result in a significant difference in UTS between the control samples and the aged samples.
Rather the UTS of the Type 4 −45/45◦ samples exposed to air was significantly different
from the UTS of the virgin samples at 50 ◦C for 14 days and at 70 ◦C for 28 days.

Regarding the strain to failure in Figure 11d, accelerating aging in air caused a reduc-
tion in strain to failure regardless of the printing infill orientation, which was consistent
with the responses in seawater. In air, a significant decrease in strain at failures was ob-
served for Type 4 0/90◦ samples aged at 70 ◦C for 14 days and Type 4 −45/45◦ samples
aged at all temperatures for 14 days. In contrast, in the seawater environment test, the
significant decrease in elongation failure of the Type 4 0/90◦ samples and Type 4 −45/45◦

samples only occurred at the highest temperature, i.e., at 90 ◦C for 14 days and for 28 days.
Measures of the COV for the samples aged in air are listed in Table S10. When

comparing the responses from the two different aging environments, the specimens aged
in seawater at elevated temperatures exhibited a higher variation in the E. Regarding yield
strength, the Type 4 0/90◦ samples exposed to seawater had a larger COV at a higher
temperature than the samples exposed to air. Regarding yield strength, the largest COV
for the Type 4 −45/45◦ samples appeared from air aging at a lower temperature, whereas
the largest COV for seawater aging happened at the highest temperature. Interestingly,
for the Type 4 0/90◦ samples, the largest COV in UTS occurred for the control condition
rather than after aging in either environment, undoubtedly a function of the microstructure.
Regarding UTS, the largest COV for the −45/45◦ samples resulted from aging in seawater
compared with air aging. Regarding the Type 4 −45/45◦ samples, they underwent large
variations in elongation failure in both aging environments. In contrast, the largest aging-
related variation in the strain at failure of the Type 4 0/90◦ samples occurred in the
marine condition.

The TGA and D-TGA curves of Ultem 9085 after air aging is shown in Figure 12a.
Results from the spectra for the parameters used to quantify the thermal degradation (T5%,
T1 and T2) are summarized in Table 5. Distinct from the material treated in seawater,
no smaller peaks at around 440 ◦C were produced by aging in air, which suggests that
hydrolytic-related degradation in the PC did not occur. In addition, the T5%, T1 and T2 all
increased after exposure to air at elevated temperatures.

The DSC curves for the 3D-printed samples are presented in Figures 12b and S2b for
the unaged and air-aged conditions. The samples treated in air at 70 ◦C for the longer
duration exhibited an endothermic melting peak at around 220 ◦C, which suggests that
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crystallization occurs during air aging. Tg values of the samples aged in air are listed
in Table 5 and reflect that there were some small changes, which were related to the
rejuvenation and physical aging process. Yet, the variation in Tg from air aging is not as
much as that for seawater. At 50 ◦C, it was obvious that the δH and Tp values decreased
faster in seawater than those properties in air aging. However, at the higher temperatures
(70 ◦C and 90 ◦C) in air, the decrease and increase in δH and Tp, respectively, and shorter
time to reach a zero δH, revealed an increase in the rate of physical aging.
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Table 5. Thermal properties of unaged and aged Type 4 3D-printed Ultem 9085 samples before and
after air exposure. Note that “d” indicates days of exposure.

Samples T5% (◦C) T1 (◦C) T2 (◦C) Tg (◦C) δH (J/g) Tp(◦C)

Unaged 444.7 506.4 584.7 180.3 0.148 184
50 ◦C 14 d 462.2 512 602 179 0.121 184
50 ◦C 28 d 459 516 598 179.8 0.016 186
70 ◦C 14 d 464.4 512 592 181.7 0.012 186
70 ◦C 28 d 464.7 510 598 179.8 0.052 184
90 ◦C 14 d 464.5 516 610 182.8 0
90 ◦C 28 d 462.7 516 602 179.3 0.102 186

A comparison of the Raman spectra for the unaged printed sample and for a rep-
resentative sample aged in air (90 ◦C for 28 days) is shown in Figure 13. The Raman
spectra for the Ultem 9085 samples at all air-aging conditions are shown in Figure S4b.
Identical to Ultem 9085 aged in seawater, no new peaks were identified in the spectra after
accelerating aging in air. While there were some changes in the intensity at different peaks
that were apparent after air aging, they were not as distinct as those in the marine aging.
Indeed, this was expected and confirmatory of the additional contributing mechanisms
active in the seawater aging condition, including water plasticization, hydrolytic reactions
and physical aging. Only some degree of crystallization and physical aging occurred in
air. By comparing the thermal property changes of the Ultem 9085 material after the two
aging conditions, it became apparent that hydrolysis and plasticization in the seawater
environment had a more pronounced effect at 90 ◦C, which could also be observed in the
Raman spectra.

Accelerated aging in seawater had the most effect on the E and yield strength of Ultem
9085 and was most evident from the responses for the Type 4 samples in Figure 3a,b. Both
properties increased with aging time and temperature. Yet, for aging in air, only the yield
strength of the Type 4 samples exhibited substantial changes, as noted in Figure 11b; the
increase in strength was significant and reached nearly 40%. Through a comparison of
the changes in mechanical properties for air and seawater, it can be noticed that E was
more affected by accelerating aging in seawater. In addition, the mechanical properties
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of both Type 4 sample configurations varied differently with the increase in aging period.
Nevertheless, overall, the yield strength exhibited the most change after exposure to aging
in both conditions. Mechanistically, the increase in strength was associated with the
microstructural effects on the initiation of chain sliding. It was hypothesized that chain
sliding was resisted by the increase in crystallinity and physical aging. The influence of
hydrolytic mechanisms in seawater resulted in a more complex concert of mechanisms.
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4.3. Relevant Prior Work

Reported studies on the durability of Ultem 9085 after exposure to marine environ-
ments are limited. Padovano et al. [32] evaluated the aging behavior of 3D-printed Ultem
9085 after dry storage at 100 ◦C, cyclic temperature change from −40 to 90 ◦C in a humid
condition and thermal shock from 70 to −20 ◦C. They used three-point flexural tests and
quantified the E and flexural strength of the aged samples. Interestingly, the samples
that underwent gradual thermal cycling in a humid environment underwent a significant
increase in E and flexural strength [32]. However, thermal shock caused a decrease in E
and strength [32]. Alternatively, Bagsik et al. [21] prepared Ultem 9085 coupons cut from
panels printed by FFF and submerged them into real seawater at a low temperature (ap-
proximately 15 ◦C) for 6 months to investigate the changes in mechanical behavior. Results
showed that aging in seawater caused an increase in E, yield strength and UTS, as well as
a reduction in the strain at failure [21]. These results are largely consistent with those of
the present study. However, the contributing mechanisms responsible for the mechanical
property variations were not evaluated in these investigations [21,32]. Understanding the
mechanisms involved appears critical for distinguishing the applicability of the results to a
design environment.

There has been some relevant work performed on changes to the durability of other
polymers printed by FFF and then subjected to moist and/or submerged environments.
In general, these studies have reported that there is some degree of degradation in the
mechanical properties. For instance, Chaudhary et al. immersed a variety of polymers
(ABS, PLA, PETG, etc.) printed by FFF in unspecified seawater at temperatures ranging
from 30 to 45 ◦C [66]. After roughly one month of exposure, the changes in E and water
diffusivity were evaluated [66]. They found that the 3D-printed polymers had a higher
water diffusivity than their traditionally manufactured polymer counterpart [66]. Interest-
ingly, the E of the 3D-printed material exhibited some degradation after the 4-week period,
which was assumed to be caused by contributions from the water to the secondary bonds
in the respective polymers [66]. El Magri et al. studied the influence of physical aging on
the mechanical properties of a 3D-printed blend of PEEK/PEI in dry (120 ◦C) and 85%
relative humidity (70 ◦C) environments after 42 days of aging [67]. Based on the results
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of tensile testing, the E of the material decreased considerably in the humid environment,
whereas UTS did not appear affected by either the dry or moist aging conditions [67]. They
attributed the degradation to plasticization of the polymer chains caused by the water and
internal stresses caused by the voids between deposited layers.

Ho et al. performed physical aging experiments on polycarbonate specimens pro-
duced by traditional manufacturing methods at temperatures from 60 to 120 ◦C and for
almost 15 days; changes in structure were evaluated with DSC [49]. They found that con-
formational changes in the polymer chains driven by physical aging led to a more parallel
aligned chain distribution, which would foster an increase in crystallinity and improve-
ments in stiffness and yield strength [49,68–70]. In the present accelerating aging study, the
significant increase in yield strength could be explained by the contributions of physical
aging that was accelerated at elevated temperatures. With respect to the higher E after the
seawater aging, water could increase the mobility of the chains, which could contribute to
the more significant increase in E within seawater at elevated temperatures [68]. A longer
period of storage would likely enable the effects of hydrolytic degradation to become more
prominent. As such, accelerated aging studies performed to evaluate the durability of
polymers processed by FFF is a useful approach to understand mechanistic contributions to
property changes with time. However, the results may not be representative of those that
are active in the application environment due to the competing mechanisms and rates of
degradation. Although one of the goals of this effort was to develop a model for the aging
response, the plurality in active mechanisms, the short aging period and the issues with
out-of-gauge failures severely limited the opportunities for modeling. Nevertheless, the
investigation was not a failure. Overall, the results demonstrate that degradation of Ultem
9085 can be expected under exposure to marine environments and that it manifests through
a reduction in the strain to failure, which results in embrittlement. It must be considered
for applications that will involve exposure to marine environments. Furthermore, making
adjustments to the design to accommodate this degradation is not sufficient and the degree
of degradation is expected to increase over time.

4.4. Limitations

The findings from this investigation showed that there were significant changes in the
mechanical properties of Ultem 9085 with accelerated aging and that there were several
contributing mechanisms to the degradation. Interestingly, the relative effects of aging were
dependent on the sample type (ASTM Type 1 or 4) and infill pattern, which was related to
the porosity, differences in water penetration and their importance to the structural behavior.
While the findings help to advance our understanding of aging-related degradation in
Ultem 9085, there were limitations to this study that should be considered. One obvious
concern regarding the aging condition was that a simple laboratory marine environment
was used. When applying the material in a real marine environment, there are many
additional threats of potential relevance, including UV light, biofouling from marine
organisms, different salinity and ions and potential hydrostatic pressure, which could
simultaneously and synergistically contribute to deterioration. In addition, while there
were some significant changes in mechanical behavior, the extent of overall degradation in
strength or strain to failure was rather limited. Admittedly, the accelerated aging protocol
involved a limited time, with a maximum of 28 days; more substantial degradation could
arise with a longer aging period. Another concern in this study was the specimen type
and number of unacceptable failures. It is becoming widely recognized that the ASTM
standard specimens for characterizing the tensile properties of polymers are not reliable
for FFF [28,34,46–48,71]. Premature failures occurred due to the voids between the infill
and contour outlines and the inherent stress concentration produced by the sample design.
For instance, results of tension testing for the Type 1 −45/45◦ samples were not valid. In
addition, there was some loss in the data for some samples with Type 1 0/90◦, Type 4
0/90◦ and Type 4 −45/45◦ configurations due to invalid failure locations. Based on these
results, further work should be performed to find the most reliable specimen geometry to
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be enrolled for future aging evaluations. In addition, longer time periods of aging should
be utilized to examine whether the degradation continues to evolve with further time or
whether it reaches an equilibrium state.

5. Conclusions

An experimental investigation was performed on 3D-printed Ultem 9085 produced by
FFF to characterize the resistance to degradation under accelerated aging involving expo-
sure to seawater. Based on the results and analyses performed, the following conclusions
were drawn:

1. Results of accelerated aging in seawater showed there was a significant increase in
elastic modulus and both yield and ultimate tensile strength. However, there was a
decrease in strain to failure. In air, there was also an increase in yield and ultimate
tensile strength. The most substantial change in properties with aging was in the
magnitude of yield strength with increasing temperature.

2. Results from TGA revealed that the accelerated aging protocol caused hydrolytic
degradation in the PC of Ultem 9085 and appeared most responsible for the decrease
in strain to failure. The degradation in strain to failure reached significance when the
material was aged in seawater at the highest temperature (90 ◦C).

3. According to the results of Raman analysis, physical aging occurred in PEI and
PC and contributed to the improvement in elastic modulus and strength, with ac-
celerated aging. The process of accelerated aging in air resulted in physical aging
without hydrolytic degradation and showed that there was negligible degradation in
strain to failure with increasing aging time or temperature.

4. Premature or unacceptable failures occurred in some of the tensile specimens of
both types (Type 1 and Type 4) due to the voids located between the infill and
contour outlines of the tensile specimens. These internal defects posed inherent stress
concentrations and were most detrimental to the Type I tensile specimens. There
appears to be a need to modify the specimen geometry of the ASTM standard D638
to support more reliable characterization of the mechanical properties of polymers if
they are produced by FFF.

5. When conducting accelerating aging tests of polymers in marine environments, it is
important to recognize that physical aging is one of the contributing mechanisms.
Consequently, choosing a proper aging protocol that excludes the effects of physical
aging may be necessary to isolate the effects of the other aging mechanisms.
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Abstract: Warpage is one of the prominent issues in Fused Filament Fabrication. The cause of this is
the rapid cooling of the polymer during extrusion. The residual thermal stresses accumulated within
the print part result in a shape distortion and subsequent detachment of the object from the print bed.
In this study, both experimental and numerical approaches were used to identify the stresses due to
thermal shrinking that occurs in soft polymers such as wax. A temperature sweep test was performed
using a rotational rheometer to measure the magnitude of axial forces that are generated due to the
thermal shrinking of a thin layer of 3D printable wax. The thermal stresses responsible for warpage
were computed analytically and using the FEA. It was found that due to thermal processes, the stress
magnitude can reach a value of 1.17 MPa. This value is enough to cause the plastic deformation in the
wax part having a thin elongated shape. In addition, Taguchi’s robust design has identified two major
FFF parameters that impact the warpage in amorphous soft polymers. They are the printing speed
and the print bed temperature. To achieve a low level of warpage, it is important to make sure that
the layer deposition occurs at medium speeds and the print bed temperature is moderately high
according to the findings of this study.

Keywords: warpage; wax; FFF; rheometer

1. Introduction

Rapid investment casting (RIC) is the metal manufacturing process where sacrificial
patterns of wax or non-wax nature are fabricated through rapid prototyping (RP). This
results in reduced production costs due to the elimination of the expenditure spent on
designing and manufacturing metal tooling. Over the last three decades, numerous RP
methods have been tested for application in RIC [1]. Although it has been shown that
most additive manufacturing (AM) technologies are suitable for rapid casting applications,
not many techniques can manufacture wax patterns with properties similar to investment
casting (IC) wax. As for the non-wax patterns, the quality of printed parts is much superior
in comparison to wax patterns. Moreover, the cost of non-wax polymers is substantially
lower. However, when it comes to the quality of final cast metal products, the usage of
wax patterns yields higher-quality objects. That is because the tough non-wax polymers
are difficult to remove from the ceramic mold due to the large thermal expansion of the
former. Therefore, the material market for the AM industry has been constantly growing
with the introduction of new filament materials that have qualities tailored to the needs of
end users.

Among modern RP techniques, three types specialize in manufacturing wax patterns.
They are MultiJet Printing (MJP), stereolithography (SLA), and Fused Filament Fabrication
(FFF). Even though the technologies are based on layer-by-layer patterns of manufacturing,
they are distinguished by the level of accuracy, production speed, and cost. For example,
the MJP technology is capable of building objects with layers having a thickness as low
as 16 µm in the z-build axis. This implies that high accuracy and detail are possible to
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achieve [2]. In 2021, Chyuan et al. [3] compared the dimensional accuracies of wax patterns
manufactured using MJP and FFF-based rapid tooling. They concluded that the direct
manufacturing of wax patterns using MJP technology is costly and, therefore, less expensive
manufacturing routes can be selected with the help of rapid tooling. Nevertheless, it should
be noted that the implementation of rapid tooling increases the level of complexity since
additional processes are included in the sequence of manufacturing.

As for the SLA method, it uses photocurable resins as raw material, which can be
rapidly cured with the help of a laser. The technology also produces highly detailed
objects with good accuracy though parts with overhanging sections require supplementary
structures called support structures. The removal of support structures is carried out
manually which often leaves visible marks on the surface of the product. Due to the high
cost of commercially available SLA-based castable wax, the production of small-size parts
is preferable [4]. With regards to material properties, a photocurable wax formulation
requires a burnout of the pattern as opposed to dewaxing which is commonly used in
conventional IC manufacturing [5]. Moreover, the selection of the burnout schedule for the
SLA castable wax is a nontrivial task since the material decomposes in a non-combustive
manner. Thus, if small-size patterns are not difficult to thermally deteriorate [6], working
with medium to large-size objects is associated with challenges [7].

The FFF technology employs a rather simple manufacturing process based on the
extrusion of molten polymer through a heated small nozzle and depositing it on the print
bed. Because the technique is unsophisticated, the quality of the final parts is inferior
to MJP and SLA-printed objects. On the other hand, the affordability and availability of
FFF machines make the technology the most popular in the AM industry. In addition,
recent studies demonstrated that it is possible to manufacture low-cost wax patterns having
properties very similar to traditional IC waxes [8,9]. For example, non-tough wax parts
having low viscosity in the molten state have been manufactured by the authors of the
current study [8]. Nevertheless, 3D printing of wax parts is associated with some challenges.
For instance, during the extrusion process, the plastic polymer being deposited undergoes
rapid solidification, creating thermal stresses within the body of the part. Those stresses
manifest in shrinkage or shape distortion in the final product. In some extreme cases,
the accumulated thermal stresses cause the part to detach from the print bed before the
3D printing is over. In this regard, mechanically weak polymers such as wax are more
susceptible to warpage due to their inability to withstand large shrinkage stresses. This is
visible in Figure 1 where the 3D printed wax part is shown.
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Substantial efforts have been put into investigating the issue of warping in AM. Process
parameters, material properties, and geometric characteristics are all said to influence the
magnitude of the warpage [10]. In addition, numerical and experimental approaches have
been proposed to analyze the warping phenomenon. The most common way to measure
the warpage magnitude is realized through the evaluation of dimensional deviations
in 3D printed benchmarks that represent simple geometric shapes. Table 1 shows the
recent works related to the warpage phenomenon relevant to FFF. From Table 1 it is
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evident that warpage is mostly affected by several process parameters with layer thickness
being the most frequently discussed parameter. It is interesting to note that some level of
contradiction exists regarding the effect of layer thickness. For instance, while the majority
of the publications support the view that a higher level of thickness is preferable to avoid
warpage, the works of Antonio et al. [11] and Zhang et al. [12] contradict this view.

Table 1. Warpage issue relevant to FFF.

Material Part Geometry Experimental Analytical/Numerical Significant Factors
Affecting Warpage Ref.

Acrylonitrile
Butadiene Styrene

(ABS)

Rectangular plate + + Length of the part, thickness
Layer thickness [11]

Thin and
thickplates + + Print speed, layer thickness [12]

Tensile specimen + + Layer thickness [13]

Rectangular plate + Bed and chamber
temperature [14]

Polylactic acid
(PLA)

Thin plate + Layer thickness [15]

Rectangular block + Nozzle temperature [16]

Polyphenylene
sulfide (PPS) Thin plate + + Coefficient of thermal

expansion [17]

Polyurethane-
based shape

memory polymer
Thin plate + + Bed temperature, printing

speed, layer thickness [18]

Setting up the higher layer thickness is beneficial for warpage mitigation according to
the supporters of this view [13,15]. For instance, it is stated that at a lower thickness of the
layer, the less mass of the material is deposited and, consequently, a layer of the extrudate
cools at a faster rate [18]. In turn, the rapidly cooling polymer melt has little time to adhere
to the print bed surface at the point of deposition. In contrast, the supporters of the opposite
view have pointed out that physical mechanisms responsible for this phenomenon are yet
to be discussed in the future [11].

The analysis of recent works shows that most of the studies concern the segment
of materials representing hard polymers of both amorphous and crystalline kinds. For
example, Liu et al. [15] have stressed the substantial work dedicated to amorphous ABS
plastics regarding the warpage problem. As for semicrystalline polymers, there is an
ongoing search to improve the printability of such plastics since the warpage level is critical
in those materials and it is directly proportional to the degree of crystallinity [19]. In turn,
the degree of crystallinity is the major factor affecting the mechanical properties.

While it is evident that for hard 3D printing polymers, the subject matter of warpage
is largely explored, the issue can be considered unexplored for soft amorphous polymers
such as wax. Therefore, the authors of this study find it extremely important to analyze the
problem of warpage in soft 3D printable polymers. Especially, for materials intended for
RIC application, where the control of dimensional accuracy gains even more significance.
In essence, the current study is a continuation of a research project intended to explore the
area of 3D printing wax polymers having low melting temperatures for application in RIC.
Previously, research has been conducted by the authors to analyze the mechanical, thermal,
and rheological properties of 3D printable wax [8]. In turn, the main objective of this paper
is to address the prominent issue regarding wax 3D printing, which is warpage. To identify
the FFF process parameters that cause the warpage, the design of experiments is performed
using Taguchi robust design. In addition, rheological experiments are proposed to assess
the shrinkage forces that develop during the rapid solidification of soft 3D printable wax.
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2. Methodology
2.1. Materials and Characterization

Commercially available Ø1.75 mm 3D printing wax filament from Filamentarno
(Moscow, Russia) in the blue color was purchased for the study. It has a melting temperature
of around 100 ◦C and Young’s modulus of 151.5 MPa identified by tensile test [8].

2.2. Assessment of Shrinkage Forces Due to Rapid Cooling Using a Rheometer

Rheological studies have been extensively used to characterize 3D printing poly-
mers [20]. As for this study, we propose a temperature sweep test to understand the
shrinkage behavior of the thin wax layer during solidification. A rotational rheometer
MCR102 from Anton Paar (Graz, Austria) is used in the experiment with a cone and plate
measuring system having Ø50 mm and a truncate angle of 1◦ as shown in Figure 2. The
temperature sweep test allows the measurement of several important characteristics during
the temperature change in a polymer sample confined between measuring system plates.
Relevant to this study, we are interested in measuring the normal forces that develop in
the upper plate of the rheometer as a response to the volumetric shrinkage of wax. It was
observed that during the small amplitude oscillatory shear test, a noticeable increase in
normal force is detected that acts on the measuring plates as wax transforms from liquid
to solid state. This is illustrated in Figure 2 where shrinkage forces are represented as
red horizontal arrows pointing towards the center of the cone plate. During the thermal
shrinkage of the polymer, friction forces occur between the plate and the material as the
latter tries to shrink. Insofar as the gap between plates remains unchanged, the deformation
of the wax is suppressed. As a result, the force balance is created between the shrinking
wax and the measuring system of the rheometer provided that the plates are under no
oscillatory motion. Similarly, during the 3D printing process, a size decrease of the final
part evidences the occurrence of thermal shrinkage. Usually, the first layer being deposited
adheres to the print bed firmly, provided that the latter is hot enough. As the FFF continues,
additional layers are added to the previously deposited layers. Since each individual layer
is subject to shrinkage, the thermal stresses accumulate within the body of the solidified
part. It is critical to understand that the shrinkage stresses act parallel to the deposition
direction. Thus, the elongated objects are more prone to size contraction.
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During testing, small granules of wax filament are placed on the lower plate of the
equipment. Then, the plate is heated up to 110 ◦C to melt the material. After melting the
sample, the upper plate is closed to reach the gap of 0.5 mm between the plates. To attain
thermal equilibrium, the upper plate is preheated with the help of a heating hood accessory.
Once sufficient time is given to reach thermal equilibrium, the temperature is lowered to
90 ◦C. The lower limit of 90 ◦C is chosen because the wax has a dropping point at 95 ◦C,
thus, the material turns from liquid to solid state within the given temperature range.
Moreover, to prevent an excess in normal force, it was decided to limit the lower value at
90 ◦C level. It should be noted that the measuring plates were subject to no oscillatory or
rotational motion throughout the test. Since the sample has low thickness, the plain strain
and plain stress conditions apply.

2.3. Design of Experiments for Identification of FFF Parameters Causing Warpage

To analyze the effect of FFF process parameters on warpage occurrence, different
kinds of experimental designs have been proposed previously [21]. Taguchi’s design of
experiment (DoE) is one of the popular techniques that is broadly used to identify optimal
process conditions for different manufacturing methods. An orthogonal array (OA) method
was used to identify the effects of three FFF parameters on the level of warpage of a 3D
printed part having the shape of a flat bar. Namely, the temperatures of the nozzle and print
bed along with printing speed are selected for the experiment. The part has dimensions of
60 × 5 × 20 mm (L × W × H) and the 3D printed sample is shown in Figure 3.
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Figure 3. A benchmark for the warpage analysis (a); the position of the part on the print bed (b).

The combinations of three FFF parameters at different levels require nine experiments
according to L9 OA Taguchi analysis requirements. To increase the confidence in the results
of the tests, each experiment is repeated three times, and an average value is used for
calculations. By finding the signal-to-noise (S/N) ratio, it is possible to see the influence
level of each parameter. Since warpage is mostly due to thermal processes, two out of three
selected parameters relate to the temperature of the extrudate and the platform upon which
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the material is deposited. As for the printing speed, it influences the rate of solidification
and interlayer bonding. Table 2 shows the process parameter values at different levels used
in Taguchi analysis.

Table 2. Selected parameters and levels for Taguchi analysis.

Input Parameters Symbol Level 1 Level 2 Level 3

Nozzle temperature, ◦C I 100 105 110
Nozzle speed, mm/s II 20 45 70
Bed temperature, ◦C III 45 55 65

Minitab 19 software was used to perform Taguchi analysis calculations. To measure
the warpage magnitude W indicated in Figure 3a, the coordinate measuring machine
(CMM) Duramax from ZEISS (Zeiss Group, Oberkochen, Germany) was used. The CMM
machine uses a stylus system to scan the model, therefore, challenges arise when working
with soft materials such as wax. To tackle the problem, the warpage level was measured
on the ceramic molds shown in Figure 4b instead, which represent a complete replica of
the artifact.
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Figure 4. 3D printed wax benchmarks for the Taguchi analysis (a); ceramic molds fabricated using
the wax benchmarks (b).

The ceramic shell was created on the surface of wax bars by dipping the latter in the
ceramic slurry that is used in investment casting manufacturing. The wax bars and their
corresponding ceramic molds are shown in Figure 4. Four layers of ceramic material were
enough to build a strong shell with the help of silica-based ceramic slurry Suspendaslurry®

FS from Ransom & Randolf (Maumee, OH, USA). After the application of one layer, the
parts are left to dry for three hours. To prevent the emergence of drying cracks, each layer
was reinforced with a fused silica mesh 50/100. After the ceramic shell construction was
completed, the wax models were manually removed to reveal the negative imprint of
the benchmark.

The warpage magnitude is measured as the cartesian distance between the lowest
and the highest point that lies on a curved line scanned from the warped plane as shown
in Figure 5.
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Figure 5. A location where measurements were performed by the CMM measuring tool.

3. Results and Discussion
3.1. Identified Stresses Due to Thermal Shrinkage

The result of the temperature sweep test is shown in Figure 6. The maximum devel-
oped normal force within the temperature range of 90–110 ◦C was measured to be equal to
30.57 N. The cooling rate was identified to be approximately 7.7 ◦C/min.
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Figure 6. Normal force vs. temperature diagram as per rheometer test.

After finding the magnitude of the normal force caused by the shrinkage of wax, it is
possible to evaluate the stress magnitude within the body of the wax sample. To accomplish
the task, a Finite Element Analysis (FEA) can be used to implement the static structural
module of the SolidWorks 2016 Simulation software. The boundary conditions for the static
structural analysis can be established as follows. The wax sample in the form of a thin film
having a circular shape with a diameter of 50 mm and thickness of 0.5 mm is subjected
to a normal force of 30.57 N. This force is derived from the actual experiment described
earlier and its direction coincides with the one identified experimentally. It should be noted
that due to the circular shape of the model, it is symmetrical and, thus, for the FEA only a
quarter of the model was considered as shown in Figure 7 and the magnitude of applied
normal force was reduced accordingly. The wax sample is represented with a blue color
and a fixed support indicated with green arrows was applied to the bottom side of the film.
The purple arrows shown in Figure 7 represent the normal force. It should be noted that
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despite the plate having a conical shape, it is assumed flat due to a small truncate angle
(1◦). It should be noted that additional assumptions were made to simplify the analysis:
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Figure 7. Boundary conditions for the FEA.

(a) The thermal effects including polymer relaxation were neglected. During solidification
of the polymer, the mechanical properties change significantly. Although this type of
transformation is neglected, it is assumed that all the stresses due to the shrinkage of
the material accumulate as residual stresses in the solidified body.

(b) The polymer is assumed to have isotropic properties.
(c) During the FFF, the material is deposited in a layer-by-layer fashion. However, in FEA

the entire body of thin film is assumed to be shrinking at once. Since it is observed
that the warpage manifests with some delay in time for 3D printed parts, the stress
accumulation within the entire body is likely the major factor for warpage occurrence.

A young’s modulus of 151.5 MPa and Poisson’s ratio equal to 0.4 were assigned as
material properties for the simulation. Finally, after assigning the material properties for
wax, the model can be meshed. For this analysis, a 0.15 mm mesh size was chosen, and
each mesh cell represents a tetrahedral solid body. The results of the FEA in the form of Von
Mises’s stress are shown in Figure 8. Figure 8 shows the lateral component of Von Mises’s
stress pointing toward the horizontal Z-axis. As can be seen from Figure 8, a maximum
stress of 0.037 MPa is present in the thin film of wax, and it is responsible for thermal
contraction since its direction of action is in the horizontal plane.
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Figure 9 shows the FEA results when the higher force of 37.81 N was applied, which
corresponds to the plate temperature of 40 ◦C. This value of normal force was found by
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extrapolation using the line equation shown in Figure 5. This is carried out to identify
the magnitude of the force at lower temperatures. As was mentioned earlier, due to some
restrictions, the experiment was run at a temperature range of 90–110 ◦C. However, we are
interested in finding the force value at the range of 40–110 ◦C where the material starts to
respond to heating as was identified by the DSC analysis [8]. Therefore, the line equation
was useful to identify the magnitude of the normal force when a wider temperature range is
used. From Figure 9, it is visible that the maximum stress magnitude in the lateral direction
increased to 0.046 MPa.
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Figure 9. FEA results show a stress component in the lateral direction (load = 37.81 N).

From found values of maximum stresses, it is evident that a 0.5 mm thick layer of
deposited wax can produce a stress magnitude that is approximately 40 times less than
the Yield strength (σy) of the material which is equal to 1.9 MPa [22]. However, since the
printed part represents a multi-layer structure, stress accumulation is inevitable. Thus,
by dividing the σy by the maximum thermal stress of 0.046 MPa, we obtain a value of
41. Since the thickness of the studied layer is equal to 0.5 mm, 0.5 × 41 rounds up to
20.5 mm. Therefore, the stress accumulation up to the critical value of σy is possible when
the thickness of the part reaches 20.5 mm. This is possible provided that the bonding force
between the material and the print bed has been overcome. It should be noted that for rigid
polymers such as ABS, much thinner parts have experienced the warpage issue [12].

The results of the FEA show that the magnitude of the residual stresses is 41 times less
than σy of the wax material. Therefore, for the residual stresses to reach critical levels, the
3D-printed sample should be of a thicker size. However, it has been demonstrated that
warpage occurs even in thin samples [15]. Thus, it is expected that the thermal stresses
must be higher than those identified by the FEA method. Moreover, it should be noted
that the FEA analysis applied several assumptions. For instance, the plate geometry was
considered flat, whereas the real shape of the upper plate is conical as shown in Figure 2.
The analytical model can be used to account for the geometry of the measuring system.
For example, Figure 10 shows the force balance in the measuring system and the wax
sample under thermal stresses. As can be seen from Figure 10, the forces developed in the
wax sample due to shrinkage forces Fs, are balanced by the normal forces Fn developed
in the measuring system of the rheometer. Since the normal forces are known from the
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experiment, it is not difficult to compute the thermal stresses. Here, Equation (1) can be
used to identify the shrinkage forces Fs:

Fn = Fs Sin(truncate angle◦) (1)

where the truncate angle is 1◦. The thermal stresses σw present in the wax sample can be
computed by dividing the computed Fs values by the area Ac that envelopes the inclined
portion of the cone: σw = Fs/Ac.
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Analytically found values of thermal stresses are shown in Table 3 along with findings
from the FEA. From Table 3, it is clear that the calculated values of thermal stresses are
much higher compared to the values found by the FEA. Thus, the plastic deformation
caused by the warpage might occur in samples considerably thinner than 20.5 mm. The
magnified side view of the 3D printed wax benchmark having an overall height of 20 mm
is shown in Figure 11. From Figure 11, it is clear that the vertical walls at two ends of the
sample have a wavy shape. That is the evidence of the occurrence of plastic deformation
caused by the thermal shrinkage of the wax. By looking at the bottom of the part, it is seen
that the first layers have not undergone a size contraction. However, as new layers are
added, the shrinkage becomes more evident. Once the residual stresses diminish owing to
the stress relaxation, newly deposited layers are restricted from shrinking by the bonding
forces that hold the adjacent layers together. As the residual stresses build up more, the
size contraction takes place again shaping the wavy pattern of the wall. Therefore, it can
be concluded that the analytically found stress values are more accurate. Considering the
stress accumulation phenomenon, the sample having several layers of thickness, each being
equal to 0.5 mm, is enough to initiate the plastic deformation of the wax owing to the weak
mechanical properties of the latter (σy = 1.9 MPa).

Table 3. Magnitudes of stresses identified analytically.

Temperature Range, [C] Thermal Stress, σw [MPa] Max Stress Magnitude
Found by the FEA, [MPa]

110–90 0.94 0.037
110–40 1.17 0.046
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3.2. Results of Taguchi Analysis

A Signal-To-Noise (S/N) ratio identified by the Taguchi approach is a parameter that
was used to evaluate the effect of input parameters on the warpage magnitude. “The lower
the better” response was chosen because the preference is to have a low warpage value. An
Equation (2) was used to find the S/N ratio as follows:

S
N

= −10log10

[
1
n

n

∑
i=1

y2
i

]
(2)

where n is the number of repetitions and y is the characteristic under consideration. The
main effect plot for the S/N ratio is shown in Figure 10 and the corresponding response
table for S/N ratios is shown in Table 4. The main effect plots evidence that the warpage
degree is mostly influenced by the nozzle speed and bed temperature. In contrast, the
nozzle temperature was found to be insignificant. As can be seen from Figure 11, the
maintenance of higher bed temperature is important to minimize the level of warpage.
That is because the low temperature of the bed increases the temperature gradient between
the molten polymer extrudate and the environment. Since warpage manifests as the
detachment of the part’s outer edges from the print bed, the very first layer of the polymer
must have a strong bond with the print bed [23]. This can be achieved by increasing the
bed temperature.

Table 4. Response table for the S/N ratios.

Level Nozzle
Temperature

Nozzle
Speed

Bed
Temperature

1 −32.36 −51.78 −48.07
2 −39.69 −27.19 −30.61
3 −37.27 −30.36 −30.65

Delta 7.33 24.59 17.47
Rank 3 1 2

FFF at low and high speeds is not desirable, thus, a middle value around 45 mm/s is a
better choice according to the main effect plots. It has been demonstrated by Kwon et al. [24]
that the influence of bed temperature on the bonding quality is more prominent than the de-
position rate. However, in the case of FFF of soft polymers, it is visible that the nozzle speed
has slightly higher importance. Another important aspect is the interlayer bonding. The
stronger interlayer bonding is achieved by heat-driven diffusion according to Gao et al. [25].
In weakly connected layers, the level of porosity is higher, therefore, less dense parts have
weak mechanical properties [26]. To increase the level of bonding, the layers of polymer
should be deposited at a higher rate to ensure a strong connection to the previously placed
layer. In this regard, a high printing temperature is required to ensure higher strength of
the final part [27]. On the other hand, it can be inferred that the thermal stresses transfer
more efficiently between layers if the layers are densely packed [27]. Therefore, 3D printing
at high speeds influences the level of warpage and it is supported by the main effect plots
shown in Figure 12.

Analysis of variance for S/N ratios is shown in Table 5. It can be concluded that the
nozzle speed has the highest impact on the warpage magnitude with a contribution of
59%. After that, the bed temperature appears to be important too. p and F values of the
ANOVA test at a 95% confidence range are used to observe the relevance of each process
parameter. A ‘p’ value of less than 0.05 indicates that the parameters under consideration
had a substantial impact on the experimental result. It has been determined that the most
important input parameter for warpage occurrence is the printing speed with a ‘p’ value of
0.045. Additionally, the print bed temperature can be regarded as significant too because
its p value is only slightly larger than 0.05.
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Table 5. ANOVA S/N ratios.

Source DF Adj SS Adj MS F p Significance Contribution

Nozzle temperature 2 83.76 41.88 1.65 0.378 Nonsignificant 4
Nozzle speed 2 1073.55 536.78 21.10 0.045 Significant 59

Bed temperature 2 608.53 304.27 11.96 0.077 Nonsignificant 32
Residual Error 2 50.89 25.44

Total 8 1816.73

4. Conclusions

The results of experimental work performed in this study have provided some insights
into the warpage phenomenon that occurs during FFF manufacturing soft wax polymer.
The majority of previous research in this area concerns rigid plastics such as ABS or PLA.
However, the issue of warpage in soft polymers is not studied in detail. Due to the soft
nature of the wax polymer, it was possible to perform a temperature sweep test on a thin
film wax sample utilizing rheometer equipment. Temperature sweep test allows for the
measurement of normal forces that occur as a response to the thermal shrinkage of the
polymer. These forces develop within the measuring system of the rheometer as a thin
sample of wax shrinks within the range of temperatures between 110 and 40 ◦C. The results
of the thermo-mechanical experiment were used in the FEA and analytical computation to
identify the shrinkage stresses that ultimately cause the warpage in parts manufactured by
FFF. It was found that the stress values computed by the analytical method yielded more
accurate results. With the level of thermal stress equal to 1.17 MPa, it is estimated that a
part having an elongated shape with a small thickness in a horizontal direction will be
subject to plastic deformation, which might manifest as a shape distortion.

In addition to the work dedicated to the estimation of shrinkage stresses, Taguchi’s
design of experiments was performed to identify the significant process parameters of FFF
that contribute to the warpage. It was discovered that the impact of 3D printing velocity is
significant and to mitigate the warpage issue, the printing speed should be in the vicinity
of 40 mm/s. Another significant factor is the print bed temperature. 3D printing using
a lower temperature of the print bed is not desirable since it contributes to rapid cooling
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of the extrudate leading to weak adhesion of the material to the print bed. As a result,
the shrinkage stresses easily overcome the bonding force between the polymer and the
print bed.
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Abstract: This study investigates the feasibility of 3D printing continuous stainless steel fibre-
reinforced polymer composites. The printing study was carried out using 316L stainless steel fibre
(SSF) bundles with an approximate diameter of 0.15 mm. This bundle was composed of 90 fibres with
a 14 µm diameter. This fibre bundle was first coated with polylactic acid (PLA) in order to produce a
polymer-coated continuous stainless steel filament, with diameters tailored in the range from 0.5 to
0.9 mm. These filaments were then used to print composite parts using the material extrusion (MEX)
technique. The SSF’s volume fraction (Vf ) was controlled in the printed composite structures in the
range from 4 to 30 Vf %. This was facilitated by incorporating a novel polymer pressure vent into the
printer nozzle, which allowed the removal of excess polymer. This thus enabled the control of the
metal fibre content within the printed composites as the print layer height was varied in the range
from 0.22 to 0.48 mm. It was demonstrated that a lower layer height yielded a more homogeneous
distribution of steel fibres within the PLA polymer matrix. The PLA-SSF composites were assessed
to evaluate their mechanical performance, volume fraction, morphology and porosity. Composite
porosities in the range of 2–21% were obtained. Mechanical testing demonstrated that the stainless
steel composites exhibited a twofold increase in interlaminar shear strength (ILSS) and a fourfold in-
crease in its tensile strength compared with the PLA-only polymer prints. When comparing the 4 and
30 Vf % composites, the latter exhibited a significant increase in both the tensile strength and modulus.
The ILSS values obtained for the steel composites were up to 28.5 MPa, which is significantly higher
than the approximately 13.8 MPa reported for glass fibre-reinforced PLA composites.

Keywords: 3D printing; thermoplastic polymers; mechanical properties

1. Introduction

Additive manufacturing (i.e., 3D printing) enables components to be fabricated by
adding material layer by layer. Several 3D printing materials are available to fabricate com-
ponents including polymers, metals, ceramics and composites [1–12]. Polymer components
which are 3D printed exhibit relatively poor mechanical performance compared with those
obtained by injection molding, and hence the interest in adding reinforcing materials [13].
This study investigates the use of a continuous steel fibre bundle as reinforcement for
3D-printed polymer composites.

One of the most widely used 3D printing techniques is material extrusion (MEX) [14–16].
Polymer composites are fabricated through the addition of fibres (short or continuous) or
alternatively powder particles, beads and pellets [13,17–20]. The reinforcing fibres available
for MEX-printed composite reinforcing fibres are vast and include glass, metal, carbon and
basalt [21–23]. The most commonly used thermoplastic feedstocks include polylactic acid
(PLA), polycarbonate (PC), polyamide (PA or nylon) and acrylonitrile butadiene styrene
(ABS) [13,16–20,24].

The two approaches which are routinely used to fabricate composites through MEX
are called ex situ prepreg or in situ fusion [25–27]. The latter method is the one most widely
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used for the fabrication of continuous fibres and involves direct fibre integration into the
print nozzle during 3D printing [12,13,28,29]. Ex situ prepreg production is a two-part
process involving fabricating the composite filament and then using the composite filament
in the 3D printing process [13]. In situ fusion provides a more rapid route to fabricating
composite parts compared with ex situ prepreg [30]. However, due to the short dwell time,
along with insufficient pressure from the nozzle and large temperature gradients, there can
be issues with poor infusion and adhesion of the polymer matrix around the fibres [27,31].
An example of the ex situ prepreg process was investigated by Hu et al. [27] for the printing
of PLA and continuous carbon fibre filaments. Chen et al. [32] also used the ex situ prepreg
method to 3D print PLA containing continuous glass fibre (PLA-cGF). It was reported that
there was a high level of impregnation of the PLA between and into the fibres.

Heidari-Rarani et al. [33] reported on the development of an in situ fusion 3D printer
extruder head designed to reduce nozzle blockage during the fabrication of filaments of
PLA reinforced with continuous carbon fibre (PLA-cCF). To improve PLA and cCF bonding,
the fibres were pretreated or sized with a PVA solution, resulting in composite parts with a
volume fraction of 28.2% and void content of 9.1%. Li et al. [34] also investigated the 3D
printing of PLA-cCF, including the use of PLA sizing agents on the fibres. The continuous
carbon fibre bundle contained up to a maximum of 1000 individual fibres. The resulting
composite exhibited a volume fraction (Vf ) of 34% in a unidirectional printing pattern, along
with a tensile strength of up to 91 MPa. Rimašauskas et al. [35] investigated using polymer
solutions of PLA, PC and ABS for pre-preg sizing to dry cCF at different concentrations
by using in situ fusion 3D printing with respective 1.75 mm filaments. A 10% pre-preg
concentration resulted in a 25.2 Vf % and tensile strength of 165 MPa. Maqsood et al. [36]
used the in situ fusion method along with the PLA pre-impregnated cCF tow to reinforce
the PLA (PLA-cCF) and a cCF tow to reinforce the PLA containing short carbon fibres
(PLA-SCF-cCF). The resultant composites exhibited 18.5 Vf % and 21.8 Vf % respectively.
The composite with the PLA-continuous carbon fibre exhibited a tensile strength of up to
245.4 MPa, but the PLA-SCF-cCF composite was lower at 227.6 MPa.

Caminero et al. [37] evaluated the effects on the interlaminar bonding due to layer
thickness and various fibre volume fractions of 3D-printed nylon reinforced with con-
tinuous fibres of Kevlar, glass and carbon supplied by Markforged. The interlaminar
shear strength was evaluated for nylon-Kevlar, nylon-glass and nylon-CF, with resultant
strengths of 14.3, 21.0 and 31.9 MPa, respectively. The fibre content plays an important
role in determining the properties of MEX composite filaments, such as with the tensile
strength generally increasing with increasing fibre content [13]. One difficulty, however,
is that composite filaments, with a high fibre content, can be quite difficult to print, aris-
ing from issues with nozzle clogging, in addition to the excessive viscosity of the melted
composite filament [24,33,38–42].

There have been very few reports on the incorporation of continuous steel fibres into
3D-printed composites. Quan et al. [43] evaluated the use of a laminating approach, in
which an epoxy sandwich containing SSF with carbon fibre was fabricated. The addition
of the steel fibre was reported to yield a significant increase in interlaminar and fracture
toughness compared with carbon fibre-reinforced plastics. Ibrahim et al. [18,30] and
Saleh et al. [19] successfully 3D printed continuous wire polymer composites for sensor
applications. These authors used in situ fusion to combine 75 µm nickel-chromium wires
and 75 µm copper wire with PLA filament. Only a small increase in the mechanical
properties of the PLA was reported through incorporation of the metal wires.

Hamidi et al. [44] investigated 3D printing PLA and bright finish conductive copper
wire, as well as the polymer combined with spring-back 302/304 stainless steel wire with
diameters of 0.130 mm and 0.178 mm, respectively, as reinforcement for bioinspired joint
fabrication. Both samples were printed using in situ fusion with filament 1.75 mm in
diameter. It was reported that the copper wire broke when printed in a concentric pattern
due to the traction force being too large. Increasing the copper wire’s Vf above 0.4%
resulted in little improvement in the tensile modulus, and the steel wire showed poor
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adhesion and bonding with the PLA during tensile testing. Gunes et al. [45] evaluated the
tensile strength of nylon reinforced with continuous stainless steel wire (50 µm in diameter)
and demonstrated an increase in nylon tensile strength of 7.6 times when 3D printed in a
concentric pattern.

The focus of the current study is to investigate the feasibility of printing continuous
SSF-reinforced polymer composites. A particular focus of the investigation is to achieve a
high fibre volume fraction along with low porosity within the printed composite parts in
order to enhance mechanical performance.

2. Materials and Methods
2.1. Materials

The starting points for this study involved the fabrication of stainless steel-reinforced
polymer filaments. A continuous 316 L stainless steel fibre (SSF) bundle (Figure 1a) was
obtained from NV Bekaert SA (Brussels, Belgium) [31,46]. The SSF was fabricated with a
‘bundle wire drawing’ manufacturing process, which resulted in a hexagonal fibre cross-
section [47,48]. The fibre bundle had a diameter of approximately 0.15 mm and consisted
of 90 fibres per bundle, each with a diameter of 14 µm. The bundle had a linear density of
110 decitex (TEX), torsion per cm of 1 and Young’s modulus of 200 GPa [46]. The elemental
composition of the steel fibre was determined using energy-dispersive X-ray spectroscopy
(EDAX), and the results are detailed in Table 1.

(a) (b)

Figure 1. Stainless steel fibre bundle: (a) spool and (b) 90 fibres per bundle.

The PLA polymer used to coat the steel to form the filament was obtained as pellets
from Nature Works, with a product reference of IngeoTM Biopolymer D4043D [1]. The PLA
pellets were dried at 55 ◦C for a minimum of 24 h prior to extrusion.

Table 1. EDAX analysis elemental composition of the stainless steel fibre.

Element Fe Cr Ni Mo Si Al

Weight % 69.6 17.9 5.6 2.1 0.5 0.4

2.1.1. PLA-Reinforced SSF Filament

The fabrication of a PLA-SSF filament was carried out using a 3devo laboratory-scale
filament maker (Utrecht, Netherlands) [49]. This was modified to facilitate the introduction
of the fibre into the molten polymer during filament extrusion, as shown in Figure 2. The
SSF was introduced into the molten polymer using a custom-designed extrusion die similar
to those described in the literature [50–52]. The die design minimised the forces on the
fibre bundle during co-extrusion by helping to entrain the fibre bundle in the polymer flow.
As highlighted by previous authors, in this die design, where the fibre bundle enters the
polymer flow, there is a region of maximum velocity, with the lowest inter-material shearing
and pressure as shown in Figure 2c [53–57]. As the SSF bundle travels through the die,
it undergoes preheating before entering the molten polymer, decreasing the temperature
gradient between the materials [58].
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Fans cool the polymer-coated SSF bundle after extrusion. We note that rapid cooling
can cause polymer melt fracturing or partially solidify the polymer in the extrusion die,
resulting in teardrop shapes forming along the SSF [51]. DevoVision-win32-v0.2.0, used
in conjunction with the 3devo filament maker, recorded the filament diameter after the
cooling zone and before spooling. It was observed that a reduction in the filament diameter
below 0.4 mm was indicative of issues, such as poor polymer adherence to the SSF.

(a)

(b)

(c)

Figure 2. Schematic of 3devo filament making. (a) Schematic with the fibre introduction region
indicated by the blue dashed ovals. (b) Photograph of the PLA-SSF filament co-extrusion. (c) Velocity
and shearing profile of a non-Newtonian polymer-fibre co-extrusion die.

The 3devo filament maker processing parameters used for fabrication of the PLA-SSF
filaments are given in Table 2. In order to achieve lower layer heights, it was found to
be necessary to decrease the filament diameters from 0.9 to 0.5 mm, as demonstrated in
Table 2. Reducing the extrusion speed slowed the extrusion barrel revolution and velocity
of the polymer entering and exiting the die.

Table 2. The 3devo filament maker processing parameters. Note that T1–T4 relate to the extrusion
barrel heater temperatures, as indicated in Figure 2a.

Filament
Filament Fans Extruder T1 T2 T3 T4
Diameter (%) Speed (◦C) (◦C) (◦C) (◦C)

(mm) (rpm)

PLA-SSF 0.90 45 2.7 177 187 186 177
PLA-SSF 0.60–0.70 20 2.6 177 187 186 170
PLA-SSF 0.50–0.65 33 2.2 179 186 193 191
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2.1.2. Three-Dimensional Printing Continuous PLA-SSF Composite Components

The 3D printing using the PLA-SSF filaments was carried out using a modified Any-
cubic i3 Mega polymer extrusion printer (Shenzhen, China). The modifications included
design change innovations to the polymer-continuous fibre printing head nozzle in order
to facilitate the removal of ‘excess’ polymer during printing. This was achieved by incor-
porating a ‘polymer pressure vent’ into the print head nozzle, as shown in Figure 3. Excess
polymer around the continuous stainless steel wire was allowed to exit through this nozzle
1 mm in diameter during printing. This excess polymer release vent was positioned at the
end of the hot zone in the print head as at this location, the polymer was likely to exhibit a
lower viscosity. The polymer material was routinely removed during printing to prevent it
from falling onto the print surface. As the distance from the print head to the substrate was
reduced, there was a change in the level of pressure in the print head, which was relieved
by the removal of excess polymer through the polymer pressure vent. Thus, the rate of
removal of excess polymer was directly related to the print layer height, with higher levels
of removal occurring at lower heights. This thus facilitated control of the metal fibre content
within the printed composites. One of the advantages of the pressure release outlet was
that it helped to reduce filament failure during printing. By overcoming the backpressure,
it was also found to improve the composite surface finish.

An additional printer design innovation is the flattened print head illustrated in
Figure 3. This 4.5 mm in diameter ‘flat’ nozzle head appeared to have an ‘ironing’ effect on
the print, resulting in an increase in the head dwell time during printing, which should
facilitate greater polymer diffusion between the fibres in the steel bundle. A further
modification was the addition of a soft-wheeled filament feeder, and this was found to help
reduce the level of continuous filament breakage during printing.

Figure 3. Photograph of the printing head with an insert showing a schematic of the 1 mm in diameter
polymer pressure vent (arrow), which facilitated the removal of excess polymer during printing.
Note also the 4.5 mm flat area on the print head, which was found to facilitate ‘ironing’ of the part
during printing.

The print geometries were created using a computer-aided design (CAD) file (Solid-
works 2021 software, version 23.3.0.0059,) and then exported as a stereolithography (STL)
file. The open-source slicing software PrusaSlicer v.2.6.1 was used to slice the STL file
generating the G-code for 3D printing. All test samples were 3D printed in a unidirectional
continuous pattern (0◦). To achieve a continuous printing path with no cutting of the fibres
between layers or at the end of each path, only perimeters were selected in the slicing
software v.2.6.1.

Printing at layer heights below the PLA-SSF filament diameter (minimum of 0.5 mm)
meant there was an excess of polymer in the system, as the maximum quantity of polymer
on the print bed was deposited. The excess polymer was either deposited on the surface, re-
sulting in a poor surface finish, or returned up the printing nozzle, generating backpressure
and clogging.
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A variety of processing parameters and geometry modifications were optimised. This
included adjusting the temperatures of the print head heating, print bed and cooling to
manage temperature gradients. Additionally, the printing path height and hatch spacing
(Figure 4a) were altered, and the deposition speeds of the perimeters and between layers
were varied. The print heights were varied between 0.48 and 0.22 mm. In the case of the
lowest layer height of 0.22 mm, the print head temperature was increased, as demonstrated
in Table 3. The elevated temperature was required to reduce the viscosity of the polymer
and to facilitate better flow of the molten polymer as the PLA-SSF exited the printing head.
The higher temperature was also found to prevent the polymer from cooling prematurely
and solidified within the printing head.

The relatively high thermal conductivity of the stainless steel was likely to assist the
composite in retaining a temperature close to the bed temperature during printing, giving
the SSF additional dwell time. Thus, the coupling of the composite filament feed rate with
the deposition rate and the deposited material’s elevated temperature were likely to reduce
internal stresses as well as warping.

Experimental 3D prints carried out with various print radii and angles demonstrated
that the PLA-SSF filament could achieve filament turns of up to 180◦ without breakage or
degradation of the fibres. An example is shown in Figure 4a. This is in contrast with the
behaviour of continuous carbon fibre filaments, which were reported to fail when high
filament turn angles are used [37].

Figure 4b shows a close-up at the end of a single tensile sample. Where each line of
a continuous SSF bundle’s continuous turning path is displayed, a 180◦ turn is evident
along the centre of the print due to the flexibility of the fibres in the bundles. In the case
of the 90◦ corners, however, the ‘clear’ polymer evident at the right edge of the print
indicates that it was not reinforced. The printing path executed the G-code to the corner,
depositing the continuous PLA-SSF filament to the 90◦ corner. However, the polymer
solidified at a slower rate than the print heads travelled, which resulted in the SSF drawing
through the polymer curving around the corners. Additional cooling and reducing the
print spread during cornering helped to minimise this effect in the non-reinforced region.
This low turning angle ability of the stainless steel facilitated the direct printing of tensile
samples (Figure 4c).

(a) (b)

(c)

Figure 4. Three-dimensional printing continuous PLA-SSF composite. (a) Geometry shape trial prints.
(b) Close-up of PLA-SSF continuous 3D printing path. (c) Tensile sample printed at a layer height of
0.22 mm, (10 mm scale bar).
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Based on varying a range of printing parameters, the optimised printing conditions
were identified, and they are given in Table 3. It was observed that lower print layer
heights generally yielded superior printed part performance, as observed previously by
other authors [59]. The optimum obtained print layer height of 0.22 mm was similar to
that recommended by manufacturers for commercial filaments of PLA reinforced with
short carbon fibres [33]. An advantage of the ex situ prepreg approach is an increase in
material cohesion.

Table 3. PLA-SSF 3D print parameters.

Sample Set Hatch Filament Speed Tnozzle Tbed
Layer Height (h) Spacing (w) Diameter (mm/s) (◦ C) (◦C)

(mm) (mm) (mm)

0.48 0.60 0.50–0.65 3 209 40
0.35 0.40 0.50–0.65 6 209 40
0.22 0.40 0.50–0.65 4 215 55

2.2. Composite Characterisation

The print morphology was examined using an inverted metallurgical microscope
(Olympus GX51, (Olympus Corporation, Tokyo, Japan) along with a Tabletop Hitachi
tm1000 scanning electron microscope (SEM), (Hitachi High-Technologies Corporation,
Tokyo, Japan, sourced from Hitachim UK). The specimen dimensions were obtained using
Digi Plus Line digital vernier callipers.

2.2.1. Polymer-SSF Filament

Optical and SEM microscopy were used to investigate the morphology, the encapsula-
tion of the SSFs as well as the level of polymer impregnation between the SSFs. This was
facilitated by mounting the composite filament in a two-part cold cure Polytek Easyflow
resin. The cure temperature was below the glass transmission temperature of the polymer
so as to not distort its structure. The samples were ground and polished with abrasive silica
paper down to 2000 grit and then polished with a 3 µm diamond suspension.

2.2.2. Three-Dimensional Printed Composites

The porosity and internal structure of the 3D-printed components was evaluated using
a GE Nanotom X-ray micro computed tomography (µCT) scanner (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany), which has up to an 8 µm resolution. Analysis of
the µCT scans was carried out using VG Studios software, version 3.5. The µCT scan results
were cross-referenced with images obtained using microscopy. The latter images were
imported for measurement using image processing software (ImageJ, National Institutes
of Health, Bethesda, MD, USA, version Java 1.8.0_345). The volume fraction (V f ) and the
number of fibres in the PLA-SSF 3D-printed structure were determined from the µCT scans
and ImageJ analysis. The volume fraction (Vf ) was calculated using Equation (1) [60]:

Vf (%) =
VSSF
VT

(1)

where: VSSF is the volume of the stainless steel fibres in the bundle and VT is the overall
volume of the composite. The porosity and Vf analysis used different threshold settings to
identify the materials. The CT scan images included multiple cross-sections of the PLA-SSF
filament obtained from at least three separate 3D-printed parts.

2.3. Mechanical Performance

The mechanical performance of the PLA-SSF composites was assessed based on
both the interlaminar shear strength according to ASTM D2344 along with the tensile
properties following ASTM D5082 [61,62]. Tests were conducted using Zwick Roell Z005
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(The ZwickRoell Group, Ulm, Germany. Sourced from ZwickRoell Ltd., Worcester, UK)
and Lloyd 6000S (AMETEK, Inc., Berwyn, PA, USA) mechanical testers with 10 and 30 kN
load cells, respectively. The data analysis followed the guidelines outlined in ASTM D2344
and D5082 to determine the sample mean, standard deviation and coefficient of variation
(expressed as a percentage).

2.3.1. Interlaminar Shear Strength

The interlaminar shear strength (ILSS) was determined through short beam strength
testing and was used to investigate the cohesion between different material combina-
tions [61]. The short beam test was performed at a speed of 1 mm/min. The ILSS sample
size was defined by the sample thickness (h), the width (b) was two times that thickness,
and the length (l) was six times that thickness, with each measuring 3 × 6 × 18 mm. The
span of the lower beams S was also defined by the thickness as 4 × (h), measuring 12 mm.
The samples were cut to the length using a precision saw (Buehler IsometTM High-Speed
Pro (Bluff, IL, USA)) and shaped to the required dimensions using a water grinding wheel.
The ILSS strength τILSS (MPa) was calculated using Equation (2) [61]:

τILSS =
3
4
× Pm

b × h
(2)

where Pm is the maximum load observed or failure during the test (N), b is the specimen
width (mm) and h is the specimen thickness (mm).

2.3.2. Tensile Testing

The tensile test samples had dimensions of 3× 15 × 175 mm. Sample preparation
included grinding all sets to the correct dimensions and bonding steel tabs with dimensions
of 1.5 × 15 × 56 mm with an angle of 30◦ to each end and side of the tensile samples using
Loctite 480 Cyanoacrylate (Henkel Adhesive Technologies, Dusseldorf, Germany. Supplied
by RS-Ireland. The tensile test was executed at a speed of 5 mm/min. The tensile strength
and tensile modulus properties were determined. The PLA-SSF tensile strength (Ftu) was
calculated using Equation (3) [62]:

Ftu =
Pmax

A
(3)

where Pmax is the maximum force at failure and A is the cross-sectional area. A minimum
of five test samples were evaluated under each test condition.

3. Results and Discussion
3.1. Filament Characterisation

The composite polymer-SSF filament morphology, cohesion and dimensions were
captured using both optical and SEM microscopy. A cross-sectional SEM image of a PLA-
SSF filament 0.7 mm in diameter is displayed in Figure 5a. The fibres were tightly grouped,
and the bundle retained an ovular or circular cross-sectional shape, a similar shape to
that before SSF’s addition to the polymer. The fibre’s hexagonal cross-section was a result
of the bundle wire-drawing process, as each fibre’s flat side aligned with the next fibre,
restricting the polymer diffusion to the inner fibres. The results indicated low levels of
PLA impregnation within the bundle and porosity around the circumference of the bundle,
indicating poor diffusion or adhesion between materials.

In contrast to the filament 0.7 mm in diameter, Figure 5b shows a 0.5 mm PLA-SSF
filament cross-section. In this case, the fibres were dispersed across a wider area within the
polymer matrix, with a high level of polymer diffusion through the fibres and a low level
of porosity. In more commercial applications, the filament diameter can be reduced further.
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(a) (b)
Figure 5. Cross-section SEM images of PLA-SSF filaments mounted in resin: (a) 0.7 mm PLA-SSF
filament and (b) 0.5 mm PLA-SSF filament. Note the greater dispersion of fibres in the bundle for the
filament with the smaller diameter.

3.2. Printed Composite Evaluation

The continuous steel fibre-reinforced composites’ morphology was first evaluated
based on a combination of cross-sectional examination and µCT analysis. This was followed
by an evaluation of the composite’s mechanical properties based on ILSS and tensile testing.

Examples of µCT scan images of the 3D-printed composite sample cross-sections
printed at layer heights of 0.35 and 0.22 mm are given in Figure 6c,d, respectively. The
large number of fibres within each SSF bundle is clearly evident within the images, and
their high surface areas led to enhanced contact between the fibres and the polymer. Note
that the 0.22 mm print had a significantly enhanced stainless steel content along with a
more homogeneous distribution of fibres. As detailed in Section 2.1.2, the higher steel fibre
content for this composite was facilitated by the removal of the excess polymer through the
‘polymer pressure vent ’ nozzle on the print head.

As illustrated in Figure 6d, for the 0.22 mm layer height, the SSF in the composite
structure indicates a well-ordered, relatively homogenous steel fibre arrangement achieved
by increasing the geometrical dimensional widths by 0.4 mm. After structural analysis
of the 0.35 mm sample set (Figure 6c), a distortion along the centre seam of the samples
was observed. The distortion in the structure was due to an uneven number of printed
concentric perimeters caused by the hatch spacing of 0.4 mm being an uneven multiple
of the 0.35 mm sample’s designed width. The uneven printer head travel path is shown
by the orange arrows in Figure 6a along with the blue line in the middle of the geometry.
The G-code was compiled for uneven perimeters to print the start of each layer at 0.4 mm
from the centre, generating a void (blue line in Figure 6a), and the last line of material
deposited was in this space. It was assumed from the polymer 3D printing that there was
no material in this region. However, the excess polymer in this polymer-SSF system flowed
into the void from the first perimeter deposition and solidified. Obstructing the final line of
material deposition caused a structural distortion. The adjustment to the CAD geometry
altered the G-code to generate an even number of perimeters (Figure 6b), and this allowed
the more homogeneous laying down of fibres in Figure 6d for the height of 0.2 mm. The
samples were prepared for mechanical testing as outlined in Section 2.3.
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(a) (b)

(c)
(d)

Figure 6. The µCT scans of PLA-SSF 3D-printed part cross-sections (scale bar = 550 µm). (a) Printing
head travel path, with uneven perimeters of the 0.35 mm layer height samples. (b) Printing head
travel path, with even perimeters of the 0.22 mm layer height samples. (c) Composite (12 Vf %)
printed with layer height of 0.35 mm. (d) Composite (30 Vf %) printed with layer height of 0.22 mm.

SEM examination of the cross-section of the composite printed at a layer height of
0.22 mm demonstrated the high level of impregnation of the PLA into the steel fibre
bundle (Figure 7).

The results for the µCT porosity are given in Table 4, which demonstrates that there
was a significant reduction in porosity, as the print layer height was reduced between
0.45 and 0.22 mm. This reduction in porosity was similar to the results reported by other
authors, being associated with layer height thickness reduction [20]. In addition to the layer
height, other factors which contributed to the porosity reduction included improvements
in the travel path, which assisted in creating a more symmetrical, ordered structure as
outlined in Section 3.2. Associated with the print layer height reduction was an increase in
the SSF content, with the Vf increase being from 6 to 30%.

Figure 7. SEM cross-section image of the PLA-SSF composite matrix printed using a 0.22 mm layer
height, demonstrating good diffusion of the PLA between the fibres in the SSF bundle.
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Table 4. Typical volume fraction and porosity results obtained for the printed PLA-SSF composites
obtained using µCT analysis.

Sample Set Volume Porosity
Layer Height Fraction (Vf ) (%)

(mm) (%)

0.48 6 21
0.35 12 6
0.22 30 2

3.3. Mechanical Testing
3.3.1. Interlaminar Shear Strength

The results of the interlaminar shear strength (τILSS) tests for the four layer heights
investigated are given in Figure 8. For comparison purposes, this graph includes reports
from the literature for 3D-printed continuous glass fibre-reinforced PLA (PLS-cGF) compos-
ites reporting a τILSS of 13.8 MPa (±1.2) [32]. The measurements for the PLA-only and PLA
continuous basalt fibre composites were obtained based on in-house measurements [15].

The PLA-only parts had a τILSS of 14.6 MPa (±0.3), and they exhibited a failure mode
by tensile fracture with little or no shearing between the layers. The ILSS strength of the
PLA-SSF 0.22 mm layer height prints was found to be 28.5 MPa (±2.0), achieving a twofold
improvement in ILSS strength. Factors which were likely to influence the performance
of the composite are the adhesion between the steel fibres and the polymer, the level of
impregnation of the PLA within the SSF bundle and the quantity of SSF in the sample along
with the level of porosity.

Figure 8. Interlaminar shear strength results for the PLA 0.22, 0.35 and 0.48 mm layer height prints,
along with the results reported in the literature for PLA-glass fibres (cGF) and a PLA-Basalt composite
investigated in a previous study at UCD (not reported) [32].
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With respect to the report from the literature on the ILSS value for PLA-cGF included
in Figure 8, no details were provided on the fibre dimensions used to produce the 1 mm
diameter filament, which were used for this print [32]. The composite in this case was
manufactured from a PLA solution within which the fibre was immersed. In the case of
the ILSS test samples, they contained a 4.8wt% fibre content. A more detailed statistical
analysis of the PLA-SSF ILSS results from the current study is plotted in Figure 9, which
includes the corresponding coefficient of variation (CV) for the sample sets. As expected
for the 0.48 mm layer print height samples, a relatively high level of variation in the ILSS
results was obtained (CV of 15%). In the case of the 0.35 mm and 0.22 mm layer height
prints, the coefficient of variation was in the range of 5–10%.

SEM examination of the fractured samples after ILSS testing was used to help evaluate
the mode of failure which, as illustrated in Figure 10a, was found to be due to tensile
fracturing with interlaminar shearing [61]. The crack propagation moved through each
layer, shearing from the next layer’s interface to the next tensile fracture’s initiation point,
resulting in a jagged failure crack [63]. Also illustrated are the individual SS fibre pull-out,
SS fibre necking and bounce back. The first one is where a fibre pulls out of the matrix
at the point of failure. The necking of individual fractured fibres is shown in Figure 10b,
where a portion of the SSF fibres which fractured close to the PLA’s fractured surface and
others had been pulled out of the matrix before failure.

Comparing the fractured 0.22 and 0.35 mm print composites after ILSS testing demon-
strated that the former presented with less fibre pull-out and crack propagation through
the layers. Observing the crack for the 0.22 mm sample indicated that there was a lower
level of shearing between the layer interfaces, indicating a stiffer composite matrix.

Figure 9. Interlaminar shear strength results for the 0.22, 0.35 and 0.48 mm layer heights investigated
with statistical analysis.
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(a) (b)

(c) (d)

Figure 10. Examination of PLA-SSF composites after ILSS testing. (a) Fractured composite printed
with a layer height of 0.35 mm, indicating interlaminar shearing and tensile fracture. The yellow
dashed square indicates the region at higher magnification in (b). (b) The fibre pull-out and necking
for this sample given in a higher magnification. (c,d) Corresponding images for a composite printed
with a layer height of 0.22 mm, demonstrating similar fracturing along with fibre pull-out and SSF
necking. The dashed blue square in (c) indicates the higher magnification image in (d).

3.3.2. Tensile Properties

The tensile performance results for both the PLA and the PLA-SSF are plotted in
Figure 11. Also included in this figure are the results reported for a number of other authors
who investigated 3D-printed PLA composites, including studies involving natural fibres,
metals wires and carbon fibres (continuous and short) [17–20].

The 3D-printed tensile sample set at a 0.48 mm layer height resulted in a tensile
strength of 102.0 MPa (±3.7) and modulus of 5.8 GPa (±0.7). From characterisation and
geometry analysis, the structure had a high level of porosity. The filament diameter of
0.50–0.65 mm was close to the printing layer height with a hatch spacing of 0.6 mm, thus
likely yielding poor interline bonding.

The PLA-SSF tensile strength printed at a layer height of 0.22 mm was 249.8 MPa
(±13.5), and the tensile modulus was 14.3 GPa (±1.2). These values are four and seven
times higher, respectively, compared with those obtained for the non-reinforced polymer.
The mechanical results displayed a broadly linear pattern where as the fibre volume fraction
in the print increased, there was an associated increase in the composites’ ILLS, tensile
strength, and modulus. A summary of the volume fractions and tensile strengths of the
3D-printed PLA composites are tabulated in Table 5.
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Figure 11. Tensile properties of PLA composite samples printed at the four print head heights in this
study (purple squares), with examples of metal- and carbon fibre-reinforced composites reported in
the literature [17,19,20,30,33,36,41,44,64].

Table 5. PLA reinforcement materials, volume fractions and tensile properties.

PLA Reinforcement Vf (%) Tensile Strength (MPa) Reference

Continuous Stainless steel fibre bundle 0.22 mm 30 249.8 This work
Continuous Stainless steel fibre bundle 0.35 mm 12 187.8 This work
Continuous Stainless steel fibre bundle 0.48 mm 7 102.0 This work
Continuous Nickel-Chromium wire
Wire diameter = 75 µm 9.0 51.2 [30]
Continuous nickel-chromium wire
Wire diameter = 75 µm 1.8 53.8 [19]
Continuous copper wire
Wire diameter = 75 µm 2.4 44.9 [19]
Continuous copper wire
Wire diameter = 75 µm 0.7 47.5 [30]
Continuous copper wire
Wire diameter = 0.127 mm 0.4 59.0 [44]
Continuous spring-back 304 stainless steel wire
Wire diameter = 0.1778 mm 0.8 61.0 [44]
Continuous carbon fibre 18.5 245.4 [36]
Continuous carbon fibre, (short CF PLA matrix) 21.8 227.6 [36]
Continuous carbon fibre 28.2 61.4 [33]
Continuous carbon fibre 34.0 80.0 [34]
Continuous aramid fibre 8.6 203 [41]
Continuous flax fibre 26.4 166.0 [20]
Short carbon fibre, ColorFabb XT-CF20 20wt% 43.6 [36]
Short carbon fibre, CarbonX™ filament - 70.3 [17]
Short carbon fibre, Proto-Pasta filament 15wt% 53.4 [64]
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SEM images of the cross-section of the 0.35 mm layer height print after tensile testing
are given in Figure 12. An SSF bundle is highlighted within the dashed orange oval in
Figure 12a. PLA is stiffer than SSF, and due to its brittle failure, it appeared as flat sections
on the fractured surface of the composite. As observed for the previous cross-section
studies, there was good impregnation of the PLA into the middle of the fibre bundle. As
illustrated in Figure 12b, the fibres failed mainly at the fracture face, indicating good inter-
facial adhesion between the two materials. All the stainless steel fibres exhibited necking
prior to ultimate failure [63]. PLA ‘stringing’, which indicates PLA necking, appeared as
a ‘cobweb’-like structure over the fractured surface [65]. The gaps in the PLA observed
around a number of the SS fibres were possibly associated with elongation and cross-
sectional shrinkage of the steel fibre experienced during necking before ultimate failure.
The use of metal fibres increases the contact area between the matrix-reinforcing fibre
interface, and this bonding can contribute to improving the mechanical properties [66].

As demonstrated in Figure 11, as the stainless steel fibre volume fraction increased,
there was a corresponding enhancement in the tensile properties. This observation is
similar to the results obtained by other authors [13]. We note that the PLA-cCF was
not found to follow this trend with an increased volume fraction. However, for these
composites, the different sizing agents used may also have influenced the composite
mechanical properties [33,36]. Table 5 demonstrates that the tensile strength and modulus
of the PLA-SSF almost doubled when comparing the samples with layer heights of 0.48
and 0.35 mm, with only a 5% increase in the volume fraction.

(a) (b)

Figure 12. SEM images of PLA-SSF composite (35 mm layer height) after tensile testing. The image
on the right is a higher magnification of the region in the purple box in the left image.

These results indicate that as the layer height of the print increased, the impregnation
or diffusion of polymer within the SSF bundle was relatively poor due to the shape of
the SSF, as discussed in Section 3.1, which thus gave rise to an increase in porosity. The
PLA-SSF requires a slow printing speed to achieve polymer solidification, retaining the
SSF in position as the print head moves and leading to long print times and potential
fibre breakage at higher speeds. A potential advantage of this process and technology
is its use in bespoke conductive textiles, along with high impact resistance after-market
3D-printable repairs. A further advantage is sustainable sourcing and potential recyclability
for compatible remanufacturing.

The PLA-SSF tensile strength and modulus values obtained were the highest reported
for metal-reinforced composites to date. The tensile strengths obtained for the composites
with printed layer heights of 0.22 mm were approximately four times higher when com-
pared with continuous spring-back 304 stainless steel wire with a 0.127 mm diameter [44].
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When comparing the tensile strengths of the PLA-SSF composite with 7 Vf % with that
reported in the literature for a PLA-nickel chromium wire with 9 Vf %, the former exhib-
ited strengths which were 50% higher [39]. Amongst the factors which are likely to have
contributed to this improvement in mechanical performance in this study are the use of
continuous fibres in the prints, the good impregnation of the PLA between the fibres 14 µm
in diameter in the 0.15 mm SSF bundle, the relatively low porosity (down to 2%) and the
relatively high SSF content (Vf up to 30%).

4. Conclusions

Filaments of continuous stainless steel fibre bundles within a polylactic acid (PLA)
polymer were fabricated using a laboratory-scale extrusion system. By systematically
controlling the 3D printing conditions, along with the use of a novel ‘polymer pressure vent’
within the printer nozzle, 3D-printed composites with fibre volume fractions between 4 and
30% were achieved. Good impregnation and adhesion of the PLA matrix into the stainless
steel fibre were found based on CT analysis, with the porosity of the resulting composites
being in the range of 2–21%. The interlaminar shear strength (τ ILSS) of the PLA-SSF with
a volume fraction of 30% was found to be 28.5 MPa (±2.0), which was twice that of the
PLA-only parts. Both the interlaminar shear strength and tensile strength properties of
the composites were found to increase significantly as the stainless steel volume fraction
(Vf ) increased from 6 to 30%. The PLA-SSF composites exhibited tensile strengths of up
to 249.8 MPa (±13.5), along with tensile modulus values of 14.3 GPa (±1.2). The tensile
strengths obtained with the highest stainless steel Vf in this study were approximately four
times higher than those reported for other printed metal fibre-reinforced composites in
the literature.
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Abbreviations
The following abbreviations are used in this manuscript:

3D Three-dimensional
◦C Degrees Centigrade
b Specimen width
h Specimen thickness
kN Kilonewton
µCT Micro computed tomography
µm Micrometer
mm Millimeter
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mm/s Millimeters Per second
wt% Weight percent
Ftu Tensile strength
Pm or Pmax Maximum load or failure
rpm Revolutions per minute
T1 1st Extrusion barrel heater temperature
T2 2st Extrusion barrel heater temperature
T3 3st Extrusion barrel heater temperature
T4 4st Extrusion barrel heater temperature
ABS Acrylonitrile butadiene styrene
CAD Computer-aided design
cCF Continuous carbon fibre
EDAX Energy-dispersive X-ray spectroscopy
ILSS or τILSS Interlaminar shear strength
L Loop 3D print geometry
GPa Gigapascal
MEX Material extrusion
MPa Megapascal
PC Polyamide or nylon
PC Polycarbonate
PLA Polylactic acid
PLA-cCF Polylactic acid containing continuous carbon fibre
PLA-cGF Polylactic acid containing continuous glass fibre
PLA-SCF-cCF Polylactic acid containing short carbon fibres and continuous carbon fibre
PLA-SSF Polylactic acid containing continuous stainless steel fibre bundle composite
SEM Scanning electron 255 microscope
SSF 316 L stainless steel fibre bundle
ATL Stereolithography
TEX Decitex
Vf Volume fraction
VSSF Volume of continuous stainless steel fibre
VT Overall volume
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Abstract: Material jetting technology is gaining popularity, especially in polymer science, because of
their high accuracy for additive manufacturing (AM) products. This paper aims to investigate the
quality of micro-holes that are oriented in three basic directions, and manufactured by the material
jetting AM process. This paper proposes a novel methodology to evaluate the accuracy of micro-holes
features by using a transparent artifact. A test artifact with horizontal and vertical micro-holes in it,
with industrial applications, was designed. Micro-holes were placed on planar and curve surfaces.
Samples were manufactured by PolyJet technology from a translucent photopolymer resin which
allows a facile investigation (by microscopy) of the inner structure of the micro-holes. The features
of ten micro-holes printed in matte and glossy finish type, with diameters in coarse and medium
options, according to ISO/ASTM 52902, were analyzed. Quality analysis of the micro-holes features
was performed by microscopy investigations. The effects of main factors on the deviation of the
micro-hole diameter were investigated by using the statistical design of experiments, and four control
factors were considered. The best results were obtained for sample printed in matte finishing with the
micro-holes oriented along the x-axis and z-axis. The smallest diameter of the micro-holes obtained
by PolyJet technology on an EDEN 350 machine was 0.5 mm, but in industrial applications for a
facile post-processing, a higher diameter is recommended to be used. A confirmatory experiment on
a wing sample, with a number of micro-holes of the same diameter and a large length to diameter
ratio of the micro-holes, was performed, and the repeatability of the results was confirmed.

Keywords: micro-hole; quality analysis; dimensional accuracy; additive manufacturing; 3D printing;
polymers; material jetting

1. Introduction

Additive manufacturing (AM), or 3D printing, is a key technology in the actual global
market characterized by a grown competition, and is based on its ability to fabricate com-
plex products directly from computer-aided design (CAD) files, and reduce the production
cost and time [1]. The ISO/ASTM 52900-15 [2] standard has defined seven main types of
additive manufacturing process, as follows: vat photo-polymerization (VP), binder jetting
(BJ), material extrusion (ME), material jetting (MJ), sheet lamination (SL), powder bed
fusion (PBF), and directed energy deposition (DED).

Material jetting is considered to be one of the most popular and mature processes
used in additive plastics manufacturing [1], on the basis of its high accuracy [3–5], low
surface roughness [6–8], and the good mechanical properties of the parts [9,10]. Polymer
jetting (PolyJet) and multi-jet printing (MJM) are the most well-known technologies from
the MJ category.

It is mentioned in [11] that the macro-sized holes have a diameter larger than 3 mm
and the micro-sized holes are characterized by a diameter less than around 1 mm.

Micro-holes are made in different components, and are incorporated into electronic
equipment, medical instruments, panel absorbers, micro-robots flight, microfluidic de-
vices [12,13], and structures embedded with fiber-optic sensors. The small diameter
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holes were investigated in many studies by using subtractive technologies such as micro-
drilling [14], electric discharge machining [15], laser drilling, ultrasonic machining, elec-
trolytic machining, electron beam machining, fluid or abrasive jet machining, and chemical
blanking. In the study [16] it was mentioned that the temperature generated in the drilling
process produces the dilatations and contractions of the polymer, and it was possible to
affect the surface quality.

The holes made by additive manufacturing technologies have possible applications
in the accommodation of mechanical fasteners [17], surgical guides [18,19], experimental
aerodynamics [20,21], and so on. In the last few years, many studies have investigated
the macro-holes features and their dimensional accuracy, which have a diameter bigger
than 4 mm, made by additive manufacturing [8,20–23]. The lowest dimensional errors for
a matte cylindrical part at macro-scale made by PolyJet technology (Stratasys, Rehovot,
Israel) were found to be x-axis orientation [23].

A few experimental investigations were performed on cylindrical parts at micro-scale
made by material jetting. Thus, Olasek et al. [20] investigated channels with diameter of
1.5 mm and 0.4 mm that were distributed along an aerofoil, and were manufactured by
MJM 3D printing technology. They concluded that quality strictly depends on the method
and material chosen. On the basis of their observations, they evaluated the holes to be
mostly open or blocked [20], although a dimensional deviation study was not carried
out. Philipovici et al [24] conducted a non-destructive investigation of holes with PolyJet
technology from Vero Black material on machine Objet Connex 350(Stratasys, Rehovot,
Israel) that used X-ray Computed Tomography. They concluded that the accuracy and
repeatability in the x and y axis are significantly better than in the z-axis, but the quality
characterization of the holes was not performed. An analysis of small cylinders oriented
along z-axis were printed in glossy finish on a Stratasys J750 3D printer (Stratasys, Rehovot,
Israel), with diameters of 62.5 µm, 125 µm, 250 µm, 500 µm, 1000 µm and 2000 µm, which
showed that the print quality is acceptable at 500 µm and above [25]. The ability to 3D-print
different channels and orifices of dimensions smaller than 1 mm is challenging. Kara
et al. [12] have demonstrated that the printed microfluidic chips with 1 mm diameter
channels produced by stereolithography and fused deposition modeling are able to be used
successfully to fabricate nanomedicines.

Currently, very few studies focus on micro-hole features with a diameter lower than
1 mm that are built by additive manufacturing. Studies have been conducted of the
dimensional and geometrical characterization of the holes built by PolyJet technology at a
macro-scale, but a lack of knowledge about the micro-scale, including micro-holes, was
found. One of the root causes of the limitations of current works is a lack of information
regarding the standardization of holes in additive manufacturing. Additive manufacturing
standards are in continuous development, taking into account the multitude of additive
manufacturing processes and materials used for this purpose. Also, the applications of
micro-holes in various top fields such as microfluidic chips, experimental aerodynamics,
and industry require preliminary tests before their adoption in practice.

The main aim of this paper is to identify the potential of the material jetting AM
process to produce functional micro-holes in polymeric models. Its novelty lies in the
attempt to perform a quality analysis of micro-holes 3D printed in different finish type from
transparent polymers by using a material jetting process. In order to comprehensively assess
the features of the micro-holes additively manufactured, it proposes a novel methodology
that uses an artifact made of a transparent material, and an experimental design that
uses optical measurements and statistical analysis. A case study focused on the additive
manufacturing of a wing with a number of micro-holes or channels of the same diameter
validates the proposed methodology.

2. Materials and Methods

A new methodology related to the performance of an additive manufacturing process
to produce micro-holes was proposed, as Figure 1 shows. This methodology includes
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the design of some specific artifacts, experiments, statistical analysis and micro-holes
characterization. The methodology follows six steps as shown in Figure 1. For every
additive manufacturing technology, it is important to understand the basic principles of
the process and the potential parameters that influence the manufacturing process and can
affect the micro-holes manufacturing.
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Figure 1. Flowchart of the proposed methodology of micro-holes investigation produced by
additive manufacturing.

It is recommended that the artifact geometry used to apply the methodology should
be defined on the basis of standards [26]. However, a custom geometry of the artifact
allows new aspects based on industrial applications of the products to be taken into
consideration. The artifact size and its features influence the additive manufacturing time,
material consumption, and the amount of measurement data used within the statistical
analysis [27].

The experiments (DOE) were designed based on additive manufacturing process par-
ticularities by choosing the proper control factors that affect the micro-hole characteristics.
The main control factors that could influence the micro-hole features are layer thickness,
material properties, artifact orientation, holes orientation, and the specific finish type of the
AM process, as shown in the flowchart of the proposed methodology (Figure 1). PolyJet
is one of the additive manufacturing processes that deposit thin layers of 16 microns [28].
Therefore, the layer thickness used in this case is constant and does not influence the surface
quality of the part.

2.1. Artifact Geometry

The performance of an AM process to accurately produce a specific feature should
be analyzed using standard artifacts or customized models [3,29,30]. Each artifact is
focused to test an aspect of the AM process, such as accuracy, resolution [29,30], or surface
texture [27,31]. According to ISO/ASTM 52902,the artifacts are classified as linear artifact,
circular artifact, resolution pin artifact, resolution hole artifact, resolution rib artifact,
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resolution slot artifact, and surface texture artifact [26].The AM-related standards do not
impose a specific measurement method of artifacts features [26].

A custom test artifact with a 3D array of through micro-holes on it was designed using
the SolidWorks version 2016 software (Dassault Systèmes, Waltham, MA, USA).

The micro-holes distribution in artifact is presented in Figure 2. Rows of three micro-
holes with the same diameters are applied on the curved surface of the artifact for all size of
diameters, along the length of the artifact, as is shown in Figure 2. Also, the whole range of
micro-holes was applied on a planar surface of the artifact. The holes applied on planar and
curved surface make it possible to study the interaction hole-surface and test the accuracy
of polymer jetting additive manufacturing technology.
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The diameter range of micro-holes are chosen based on standards [26] but customized
sizes are also considered based on a specific industrial application. The micro-holes were
designed with diameter sizes of 0.25 mm, 0.3 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm,
1 mm, 1.2 mm, and 1.4 mm (Figures 2 and 3). The maximum depth of the micro-holes was
10 mm.
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2.2. Design of the Experiments and Statistical Analysis

The micro-holes investigation was performed using the test artifact defined in
Section 2.1. The features of ten micro-holes, 3D printed in matte and glossy finish type,
with diameters in coarse and medium options (defined according to ISO/ASTM 52902),
were analyzed.

The experiments were designed [32] by choosing the control factors that affect the
diameter deviation (deviation) and its levels (Table 1). Diameter deviation is the difference
between the nominal diameter and the measured diameter of the micro-hole. Four basic
control factors that could affect micro-hole features were taken into consideration as follows,
artifact orientation, finish type, micro-hole orientation and micro-hole diameter. The control
factors and their levels are detailed in Table 1.

Finish type was considered as a two-level factor, namely matte and glossy finishing.
This is a particular feature of the PolyJet process. The Matte finishing type applies a thin
layer of support material on the whole surface of the sample. The glossy finishing type
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allows a relative non-uniform surface to obtain around the sample, depositing support
material only on the bottom of the part, with the upper surfaces resulting in a glossy finish.
The artifact orientation on the build platform is considered a two-level factor with basic
orientations at 0 and 90 degrees, relative to the x-axis of the coordinate system. Hole
orientation is considered a factor with three levels that extend along the x-axis, y-axis, and
z-axis. Micro-hole diameter is an eight-level factor based on the diameter sizes of 0.25 mm,
0.3 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 1.2 mm, and 1.4 mm, as is shown
in Table 1.

Table 1. Control factors and their level.

Level Target Artifact Orientation Finish Type Hole Orientation Hole Diameter

Symbol Symbol Value (◦) Symbol Value Symbol Value Symbol Value [mm]

1

Deviation

1 0 1 Matte 1 X 1 1.4
2 2 90 2 Glossy 2 Y 2 1.2
3 - - - - 3 Z 3 1
4 - - - - - - 4 0.9
5 - - - - - - 5 0.8
6 - - - - - - 6 0.7
7 - - - - - - 7 0.6
8 - -- - - - - 8 0.5

A general full factorial design with 96 factor combinations was performed to be able to
investigate the influence of the control factors on the deviation of the micro-hole diameter.
A statistical analysis of the data was performed to investigate and characterize the effects of
control factors and their interactions on the deviation of the micro-hole diameter. Because
there are more than two control factors, two-way ANOVA or generalized linear models
(GLM) were used [33]. The statistical analysis was performed using Minitab 17 software
(Coventry, UK), making it possible to determine the significant factors that affect the
target deviation, on the basis of the indicator p-value and F-value. ANOVA assumptions
were also checked [33]: residuals should be normally distributed, the variance of the
observations in each treatment should be equal, and the response should be independent
and identically distributed.

2.3. Manufacturing Process Specification and Quality Analysis

The samples were additive manufactured by PolyJet technology, using the Objet EDEN
350 PolyJet machine (Stratasys, Rehovot, Israel) [34].

The coordinate system was chosen according to [35]. The additive manufacturing
process consisted of three main steps: pre-processing, processing and post-processing of the
data. Objet Studio version 8.0.1.3 software (Rehovot, Israel) was used in the pre-processing
step to estimate the quantity of model and support material used, and the manufacturing
time. This software also manages the additive manufacturing process. Firstly, the 3D model
of the test artifact was saved in STL file with conversion tolerances of 0.01 mm in deviation,
and 4 degrees in angular tolerance. Then, the samples were imported in Objet Studio
software, and oriented before a type of finish surface (matte or glossy) was applied for each
one. The resulting layout of artifact orientations in the build platform is shown in Figure 4.

The additive manufacturing process on Objet EDEN 350 PolyJet machine consists of
successively depositing thin layers of resins of 0.016 mm (support or model material) by
using a 3D print block that moves along the x-axis and indexes on the y-axis. The layers are
leveled by a roller, and then hardened (photo-polymerization) by ultraviolet (UV) light, as
is shown in Figure 5.

A transparent polymeric material was chosen to manufacture the samples. This
allows a deep-way investigation of the micro-hole features. Thus, FullCure 720 material
as model material, with FullCure 705 as support material, supplied by Stratasys, were
used to fabricate the samples. The composition of the Objet Fullcure 720 resin consists
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of acrylic monomer, urethane acrylate oligomer, epoxy acrylate, and photoinitiator. The
main properties of Objet Fullcure 720 resin are presented in [34,36]. The support material,
FullCure 705 resin, consists of acrylic monomer, polyethylene glycol 400, propane-1, 2-diol,
glycerol, and photoinitiator [37,38].
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Figure 5. The basic principle of PolyJet technology; the 3D print block mainly contains four support
inkjet heads (S1 to S4), four model inkjet heads (M1 to M4) and two UV lamps.

The main parameters of the process were the print head temperature of 72 ◦C, and
a print head vacuum of 6.2 atm. The manufacturing process was performed under a
controlled laboratory temperature of 20 ◦C and a relative humidity of 30%.

All the micro-holes of the 3D samples printed in matte finishing type were filled by
support material. The horizontal micro-holes 3D printed in glossy finishing were also
filled by support material. The samples needed post-processing in order to remove the
support material from micro-holes. The specimens were immersed in a sodium hydroxide
solution and were washed with pressurized water afterwards. Also, thin pins with smaller
diameters than the micro-hole diameters were used to manually clean the support from
the micro-holes. Thus, syringe needles with a 0.1 mm increment in the range diameter of
0.3 mm (codification 30G) to 1.2 mm (18G) were used to remove the support material from
the micro-holes.

The investigation of micro-holes features consisted of visual inspection, checking the
diameter with “go and no go” pin gauge, and microscopy measurements. Visual tests with
no required equipment were performed for all four types of samples. The micro-holes were
labeled according to the control factors, as is shown in Table 2.
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Table 2. Notation of 3D printed micro-holes.

Notation
Micro-Hole

Diameter
[mm]

Artifact Orientation
and Finish Type

Micro-Hole
Orientation

Position of
the Micro-Hole End

Dval_GX_Z_Up Dval GX (X, glossy) Z (along z-axis) Up (on the upper surface)
Dval_GX_Z_Low Dval GX (X, glossy) Z (along z-axis) Low (on the lower surface)
Dval_GX_Y Dval GX (X, glossy) Y (along y-axis) -
Dval_GY_Z_Up Dval GY (Y, glossy) Z (along z-axis) Up (on the upper surface)
Dval_GY_Z_Low Dval GY (Y, glossy) Z (along z-axis) Low (on the lower surface)
Dval_GY_X Dval GY (Y, glossy) X (along x-axis) -
Dval_MX_Y Dval MX (X, matte) Y (along y-axis) -
Dval_MX_Z Dval MX (X, matte) Z (along z-axis) -
Dval_MY_X Dval MY (Y, matte) X (along x-axis) -
Dval_MY_Z Dval MY (Y matte) Z (along z-axis) -

A pin gauge size, which is considerably smaller than the nominal dimension should
be, was first tested, subsequently going up in increments of 0.1 mm.

The microscopy measurements were performed by ISM-PRO software, using an
ISM-PM200SB digital microscope (Insize, Boituva, Brasil) with an accuracy of 10 microns
at a magnification of 150X. In order to achieve high accuracy, calibration using a calibration
rule was done before the measurements. The primary measurement for the resolution hole
features is the diameter of the micro-hole. The vertical holes oriented along the z-axis are
characterized by a start hole diameter, at the lower surface and an end hole diameter at the
upper surface. The horizontal holes oriented along the x-axis and y-axis are characterized
by left and right end diameters of the hole and right hole diameter. The mean hole diameter
was calculated based on the arithmetic mean of the hole ends.

The artifacts printed in glossy finishing are clear, transparent and allow the holes to
be investigated in depth. Three measurements were performed on the deep of the clear
transparent holes—on the top, middle and bottom. The mean arithmetic diameter was
considered. The artifacts printed in matte finishing are not clear or transparent and the
micro-holes cannot be investigated in depth.

A series of defects that occurred during layers formation by photo-polymerization of
the resin were investigated, namely the photo-polymerization affected zone (PAZ), and
array affected zone (AAZ). PAZ has similar parameters to HAS (heat affected zone), and is
reported in the subtractive conventional and unconventional methods of processing holes.
The PAZ width parameter is defined on the basis of relation (1).

PAZ width [mm] =
(PAZ diameter)− (Measured diameter of the hole)

2
(1)

PAZ is actually an area adjacent to the micro-hole surface, which is affected by the
photo-polymerization process in glossy finishing printing. PAZ width is only measured on
the top surface. AAZ is an area around a micro-hole array.

2.4. Case Study as Confirmatory Experiment

An experimental wing with an array of horizontal and vertical micro-holes 1 mm in
diameter was designed in SolidWorks, as is shown in Figure 6.

The horizontal micro-holes traverse the span of the wing at a depth of 120 mm, and
vertical micro-holes with the same diameter are distributed on the top and bottom surface
of the aerofoil. This results in a large micro-hole length-to-diameter ratio of L/D = 120.

Each horizontal micro-hole is connected with a vertical micro-hole, having applications
in experimental aerodynamics. The connected micro-holes create a channel that allows
the static pressure on the upper and lower surface of the wing in different locations to be
captured during experimental aerodynamic tests, meaning it is possible to experimentally
calculate the lift and drag forces developed on a wing at different angles of incidence.
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This new design of connected holes is a solution that is practically impossible to be
manufactured using any other traditional manufacturing method, such as deep drilling,
than additive manufacturing. Five samples of the proposed wing were manufactured.
Each sample was positioned in the optimal 3D-printing configuration, XY matte [5]. The
micro-holes diameter was measured and analyzed.

3. Results

The layout of the four samples was manufactured in 2 h and 8 min, using 38 g of
model material and 29 g of support material.

3.1. Quality Analysis of the Micro-Hole Features

Two kinds of visual inspections were performed, before and after post-processing of
the samples. The artifacts placed on the build platform before post-processing are shown
in Figure 7. The artifacts printed in glossy finishing present vertical striations of model
material on the lateral surface, and support material deposited in the area of the micro-holes
on the vertical surface. It was identified that support material of a rectangular shape was
deposited on the area of the three micro-holes, as is shown in Figure 7a,b.

The samples printed in matte finishing were covered by support material on the entire
surface, as is shown in Figure 7c. Also, all the holes were filled with support material.

After post-processing of the samples, surface errors on the vertical walls of the glossy
samples were determined at both ends of horizontal holes, as is shown in Figure 8a. These
kinds of errors consist in a rectangular area around the pattern of horizontal holes. These
errors were detected both on the glossy sample oriented along the x-axis and on the one
oriented along the y-axis. Thus, flat areas placed around the arrays of holes were found.
These types of errors are caused by support material deposited inside the horizontal holes.
There were no surface defects detected on the samples printed in matte finishing type after
post-processing, as is shown in Figure 8b.

A microscopy analysis was performed for quality investigation of the micro-holes for
the samples GX, GY, MX, and MY.

The horizontal micro-holes oriented along the x-axis and y-axis were analyzed, and so
were the vertical micro-holes along the z-axis.

The upper end of the glossy micro-holes oriented along the z-axis is characterized by a
rounded zone (PAZ), as is shown in Figure 9. The average PAZ value detected on the upper
surface of the glossy micro-holes is 0.176 mm. It was detected that the glossy micro-holes
of 0.25 mm in diameter were absent, as is shown in Figure 9j. A mark was present on the
upper surface of these micro-holes, but the hole is absent on the lower surface. Similar
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morphologies for z-axis micro-holes orientation were found for both orientations of the
glossy artifacts.
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The lower end of the glossy finishing micro-holes oriented along the z-axis were affected
by the support material and presented a specific shape, as is shown in Figures 10 and 11. Some
small pieces of support material were observed in the micro-holes because the holes were not
completely cleaned after the post-processing stage. The micro-holes were not perfectly round,
and the measurement therefore gave the maximum inscribed diameter.
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Polymers 2024, 16, x FOR PEER REVIEW 10 of 21 
 

 

The upper end of the glossy micro-holes oriented along the z-axis is characterized by 
a rounded zone (PAZ), as is shown in Figure 9. The average PAZ value detected on the 
upper surface of the glossy micro-holes is 0.176 mm. It was detected that the glossy mi-
cro-holes of 0.25 mm in diameter were absent, as is shown in Figure 9j. A mark was pre-
sent on the upper surface of these micro-holes, but the hole is absent on the lower surface. 
Similar morphologies for z-axis micro-holes orientation were found for both orientations 
of the glossy artifacts. 

 
             (a)                              (b)                              (c)                            (d) 

 
            (e)                       (f)                      (g)                     (h)               (i)            (j) 

Figure 9. Microscopic image of the upper end of the micro-holes oriented along the z-axis (GX 
sample), which had different diameters: (a) 1.4 mm (D1.4_GX_Z_Up), (b) 1.2 mm (D1.2_GX_Z_Up), 
(c) 1 mm (D1_GX_Z_Up), (d) 0.9 mm (D0.9_GX_Z_Up), (e) 0.8 mm (D0.8_GX_Z_Up), (f) 0.7 mm 
(D0.7_GX_Z_Up), (g) 0.6 mm (D0.6_GX_Z_Up), (h) 0.5 mm (D0.9_GX_Z_Up), (i) 0.3 mm 
(D0.3_GX_Z_Up) and (j) 0.25 mm (D0.25_GX_Z_Up). 

The lower end of the glossy finishing micro-holes oriented along the z-axis were af-
fected by the support material and presented a specific shape, as is shown in Figures 10 
and 11. Some small pieces of support material were observed in the micro-holes because 
the holes were not completely cleaned after the post-processing stage. The micro-holes 
were not perfectly round, and the measurement therefore gave the maximum inscribed 
diameter. 

 
                  (a)                             (b)                        (c)                          (d) 

Polymers 2024, 16, x FOR PEER REVIEW 11 of 21 
 

 

 
           (e)                     (f)                             (g)                     (h)                   (i) 

Figure 10. Microscopic image of the lower end of the micro-holes oriented along the z-axis (GX 
sample), with different diameters: (a) 1.4 mm (D1.4_GX_Z_Low), (b) 1.2 mm (D1.2_GX_Z_ Low), 
(c) 1 mm (D1_GX_Z_ Low), (d) 0.9 mm (D0.9_GX_Z_ Low), (e) 0.8 mm (D0.8_GX_Z_ Low), (f) 0.7 
mm (D0.7_GX_Z_ Low), (g) 0.6 mm (D0.6_GX_Z_ Low), (h) 0.5 mm (D0.9_GX_Z_ Low), (i) 0.3mm 
(D0.3_GX_Z_ Low). 

   
(a) (b) (c) 

  
              (d)                   (e)                       (f) (g)            (h) 

Figure 11. Microscopic image of the lower end of the micro-holes oriented along z-axis (GY sam-
ple), with  different diameters: (a) 1.4 mm (D1.4_GY_Z_Low), (b) 1.2 mm (D1.2_GY_Z_ Low), (c) 1 
mm (D1_GY_Z_ Low), (d) 0.9 mm (D0.9_GY_Z_ Low), (e) 0.8 mm (D0.8_GY_Z_ Low), (f) 0.7 mm 
(D0.7_GY_Z_ Low), (g) 0.6 mm (D0.6_GY_Z_ Low), (h) 0.5 mm (D0.9_GY_Z_ Low). 

The morphology of the lower end of the glossy finishing micro-holes oriented along 
the z-axis seems to be similar for both artifact orientations, but the train of resin droplets 
is deposited in different directions (Figures 10 and 11). 

The clear transparent upper surface of the glossy artifact makes it possible to inves-
tigate the depth horizontal micro-holes (Figure 12). The diameter of the horizontal mi-
cro-holes was measured in three sections and the mean diameter was calculated. Exam-
ples of measured diameters of the holes (from the glossy artifact printed in the X direc-
tion) are shown in Figure 12. It was determined that the horizontal micro-holes are pre-
sent in the diameter range extending from 0.5 mm to 1.4 mm. The 0.3 mm diameter mi-
cro-holes were partially filled at the hole end. The 0.25 mm diameter holes were closed on 
the entire depth, and were filled by model material (Figure 12j). These are failed mi-
cro-holes that, even though they have a surface geometry, are solid below the surface. The 
lateral surface of the holes has a specific texture, as is shown in Figure 12. Similar mor-
phologies for horizontal glossy micro-holes oriented along the x-axis and y-axis were also 
found. 

Figure 10. Microscopic image of the lower end of the micro-holes oriented along the z-axis (GX
sample), with different diameters: (a) 1.4 mm (D1.4_GX_Z_Low), (b) 1.2 mm (D1.2_GX_Z_Low),
(c) 1 mm (D1_GX_Z_Low), (d) 0.9 mm (D0.9_GX_Z_Low), (e) 0.8 mm (D0.8_GX_Z_Low), (f) 0.7 mm
(D0.7_GX_Z_Low), (g) 0.6 mm (D0.6_GX_Z_Low), (h) 0.5 mm (D0.9_GX_Z_Low), (i) 0.3 mm
(D0.3_GX_Z_Low).
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(c) 1 mm (D1_GY_Z_Low), (d) 0.9 mm (D0.9_GY_Z_Low), (e) 0.8 mm (D0.8_GY_Z_Low), (f) 0.7 mm
(D0.7_GY_Z_Low), (g) 0.6 mm (D0.6_GY_Z_Low), (h) 0.5 mm (D0.9_GY_Z_Low).

The morphology of the lower end of the glossy finishing micro-holes oriented along
the z-axis seems to be similar for both artifact orientations, but the train of resin droplets is
deposited in different directions (Figures 10 and 11).

The clear transparent upper surface of the glossy artifact makes it possible to in-
vestigate the depth horizontal micro-holes (Figure 12). The diameter of the horizontal
micro-holes was measured in three sections and the mean diameter was calculated. Exam-
ples of measured diameters of the holes (from the glossy artifact printed in the X direction)
are shown in Figure 12. It was determined that the horizontal micro-holes are present in the
diameter range extending from 0.5 mm to 1.4 mm. The 0.3 mm diameter micro-holes were
partially filled at the hole end. The 0.25 mm diameter holes were closed on the entire depth,
and were filled by model material (Figure 12j). These are failed micro-holes that, even
though they have a surface geometry, are solid below the surface. The lateral surface of the
holes has a specific texture, as is shown in Figure 12. Similar morphologies for horizontal
glossy micro-holes oriented along the x-axis and y-axis were also found.

The results of the microscopy investigations for the matte samples oriented along the
x-axis and y-axis showed similar morphologies, and similar characteristics were found for
the left and right ends of the micro-holes. The top and bottom ends of the micro-holes
also had the same characteristics. The horizontal micro-holes oriented along the x-axis
appeared to be properly built into the diameter range of 0.3 mm to 1.4 mm, as is shown
in Figure 13. The micro-holes 0.25 mm in diameter appeared to be filled, as is shown
in Figure 13j. Similar results were found for the horizontal micro-holes oriented along
the y-axis.

It was found that the matte micro-holes oriented along the z-axis are properly built in
the diameter range that extends from 0.5 mm to 1.4 mm. The 0.3 mm and 0.25 mm diameter
micro-holes were closed holes. The micro-holes oriented along the z-axis were determined
to be irregular in shape, as is shown in Figure 14. This could be explained by the lower
resolution of the printer in the X and Y directions, compared to the Z direction.
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Figure 12. Microscopic image of the horizontal micro-holes oriented along the y-axis (GX sample),
with different diameters: (a) 1.4 mm (D1.4_GX_Y), (b) 1.2 mm (D1.2_GX_Y), (c) 1 mm (D1_GX_Y),
(d) 0.9 mm (D0.9_GX_Y), (e) 0.8 mm (D0.8_GX_Y), (f) 0.7 mm (D0.7_GX_Y), (g) 0.6 mm (D0.6_GX_Y),
(h) 0.5 mm (D0.9_GX_Y), (i) 0.3 mm (D0.3_GX_Y), (j) 0.25 mm (D0.25_GX_Y).
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Figure 13. Microscopic image of the micro-holes oriented along the x-axis (MY sample), with
different diameters: (a) 1.4 mm (D1.4_MY_X), (b) 1.2 mm (D1.2_MY_X), (c) 1 mm (D1_MY_X),
(d) 0.9 mm (D0.9_MY_X), (e) 0.8 mm (D0.8_MY_X), (f) 0.7 mm (D0.7_MY_X), (g) 0.6 mm (D0.6_MY_X),
(h) 0.5 mm (D0.9_MY_X), (i) 0.3 mm (D0.3_MY_X) and (j) 0.25 mm (D0.25_MY_X).
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Figure 14. Microscopic image of the micro-holes oriented along the z-axis (MY sample), with dif-
ferent diameters: (a) 1.4 mm (D1.4_MY_Z), (b) 1.2 mm (D1.2_ MY_Z), (c) 1 mm (D1_ MY_Z), (d) 0.9 
mm (D0.9_ MY_Z), (e) 0.8 mm (D0.8_ MY_Z), (f) 0.7 mm (D0.7_ MY_Z), (g) 0.6 mm (D0.6_ MY_Z), 
(h) 0.5 mm (D0.9_ MY_Z), and (i) 0.3 mm (D0.3_ MY_Z). 

Deep investigations of the shape of the micro-holes are necessary to understand 
their characteristics. Thus, the rectangular area around the pattern of horizontal holes 
(AAZ) detected by visual investigation of the ends of the glossy micro-holes were ana-
lyzed, as is shown in Figure 15. The width of this rectangular area (array-affected zone) is 
in the range of 0.88 mm (D0.3 mm), and 1.786 mm (D1.4 mm) for the artifact printed in 
glossy mode that is oriented along the x-axis (Figure 15a). A relative constant width 
(AAZ) of around 2.26 mm was found for the artifact oriented along the y-axis (Figure 
15b). The artifacts printed in matte finishing show a smooth surface around the array of 
holes oriented on the z-axis. No surface defects were detected in this case. 

  

Figure 14. Microscopic image of the micro-holes oriented along the z-axis (MY sample), with
different diameters: (a) 1.4 mm (D1.4_MY_Z), (b) 1.2 mm (D1.2_MY_Z), (c) 1 mm (D1_MY_Z),
(d) 0.9 mm (D0.9_MY_Z), (e) 0.8 mm (D0.8_MY_Z), (f) 0.7 mm (D0.7_MY_Z), (g) 0.6 mm (D0.6_MY_Z),
(h) 0.5 mm (D0.9_MY_Z), and (i) 0.3 mm (D0.3_MY_Z).

Deep investigations of the shape of the micro-holes are necessary to understand their
characteristics. Thus, the rectangular area around the pattern of horizontal holes (AAZ)
detected by visual investigation of the ends of the glossy micro-holes were analyzed, as is
shown in Figure 15. The width of this rectangular area (array-affected zone) is in the range
of 0.88 mm (D0.3 mm), and 1.786 mm (D1.4 mm) for the artifact printed in glossy mode
that is oriented along the x-axis (Figure 15a). A relative constant width (AAZ) of around
2.26 mm was found for the artifact oriented along the y-axis (Figure 15b). The artifacts
printed in matte finishing show a smooth surface around the array of holes oriented on the
z-axis. No surface defects were detected in this case.
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mode.  
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Figure 15. Array affected zone (AAZ) of the horizontal micro-hole, printed in glossy finishing for:
(a) artifact oriented along the x-axis; (b) artifact oriented along the y-axis.

The ends of micro-holes printed in glossy mode present specific shapes which are
perpendicular on the artifact surface, as is shown in Figure 16a–c. The average height of
the ends is around 0.34 mm. Filled micro-hole ends are shown in Figure 16d.

272



Polymers 2024, 16, 32

Polymers 2024, 16, x FOR PEER REVIEW 14 of 21 
 

 

  
(a) (b) 

Figure 15. Array affected zone (AAZ) of the horizontal micro-hole, printed in glossy finishing for: 
(a) artifact oriented along the x-axis; (b) artifact oriented along the y-axis. 

The ends of micro-holes printed in glossy mode present specific shapes which are 
perpendicular on the artifact surface, as is shown in Figure 16a–c. The average height of 
the ends is around 0.34 mm. Filled micro-hole ends are shown in Figure 16d. 

    
(a) (b) (c) (d) 

Figure 16. The ends of horizontal micro-holes printed in glossy finishing. The red circle shown the 
end area of the micro-hole: (a) The micro-hole end on a high sloped surface; (b) The micro-hole end 
on a low sloped surface; (c) The micro-hole end on a horizontal surface; (d) a closed micro-hole on 
the entire depth. 

The investigation of the diameter of the depth of micro-holes oriented in the z-axis 
was difficult to perform by microscopy because of lower transparency of the lateral walls 
of the artifact, as is shown in Figure 17. The internal structure of the matte micro-holes is 
difficult to investigate based on the lower transparency of the artifact surfaces. The best 
transparency was obtained for the horizontal surface of the artifact printed in a glossy 
mode.  
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Figure 16. The ends of horizontal micro-holes printed in glossy finishing. The red circle shown the
end area of the micro-hole: (a) The micro-hole end on a high sloped surface; (b) The micro-hole end
on a low sloped surface; (c) The micro-hole end on a horizontal surface; (d) a closed micro-hole on
the entire depth.

The investigation of the diameter of the depth of micro-holes oriented in the z-axis was
difficult to perform by microscopy because of lower transparency of the lateral walls of the
artifact, as is shown in Figure 17. The internal structure of the matte micro-holes is difficult
to investigate based on the lower transparency of the artifact surfaces. The best transparency
was obtained for the horizontal surface of the artifact printed in a glossy mode.
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Figure 17. Images of the micro-holes oriented along the z-axis and printed in glossy finishing:
(a) Upper surface; (b) Lower surface affected by the support material.

3.2. Results of Statistical Analysis

The results of the ANOVA analysis are shown in Table 3. The hole diameter, finish type
and hole orientation had a more significant influence on the diameter deviation, as long as
the p-value was lower than the significance level of 0.001. The results were significant at
the 0.1% significance level.

The artifact orientation factor had a lower percentage contribution. The most signif-
icant influence on the diameter deviation (Dev) was the hole diameter, which explained
27.98% of the total variation. The R-squared value of 95.72% indicates that the model
explains all the variability of the response data around its mean.

The interactions of hole orientation with hole diameter and artifact orientation with
hole diameter had a significant effect on the diameter deviation, whereby PC% was 15.91%
and 10.02%, respectively. The interactions of artifact orientation with finish type, finish
type with hole orientation, and finish type with hole diameter had no significant effect on
the diameter deviation (p > 0.05).
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Table 3. The percentage contribution ratio based on the generalized linear model (GLM); The symbol
“*” signifies the interaction between factors.

Source DF Seq SS Seq MS Fexp F0.1% p PC (%)

Artifact orientation 1 0.006622 0.006622 19.97 17.14 0.001 6.10%
Finish type 1 0.014793 0.014793 44.61 17.14 <0.001 13.64%

Hole orientation 2 0.013004 0.006502 19.61 9.72 <0.001 11.99%
Hole diameter 7 0.030356 0.004337 13.08 7.07 <0.001 27.98%

Artifact orientation * Finish type 1 0.001131 0.001131 3.41 17.14 0.086 1.04%
Artifact orientation * Hole diameter 7 0.010874 0.001553 4.69 7.07 0.007 10.02%

Finish type * Hole orientation 2 0.00267 0.001335 4.03 9.72 0.042 2.46%
Finish type * Hole diameter 7 0.004573 0.000653 1.97 7.07 0.133 4.22%

Hole orientation * Hole diameter 14 0.017266 0.001233 3.72 5.92 0.01 15.91%
Artifact orientation * Finish type *

Hole diameter 7 0.002562 0.000366 1.1 7.07 0.412 2.36%

Error 14 0.004642 0.000332 4.28%
Total 63 0.108491 100.00%

The influence of control factors on diameter deviation was statistically evaluated using
graphical methods. Thus, the following graphs were plotted: the main effects plot for
deviation, interaction effects plot for deviation, and interval plot of deviation versus the
control factors. The results show that artifact orientation at level 1 (0◦), finish type at level 1
(matte), hole orientation at level 3 (z-axis), and hole diameter at level 1 (1.4 mm) had the
main effects plot for deviation (Figure 18). The interaction of hole diameter factor with the
other factors had a significant influence on the diameter deviation, as shown in Figure 19.
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The interval plots with the standard error bars of each factor versus the diameter 
deviation (Dev) are shown in Figure 20. The difference for Dev in the hole diameter was 
probably not significant for the diameters of 1.2 mm, 1 mm, 0.9 mm, and 0.8 mm because 
all the interval bars easily overlapped (Figure 20a). Also, the hole diameter had an in-
fluence on the diameter deviation and it seems that, for hole diameter of 1.4 mm, the 
mean of Dev was higher, but lower for the hole diameter of 0.7 mm.  

The difference between the means for diameter deviation in artifact orientation, fin-
ish type, and hole orientation were significant because the interval bars did not overlap 
(Figure 20a–c). The means of Dev were lower for the artifact orientation along the y-axis, 
the glossy finish type, and the hole orientation along the x-axis.  

Figure 18. Main effects plot for diameter deviation (Dev).

The interval plots with the standard error bars of each factor versus the diameter
deviation (Dev) are shown in Figure 20. The difference for Dev in the hole diameter was
probably not significant for the diameters of 1.2 mm, 1 mm, 0.9 mm, and 0.8 mm because all
the interval bars easily overlapped (Figure 20a). Also, the hole diameter had an influence
on the diameter deviation and it seems that, for hole diameter of 1.4 mm, the mean of Dev
was higher, but lower for the hole diameter of 0.7 mm.

The difference between the means for diameter deviation in artifact orientation, finish
type, and hole orientation were significant because the interval bars did not overlap
(Figure 20a–c). The means of Dev were lower for the artifact orientation along the y-axis,
the glossy finish type, and the hole orientation along the x-axis.
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3.3. Case Study as Confirmatory Experiment 
A theoretical model of the hole shape is proposed by the author, as shown in Figure 

22. The train of resin droplets grouped in cylindrical shapes, deposited by each nozzle in 
the X direction, forms a layer. The intersection between the micro-hole and layers forms 
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Figure 20. Interval plot of: (a) hole diameter; (b) artifact orientation; (c) finish type; and (d) hole
orientation. Individual standard deviations were used to calculate the intervals plot. Bars are standard
errors of the mean.

The generalized linear model was checked for model adequacy by using the normal
probability plots of residuals [27]. The residuals were normally distributed, as is shown in
Figure 21.
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3.3. Case Study as Confirmatory Experiment

A theoretical model of the hole shape is proposed by the author, as shown in Figure 22.
The train of resin droplets grouped in cylindrical shapes, deposited by each nozzle in the
X direction, forms a layer. The intersection between the micro-hole and layers forms the
theoretical shape of the 3D-printed hole. The surface of holes oriented along the y-axis
or z-axis results from the intersection of several cylinders from different layers, which are
normal for the hole direction, resulting in a rough surface. The hole oriented along the
x-axis consists of an intersection of the cylindrical train of droplets, which is parallel to the
hole axis direction. Thus, the surface of the deep hole oriented along the x-axis is more
homogeneous and precise than the other two types of holes. The hole surface oriented
along the x-axis is smooth and continuous (Figure 22).
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Five experimental wings with eight horizontal micro-holes and eight vertical holes
that were 1 mm in diameter (D1) were manufactured by PolyJet technology (Figure 23). On
the basis of the previous experimental study and the theoretical model, the horizontal deep
micro-holes from the wing were oriented along the x-axis. The manufacturing time for an
experimental wing printed in matte finishing along the x-axis was 1 h and 24 min, and the
materials consumption was 168 g of model material and 100 g of support material.
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Figure 23. Experimental wing with eight horizontal micro-holes and eight vertical holes that are
1 mm in diameter.

The results of the statistical analysis of the 1 mm diameter micro-holes have shown
that the coefficients of variation are lower than 10%, which confirms data heterogeneity
and expresses the repeatability of the experiments, as shown in Table 4.

Table 4. Statistics of 1 mm diameter micro-holes.

Micro-Hole Orientation Mean Value [mm] Standard Deviation [mm] Coefficient of Variation [%]

X 0.932 0.01129 1.21
Z 0.899 0.01274 1.42

The interval plots of the D1_X and D1_Z diameter of the micro-holes are shown in
Figure 24. Individual standard deviations were used to calculate the interval plot. The
highest values for the D1-measured diameter were found for the x-axis orientation of the
wing. This was explained by the higher resolution of 0.016 mm in the z-axis. The smallest
values of the D1-measured diameter on the z-axis direction (Figure 24) were caused by the
lower resolution of 0.042 mm in the x-direction and y-direction. The diameter deviation
along the x-axis is therefore smaller than the deviation along the other two axes.
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4. Conclusions

This paper investigated the quality of micro-holes made by the material jetting AM
process and characterized the features of micro-holes built in three basic directions, along
the x-axis, y-axis, and z-axis based on the proposed methodology. The following conclusions
can be drawn:

• An artifact made by translucent polymer resin allows a facile investigation (by mi-
croscopy) of the inner structure of the micro-holes.

• The experimental research demonstrated that hole diameter, finish type, and hole
orientation were the most influential factors on diameter deviation of the micro-holes.

• Micro-holes are smaller than nominal. The micro-holes made by the PolyJet technology
that are oriented along the x-axis are more accurate than the micro-holes along the y-
axis and z-axis, and have an average deviation of 0.042 mm, compared with 0.067 mm
and 0,083 mm, respectively.

• The experimental deviations of the diameter of the micro-holes manufactured by
PolyJet technology in the glossy finish mode were lower than those obtained in the
matte finish mode. After uniform surface and the quality issues of glossy mode were
taken into account, the micro-holes printed in matte finishing gave the best results.

• Three situations of micro-holes construction by the AM systems can be noted, names
of holes that appear properly built, holes that appear partially filled, and holes that
appear absent. The smallest diameter of the properly-built micro-holes obtained
by PolyJet technology using the EDEN 350 machine was 0.5 mm. After facile post-
processing is taken into account, it is recommended that 1 mm diameter micro-holes
should be chosen for industrial application.

The proposed methodology can be used to evaluate the accuracy of the micro-holes
made by different materials, and to compare different additive manufacturing processes, in
a way that considers the specific characteristics of each AM technology and chooses the
proper control factors.
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Abstract: In the realm of 3D printing, polymers serve as fundamental materials offering versatility to
cater to a diverse array of final product properties and tailored to the specific needs of the creator.
Polymers, as the building blocks of 3D printing, inherently possess certain mechanical and wear
properties that may fall short of ideal. To address this limitation, the practice of reinforcing polymer
matrices with suitable materials has become a common approach. One such reinforcement material
is boron nitride (BN), lauded for its remarkable mechanical attributes. The integration of BN as a
reinforcing element has yielded substantial enhancements in the properties of polylactic acid (PLA).
The central objective of this research endeavor is the development of polymer composites based on
PLA and fortified with boron nitride. This study undertakes the comprehensive exploration of the
compatibility and synergy between BN and PLA with a keen focus on examining their resultant
properties. To facilitate this, various percentages of boron nitride were incorporated into the PLA
matrix, specifically at 5% and 10% by weight. The compounding process involved the blending
of PLA and boron nitride followed by the creation of composite filaments measuring 1.75 mm in
diameter and optimized for 3D printing. Subsequently, test specimens were meticulously fabricated
in adherence with ASTM standards to evaluate the ultimate tensile strength, dimensional accuracy,
wear characteristics, and surface roughness. The findings from these assessments were systematically
compared to the wear properties and mechanical behavior of PLA composites reinforced with boron
nitride and the unreinforced PLA material. This study serves as a foundational resource that offers
insights into the feasibility and methodologies of incorporating boron nitride into PLA matrices,
paving the way for enhanced polymer composite development.

Keywords: fused deposition modeling; boron nitride; polylactic acid; tensile strength; dimensional
accuracy; wear

1. Introduction

In recent years, there has been a significant surge in the utilization of materials derived
from renewable sources. Biopolymers, as an eco-friendly alternative to petroleum-based
polymers, have gained prominence due to their biocompatibility, biodegradability, and
renewability [1]. Among the myriad biopolymers available, polylactic acid (PLA) has
emerged as a prominent choice. PLA is a thermoplastic aliphatic polyester produced from
renewable resources like corn, wheat, cellulose, sugar cane, and starch. It distinguishes
itself with its exceptional barrier properties, high strength, biocompatibility, elevated
modulus, low toxicity, heat resistance, improved processability, and transparency. PLA
finds applications in a wide range of fields, including medicine (porous meshes, scaffolds,
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drug delivery systems, and implants), automotive, packaging, and even in the creation of
urinary bladder scaffolds.

However, the practical utility of these materials has been hindered by their limited
thermal stability, rigidity, brittleness, and slow crystallization rate [2]. Nevertheless, the
favorable biodegradability and mechanical properties of PLA have spurred extensive
research into its production. Numerous endeavors have been undertaken to enhance
PLA’s properties by introducing various fillers. The literature demonstrates the use of
substances such as clay [3], cellulose crystals [4], natural fibers [5], and graphene [6] as well
as oxides, carbides, and nitrides to enhance specific attributes, rendering them suitable
for a diverse array of applications. The addition of particles to PLA has proven to be an
effective method for altering its physical and mechanical properties [7]. Boron nitride (BN),
with its impressive thermal conductivity and mechanical properties, is a potential polymer-
reinforcement material. The introduction of BN as a reinforcement for PLA will significantly
improve their properties, making them more suitable for electronic product packaging.
According to the available literature, PLA/BN composites have never been the subject of
exhaustive research [7–9]. PLA ranked as the second most consumed natural plastic in
the world in 2010, but it is not yet a standard polymer. Multiple physical and processing
limitations have hindered the widespread deployment of PLA [10]. Rapid prototyping,
also known as additive manufacturing, is a technique for producing prototypes and end-
use parts directly from three-dimensional digital data. One of the major benefits of these
technologies is the ability to produce personalized products with minimal lead time and
expense. In contrast to subtractive and joining techniques used in conventional production
systems, additive manufacturing operates by stacking material layer by layer. Feeders
or extruders feed filaments or wires into the nozzles and heat them to a liquid or molten
state as part of the FDM process. The material is extruded through nozzles when it has
been heated slightly above its melting point. The final product consists of layers of molten
material deposited in layers and rapidly cooled during deposition [11]. Various studies
have investigated various filament types for FFF. Gray et al. [12] made an attempt to
develop thermotropic liquid crystalline polymers (TLCPs), which were combined with a
polypropylene (PP) matrix to improve the tensile properties of polymer composites so that
they could be used as functional components in FFF. A morphological and tensile analysis
of filaments extracted via dual extrusion was performed in this study. Zhong et al. [13]
conducted a successful study on the use of short reinforcement fiber in an ABS matrix. The
composite filament could be used for FFF due to its increased strength. The tensile strength
and morphology of the filaments extracted via dual extrusion were analyzed as properties.
Shofner et al. [14] manufactured a polymer composite by combining an ABS matrix with
single-walled carbon nanotubes. G. Melenka et al. [15] conducted an experiment to develop
a polymer composite by adding continuous Kevlar fibers to an ABS matrix. As part of the
study, the filler material was altered to determine whether or not the tensile properties
varied. The amount of Kevlar fibers added ranged from 4.04 to 8.08 to 10.1%. Along with
the strain and Young’s modulus, the material’s tensile strength increased as it was gradually
reinforced. Perez et al. [16] analyzed the effect of various filler materials on the tensile
strength of composites. ABS was chosen as the matrix material for the preparation of the
samples. Separately incorporated thermoplastic elastomer, jute fiber, and TiO2 samples
were compared to ABS-only samples. ABS-TiO2 had a greater tensile strength than jute fiber
and TPE, whereas ABS-TiO2 had a greater tensile strength than jute fiber and TPE. When
two polymers are combined, there will be an improvement in certain properties. The most
commonly employed blends are polycarbonate and acrylonitrile butadiene styrene. By
combining these materials, superior impact resistance and thermal stability are achieved. As
a result of its enhanced mechanical properties and stability [17], it is an excellent material for
the polymer industry. Automobile and home appliance manufacturing are major industries
that employ these substances [18]. In a fascinating study, additive manufacturing was used
for the first time to produce an electrically insulated, thermally conductive material. Using
a 3D printing technique, the mechanical and thermal properties of boron nitride (BN)–
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acrylonitrile butadiene styrene (ABS) composites were investigated. In terms of thermal
conductivity, a 45–45◦ infill had slightly better flexural strength than a 0–90◦ infill, but the
thermal conductivity was insensitive to infill orientation. The mechanical strength and
anisotropic heat conductivity of 3D-printed composite materials are frequently diminished.
Adding BN flakes modestly increased the flexural modulus [19]. When looking into PLA as
a matrix material to be used along with BN as reinforcement, studies related to mechanical
and wear characterization are very minimal. Among the other available reviews, natural
fiber was added to the PLA matrix in place of synthetic fiber to study heat treatment and
hygrothermal ageing. Greater absorption of moisture through the natural fiber played a
detrimental role in the reduction in mechanical properties [20]. Using the technique of
solvent cast processing, Bindhu et. al. [9] developed a PLA composite reinforced with
4 wt% BN to study the thermal and mechanical properties. In various tests, the tensile
strength was noted to increase with the addition of BN as a reinforcement. Tensile strength
and wear studies using FDM technology for BN-reinforced PLA have not been carried
out by many researchers, and hence this provides a way to explore the desired properties
developed using FDM technology. Though 3D printing is an advanced and sought-after
technology for manufacturing complex parts with sustainable goals, the challenge lies in the
development of a composite filament with desired reinforcement properties and its effective
utilization in fabricating a part. Apart from these, a different set of anomalies and defects
would arise with a new polymer composite, which needs to be overcome by choosing
optimized printing parameters. The most common forms of defects found in printing
polymer composites were warping, distortions, voids, uneven reinforcement, and reduced
bonding, to mention a few [21]. In another research study, an investigation involving the
extrusion and subsequent 3D printing of biocomposite filaments was carried out. These
filaments were crafted from poly(lactic acid) and infused with sub-micrometric silicon
particles, and the process employed was fused deposition modeling (FDM). Filaments were
developed with various weight percentages of silicon particles ranging from 0% to 7%, all
with the goal of enhancing the performance of poly(lactic acid) (PLA). The comprehensive
analysis involved an in-depth examination of the mechanical and tribological properties of
the printed biocomposites using well-established techniques. The findings unveiled notable
enhancements in key attributes. For instance, the Shore D hardness and tensile strength
reached 55 MPa and 60 MPa, respectively, while the impact strength stood at 5.9 kJ/m2 and
the compression strength at 11.8 MPa. These values far surpassed those of the unaltered
PLA, which exhibited the lowest results. [22]. In yet another study, the primary objective
was to enhance the fused deposition modeling (FDM) process parameters for the improved
wear performance of polylactic acid (PLA). The research delved into the investigation
of key process variables such as layer thickness, orientation, and extruder temperature.
Specifically, these parameters were examined to create wear specimens adhering to ASTM
G99 standards [22] through the FDM printing process. The primary focus of the study
was to analyze the wear characteristics of a polymer pin under the conditions of a low
sliding speed. The results of this investigation highlighted the substantial impact of build
orientation on the wear performance of the polymer pin [23].

Considering the insights from prior research, our current study is centered on the
development of boron nitride (BN)-reinforced poly(lactic acid) (PLA) through the appli-
cation of fused deposition modeling (FDM). The primary objective of this research is to
innovate in the realm of polymer composites with a specific focus on their production via
FDM technology. The aim is to address existing limitations, such as issues related to print
quality, compounding processes, pore formation, and dispersion concerns.

This article is primarily dedicated to exploring the potential for fabricating specimens
that exhibit reduced porosity, optimum extrusion temperatures, and an ideal dispersion
of BN within the PLA matrix. To achieve this, we developed filaments suitable for FDM
applications by incorporating 5% and 10% by weight of BN into a PLA matrix. Our
experimental investigations predominantly concentrated on assessing the tensile and wear
characteristics of FDM-produced polymer composites while adhering to ASTM standards.
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2. Materials and Methods
2.1. Polylactic Acid (PLA)

PLA is a common thermoplastic polymer used as a matrix material. PLA plastics were
procured in the form of pellets from Adnano Pvt. Ltd., Shivamogga, India. The PLA obtained
was of research grade with 99% purity and a molecular weight of 76.12 g/mol. PLA finds
large applications in the industrial sector; it is biodegradable in nature and easily processable.

2.2. Boron Nitride

Fine boron nitride (BN) powder with particle sizes ranging from 40 to 45 µm and 99%
purity was purchased from M/s Adnano Pvt. Ltd., India, and was considered for the study.
The SEM of the BN is shown in Figure 1, and the EDAX results are shown in Figure 2. A
scanning electron microscope (JSM 840a Jeol, Tokyo, Japan) was used for the SEM and
EDAX studies at BMS College of Engineering, Bangalore. A sample of the filament was cut
using a razor blade to have a flat, planar geometry. A sample was placed on the stub using
double-sided tape. The coating of the sample was carried out by spraying Au to make it
conspicuous. The images were captured as the final step of the required magnification.

Figure 1. Scanning electron microscopy images of boron nitride.

Figure 2. EDAX image of BN.

2.3. Blending and Extrusion

Boron nitride (BN) powder and PLA pellets were dried in a vacuum oven at a tem-
perature of 80 ◦C for six hours before the processing began. This was done to remove any
absorbed water vapor. In order to combine the various raw materials, a microcompounder
with twin screws was utilized. Approximately five minutes were spent compounding the
substance at a temperature of 220 ◦C and 100 rpm. For the purpose of 3D printing, the BN
was compounded at weight percentages of 5% and 10% in PLA. In order to create samples
that could be 3D-printed, compounds were first extruded from the compounder and then
pelletized in a consistent manner. The basic mechanism of the extrusion process comprised
a screw that transported the raw plastic pellets from a hopper through a heating zone in
a metal pipe where the plastic was melted. The raw plastic pellets were gravity-fed from
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the hopper into the screw. Inside the pipe, the molten plastic was forced through a die at
the end of the pipe to form a filament. The scroll length of the twin screw extruder was
maintained at 20 mm. The extruder machine (VFX 500) had a maximum temperature of
350 ◦C with a mica band heater and 4 zones with independent PID controllers. A vari-
ety of polymers could be used in this machine. The temperature measurement system
used PT100 sensors with a high sensitivity and reliability. The filament variable diameter
was from 0.5 mm to 3 mm, and the screw was composed of a chromium–molybdenum
alloy. The pelletized material was extruded into a 3D printing filament by GLS Polymers
(Bangalore, India) using a screw extruder. An extruder operating at a temperature of
180 ◦C and a die with a diameter of 1.75 mm were utilized in this process. The filament had
a diameter of 1.75 mm ± 0.05 mm, and it was manually drawn and spooled. A comparable
analysis was carried out by Vijay et al. [24].

Before the start of the extraction of the filament, the pellets were dried at a temperature
of 120 ◦C for 2 h. Boron nitride and the dried PLA pellets were mixed in the pre-mixer at a
rotor speed of 60 rpm at temperature of 225 ◦C. Compounding and twin-screw extrusion
machines were adopted to extract a filament with a 1.75 mm diameter. Filaments with the
addition of 5 and 10 wt% BN were developed. A pure PLA filament was also developed by
maintaining an extrusion temperature of 220 ◦C. The twin extrusion setup was utilized by
varying the temperature of various zones for smooth extraction. The developed filaments
with a 1.75 mm diameter were used in the fused deposition modeling (FDM) machine.

2.4. Fused Deposition Modeling (FDM)

Fused deposition modeling, also known as FDM, is currently one of the most widely
used approaches to three-dimensional printing. The development of the 3D model makes
use of a CAD file that is saved in STL format. This method can be applied to the production
of any complicated component [25]. A Pramaan printer from Global 3D Labs, Karnataka,
India, was utilized to fabricate the test specimens for tensile and wear testing. The printer
featured an enclosed chamber that had a build volume of 4000 mm3. The following criteria
served as the basis for the development of the models: an infill density of one hundred
percent, a layer thickness of 0.1 mm, a shell thickness of 0.4 mm, bottom and top layer
thicknesses of 1.2 mm each, a speed of five millimeters per second, a nozzle orientation of
forty-five degrees for PLA, a temperature of 240 ◦C for fabrication, varying temperatures
for other proportions, and a bed temperature of 80 ◦C. After passing through the nozzle
and onto the print bed, the filament moved in the same X, Y, and Z directions as the nozzle
did. The X-direction was the direction in which the fabrication of the parts took place. It
is generally agreed upon that additive manufacturing is a more environmentally friendly
alternative to conventional manufacturing, and it is also acknowledged that this technique
helps reduce carbon footprints. In the context of the world as a whole, both the number
of case studies and the widespread relevance of their findings have been expanding at an
exponential rate [26]. The areas of transportation, construction, aerospace, health care, and
electronics are among those in which additive manufacturing (AM) has the potential to
have a significant impact on society [27].

2.5. Testing and Characterization

The specimen of a dog-bone-shaped bar was produced in accordance with ASTM-
D638 [27] for the evaluation of its ultimate tensile strength. Tensile testing was performed
on rectangular bar specimens (dog-bone-shaped) according to ASTM standards using the
universal testing method (UTM). The testing was carried out at NALRC, Bangalore, India, on
an FIE Universal Testing Machine (model number: MV1-PC) with a capacity of 0–6 tonnes.

These samples were subjected to surface roughness and dimensional accuracy tests.
Three tests were carried out for each set of specimens, and the resultant values were
averaged as an arithmetic mean for the surface roughness and dimensional accuracy.
Vernier calipers were used to measure the dimensions. A surface tester was used to
measure the surface roughness. The developed parts were also subjected to a wear property
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assessment. Figure 3 depicts photographs of the PLA and PLA + 5 wt% BN wear specimens
created with FDM. The instrument used for the wear analysis was a model TR20LPHM-400
manufactured by DUCOM Instruments, Peenya, Bangalore, India. The ASTM G99 test
method was adopted to carry out this experiment. The dimensions of the developed parts
were a diameter of 8 mm and a length of 20 mm [28].

Figure 3. Photographs of wear specimens.

3. Results and Discussion
3.1. Microstructure Studies

Figure 4 shows SEM images of PLA, PLA with 5% BN, and PLA with 10% BN. The
images show that the filaments reinforced with boron nitride powder had a homogeneous
dispersion, demonstrating improved BN wettability in the PLA. Furthermore, there are
no visible boron nitride debonding or agglomeration defects in the PLA. The excellent
surface-to-area volume ratio of the BN, as well as its general properties, played an impor-
tant role in demonstrating no aggregation. Isometric dispersion can be seen with equal
reinforcement distribution and an irregular shape of the filler material. Higher mechanical
properties of the composites were achieved with homogenous dispersion of reinforcement
in the matrix. Moreover, porosity and cracks are not visible in the SEM images due to the
optimal fabricating parameters. The other major factors that influenced the dispersion char-
acteristics were the wettability, size of the reinforcement particles, processing-time density,
heat dissipation, nozzle temperature, layer thickness, and build direction. Joy et al. [28]
reported in a study of BN nanocomposites that as the content of BN platelets increased, they
interacted with one another and formed a network for transporting heat, greatly improving
the material’s ability to conduct heat. The inclusion of BN platelets improved the thermal
stability slightly. Because of the good BN platelet dispersion and improved compatibility
between the platelets and matrix, the mechanical properties revealed a noticeably higher
impact strength at a high BN loading. The electrical insulation properties of the PLA
composites were also unaffected by the BN content. Figure 5 shows the SEM images of
parts fabricated via FDM.

Figure 4. SEM images of (a) PLA, (b) PLA + 5 wt% BN, and (c) PLA + 10 wt% BN.
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Figure 5. SEM images of BN dispersion: (a) PLA + 5 wt% BN; (b) PLA + 10 wt% BN.

3.2. Surface Roughness

Figure 6 depicts the surface roughness variations in the FDM components of the PLA
polymer and the PLA + 5 wt% BN and PLA + 10 wt% BN composite polymers. The figure
shows that as the amount of boron nitride powder was increased, the roughness decreased.
The study utilized a model SJ-210 surface tester manufactured by Mitutoyo to measure the
surface roughness.

Figure 6. Surface roughness of PLA, PLA + 5 wt% BN composite, and PLA + 10 wt% BN composite.

The presence of boron nitride in the composites, in addition to influencing the printing
parameters, contributed significantly to the reduction in the surface roughness. This was
attributed to several key factors. Firstly, boron nitride exhibited a high thermal conductivity,
which played a crucial role in the fused deposition modeling (FDM) process. It enabled
more efficient heat dissipation, ensuring a consistent temperature distribution across the
printed layers. This effectively minimized the likelihood of thermal inconsistencies that
could lead to surface roughness. Furthermore, the incorporation of boron nitride enhanced
the flow characteristics of the composite material. This improvement resulted in a more
uniform deposition of the material, ultimately leading to smoother surfaces. Additionally,
boron nitride particles served as effective fillers within the composite. As their concentration
was increased, they adeptly filled gaps and irregularities in the material, contributing to an
overall smoother surface texture.

Moreover, the low surface energy and favorable release properties of boron nitride
played a significant role in reducing adhesion between the printed layers. This characteristic
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promoted a smoother surface finish by minimizing the potential for irregularities caused by
layer adhesion.

Additionally, boron nitride’s presence could potentially mitigate the material’s ten-
dency to shrink or warp during the cooling phase of the FDM process. This in turn led to a
final surface that exhibited significantly reduced irregularities.

The FDM components with boron nitride powder had improved surface finishes, which
improved the dimensional stability and uniform mixing. The homogeneity of the boron
nitride powder distribution improved the structural stability and bulk thermal conductivity
of the FDM components. When compared to unreinforced PLA plastic, the surface roughness
of the 5 wt% BN and 10 wt% BN decreased by 13.01% and 24.61%, respectively. Among
the various available studies, we observed that the improvement in surface quality was
influenced majorly by the build orientation and layer thickness [29,30]. The layered nature of
part development can be optimized with lower peaks and valleys by including a minimal
layer thickness. An increased nozzle temperature leads to increased fluidity of the filament,
causing a roundoff at the raster and hence providing a better surface finish [31].

Regarding post-process treatments such as polishing after fused deposition modeling
(FDM), no such treatments were carried out. This is because the objective was to assess
the wear resistance of the FDM polymer composite in its as-printed condition without
any additional modifications. This approach was valuable in understanding the material’s
performance in its raw state, as it would be directly used in practical applications without
further processing.

The decision not to polish before wear resistance testing is likely because polishing
would alter the surface characteristics, potentially leading to results that do not accurately
represent the material’s behavior in its original printed form. However, for all as printed
conditions, the surface roughness was recorded without post-printing treatment.

EN 24 steel was used as counterpart material, as it is a widely used engineering steel
with good mechanical properties, making it a suitable choice for wear resistance testing.
We have not presented details of the counterpart surfaces after testing due to fact that
the very minimal damage or identifiable features observed in the steel counterpart disc
suggested that the testing conditions may have been more conducive to materials with a
lower hardness. This observation further highlighted the relative performance of the FDM
polymer composite in comparison to the EN 24 steel under the given testing conditions.

3.3. Dimensional Accuracy

A graph (Figure 7) was plotted for the averaged values of the dimensional accuracy
measurements to explain and compare the volumetric shift for the different compositions.

Figure 7. Volume of FDM-processed PLA polymer, PLA + 5 wt% BN composite, and PLA + 10 wt%
BN composite with respect to the percentage of reinforcement.
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The amount of the dimensional error in PLA plastic can be reduced by increasing the
percentage of boron nitride it contains. Components that are constructed using the FDM
process benefit from an increased dimensional stability when boron nitride is included in the
mix. When compared to the PLA, the dimensional error was found to decrease by 1.041%
when BN was added to the PLA at a weight percentage of 5%, and it decreased by 0.494
percent when BN was added at a weight percentage of 10% to the PLA when compared
to the PLA + 5 wt% BN. Boron nitride’s lower thermal expansion coefficient and higher
thermal conductivity both contributed to the fact that its addition resulted in a reduction
in the dimensional error. A reduction in the dimensional error could also be attributed to
the optimal process parameters, especially an increase in the bond strength between the
layers. The layer thickness, nozzle temperature, enclosed printing chamber, and heat transfer
capability also majorly determined the dimensional stability of the printed parts [32,33].

3.4. Ultimate Tensile Strength

The increased tensile strength of PLA that occurs as a result of the addition of boron
nitride is depicted in Figure 8. According to the findings, the ultimate tensile strength of
the PLA was significantly improved when the boron nitride powder was included in the
manufacturing process. A further observation was that as the percentage of boron nitride in
the material increased, the amount of load required for fracture as well as the values for the
ultimate tensile strength increased as well. PLA combined with 10 percent BN produced
82 MPa of UTS, while PLA combined with 5 percent BN produced 74 MPa of UTS. In
the PLA plastic, increases of 35.504 percent and 46.334 percent were observed after the
addition of 5 weight percent and 10 weight percent of boron nitride, respectively. Although
pores existed in the parts of the FDM, the specimens showed incremental values of tensile
strength with the addition of BN. This was attributed to the molecular organization of the
polymer chains through the process of FDM [30]. It has been demonstrated that the fillers,
which have mechanical properties that are inherently beneficial, improve the tensile stress
performance of composites by acting as a skeletal support structure for the composite [31].
This is because the fillers have mechanical properties that are intrinsically advantageous.
By reducing the amount of stress that is concentrated at the interface between the filler
and the matrix, a limited or nonexistent agglomeration in the composites helps to prevent
stress transfer failure in continuous polymer phases [32]. In addition, the increasing
surface contact region between the matrix and the filler makes it possible for the force
to be transferred to the network of BN in an efficient manner, which contributes to the
improvement in the mechanical strength of such composites [32]. The researchers Zhao
et al. [33] investigated what happened when BN was mixed in with aramid fibers. Both the
in-plane thermal conductivity and the tensile strength of the multilayer gradient BN/ANF
films were found to be significantly higher than average. Voids and interfaces were bound
to occur in the FDM-printed parts. The SEM images shown previously indicate indivisible
voids in the pure PLA. The addition of reinforcement reduced interfaces and voids, leading
to enhanced mechanical properties. This can be clearly seen in Figure 9. The processes
of compounding and FDM printing helped in the void reduction and the nonformation
of agglomerates, leading to an enhanced ultimate tensile strength [34]. The enhanced
mechanical strength of the BN-reinforced composites was also due to the alleviated contact
surface area between the matrix and filler, which permitted the load to be effectively
transferred to the BN network [35]. The process of building a part through an infill pattern
also played an important role in determining the strength of the parts. An infill angle of
90◦ provided better results during orientation in the load direction than 45◦ did. Similar
results were noted by Li et al. [36].

3.5. Wear Test
3.5.1. Constant Load

The relationship between the sliding velocity and wear rate of the FDM parts is
illustrated in Figure 10. We observed that the rate of wear on the FDM parts accelerated
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with an increasing sliding velocity, and this trend held true across all of the investigated
compositions. When compared to FDM parts that were not reinforced with a boron nitride
composite, however, the FDM parts reinforced with a boron nitride composite showed a
significant reduction in wear when subjected to the same testing conditions and at the same
sliding velocities. At a rotational speed of 250 rpm, the PLA exhibited the highest wear rate
with a value of 0.14 m. At the same rpm, the wear rate for PLA mixed with 5 weight percent
BN was measured at 0.12 microns, while the wear rate for PLA mixed with 10 weight
percent BN was measured at 0.10 microns. The higher temperature at the interface may
have been the result of increased wear brought on by an increase in the sliding velocity.
The increased temperature caused the surface of the test samples to become more pliable,
which led to an increase in wear.

Figure 8. Graph of ultimate tensile strengths.

Figure 9. SEM images of specimens fabricated via FDM: (a) PLA; (b) PLA + 5 wt% BN;
(c) PLA + 10 wt% BN.

Figure 10. Wear graph of variations in speed while keeping the load constant (10N).
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3.5.2. Constant Speed

Figure 11 illustrates the impact that changing the load had on the amount of wear that
occurred on different FDM component compositions. When the amount of load that was
being applied was steadily raised, we observed that the rate of wear increased regardless
of the composition being investigated. The PLA + 10 wt% BN showed a greater capacity
for bearing loads by exhibiting a wear rate of 0.06 µm per 50 Newtons of pressure. When
subjected to the same loads, the PLA + 5 wt% BN showed a wear rate of 0.10 µm, while
the PLA showed 0.12 µm. Plastic deformation was greater at higher loads, which can be
attributed to the increase in wear that occurred in conjunction with the increase in load. A
greater amount of plastic deformation led to the surface of the test sample cracking, which
in turn led to a greater amount of material being lost. Additionally, when greater loads were
applied, the transfer film or interfacial film that already existed at the interface between the
steel disc and the test sample may have become disturbed and unsteady. This opened the
door for the actual surfaces to come into contact with one another, which ultimately resulted
in an increase in wear. According to the results of all of the tests, the FDM parts reinforced
with boron nitride powder showed significantly less wear than the unreinforced ones.

Figure 11. Wear graph of variations in load while keeping the speed constant (50 rpm).

With an incremental load, all three specimens exhibited a similar trend of enhanced
wear. Polymers are bound to undergo plastic deformation, and hence this phenomenon
was attributed to this process. Deformation led to cracking of the surface, resulting in
greater material removal. The interfacial film diluted due to the increased load between the
part and disc, resulting in actual physical contact and greater wear [37,38].

3.5.3. SEM of Worn-Out Surface

Amonton’s law [39] can be used to calculate friction, which is the force preventing two
surfaces from sliding against one another:

F = µW (1)

where the coefficient of friction is denoted as µ, the normal load (N) as ‘W’, and the friction
force as ‘N’. As far as tribology is concerned, µ is a significant factor in determining a
component’s wear rate. COF is mainly determined by the characteristics of the surface and
lubrication conditions, aside from the nature of the materials [39,40]. It is therefore possible
to optimize component performance by tailoring the surface characteristics and lubrication
condition [41,42].

The wear tracks of pure PLA and boron nitride-filled PLA parts tested with constant
loads and a constant sliding velocity are shown in Figures 12 and 13, respectively. We
observed that when increasing the sliding velocity and load of the pure PLA and the boron
nitride-filled PLA, the boron nitride-filled PLA demonstrated damage on the surfaces, and
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the extent of the damage increased as the sliding velocity and load were increased. The
boron nitride-filled FDM parts, in contrast to the pure PLA parts, exhibited astonishingly
low levels of surface damage under all loads and sliding velocities that were investigated.
When dealing with the pure PLA, a severe plastic deformation could be observed. The
PLA components that were filled with boron nitride did not show any signs of visible
surface damage or cracks. This is because boron nitride has improved physical and me-
chanical properties. Both the increased surface hardness and the improved lubrication
characteristics were responsible for the significant reduction in wear loss that was observed.
The tribological pattern that was observed through experimentation was demonstrably
supported by the surface morphology of the noted surfaces.

Figure 12. Wear tracks of specimens while keeping the load constant.

The X build orientation of the samples that were developed for the study played
an important role in determining the wear behavior. The worn surface of the sample
printed in the X orientation had a rough wear pattern and longitudinal lines. The lines,

291



Polymers 2023, 15, 4368

also known as longitudinal lines, were created when the printing layers were applied. The
presence of such a structure had the potential to facilitate the distribution of loads across a
larger sliding contact area, thereby lowering the wear rate. The tribological characteristics
of components that have been 3D printed are significantly influenced by the orientation
of the printing process as well as the printing direction. It is possible that the matrix’s
increased wear resistance and decreased coefficient of friction were the result of its uniform
grain distribution, which could be found throughout the matrix. Because of this uniform
dispersion between the PLA printed layers, the final product was a structure that was not
only harder and more long-lasting but also more resistant to wear. The friction force could
be controlled in the end by the internal lubricator that developed as a consequence of the
low concentration of BN loading.

Figure 13. Wear track of specimens while keeping the speed constant.

The most common type of wear is called adhesive wear, and it causes the formation of a
significant number of lamellar fragments during the wear process of pure PLA. Additionally,
the surface of a PLA matrix is frequently damaged as a result of the lamellar fragments.
Because of this, pure PLA has poor properties when it comes to abrasion resistance. When
BN was added to the polymer matrix, the surface fragments became smaller, and the
polymer surface sustained less damage; as a result, the wear rate of the composite was also
reduced. The typical abrasive wear seen on composite surfaces could be identified by the
light scuffing and ploughing that occurred across the surface that had been worn. This
reinforcing effect was primarily caused by a number of key factors, the most important of
which were a high aspect ratio and a high strength of the BN. In PLA matrices that had
well-dispersed BN, the polymer molecules were able to interact with the BN surface area
over a large area, which helped to facilitate an efficient load transfer to the BN network and
suppressed the formation of more wear debris in addition to providing protection against
frictional forces (thin transfer films formed as uniform). All of these factors contributed to
the increased load-bearing capacities and higher wear resistance of the PLA composites.
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In light of this finding, it should come as no surprise that the significant anti-wear effect
exhibited by the filler in graphene-modified polymer composites [43,44] is in agreement
with the aforementioned conclusion. There is a possibility that the loadings of BN in a
PLA matrix reach saturation for nano-composites with a higher BN content (greater than
10 wt%) and that there are some aggregates of BN in these materials. According to the
findings, BN aggregates have the potential to act as stress concentration points and reduce
the load transmission between the polymer matrix and the BN. As a direct consequence
of this, the level of surface damage on the nanocomposite increases significantly, the wear
resistance begins a precipitous decline, and a great number of large damage pits begin
to appear.

4. Conclusions

Components of PLA and PLA reinforced with boron nitride developed using FDM
were subjected to a comparative analysis that proved the provision of enhanced mechanical
and wear properties. Using the twin-screw extrusion method, boron nitride-filled PLA
filaments were synthesized successfully up to a 10 wt% BN addition. As the percentage
of boron nitride increased, the surface roughness and dimensional accuracy of the FDM
components improved, providing a positive outcome of desired results. With the addi-
tion of 5 and 10% by weight of boron nitride, the ultimate tensile strength of the FDM
components was significantly enhanced, showing appropriate dispersion and enhanced
bonding. Compared to the unreinforced PLA plastic, the FDM components reinforced with
boron nitride possessed superior wear resistance. There was a tendency for the wear rate
to increase as the applied load and sliding velocity increased for each of the tested compo-
sitions. Boron nitride-filled FDM components have superior mechanical, tribological, and
physical properties to FDM components without reinforcement. The scope for utilization
of functional BN, a higher percentage of BN, and post-processing of FDM parts remain the
future objectives of our research.
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Abstract: Neural injuries affect millions globally, significantly impacting their quality of life. The
inability of these injuries to heal, limited ability to regenerate, and the lack of available treatments
make regenerative medicine and tissue engineering a promising field of research for developing
methods for nerve repair. This review evaluates the use of natural and synthetic polymers, and the
fabrication methods applied that influence a cell’s behavior. Methods include cross-linking hydrogels,
incorporation of nanoparticles, and 3D printing with and without live cells. The endogenous cells
within the injured area and any exogenous cells seeded on the polymer construct play a vital role
in regulating healthy neural activity. This review evaluates the body’s local and systemic reactions
to the implanted materials. Although numerous variables are involved, many of these materials
and methods have exhibited the potential to provide a biomaterial environment that promotes
biocompatibility and the regeneration of a physical and functional nerve. Future studies may evaluate
advanced methods for modifying material properties and characterizing the tissue–biomaterial
interface for clinical applications.

Keywords: nerve tissue engineering; biocompatibility; polymers; biomaterials; nanomaterials;
hydrogels; 3D printing

1. Introduction

The nervous system is divided into two distinct components: the central nervous sys-
tem (CNS), composed of the brain and the spinal cord, and the peripheral nervous system
(PNS), composed of the cranial and spinal nerves that extend from the CNS throughout the
body. The normal, healthy nervous system is responsible for sensory, motor, and cognitive
functions [1]. Neural injuries and diseases disrupt the signaling pathways responsible for
these everyday acts, ultimately declining an individual’s quality of life. Affecting millions
of people in the United States (US) alone, neural injuries include both CNS injuries, such as
traumatic brain injuries (TBIs), spinal cord injuries (SCIs), and neurodegenerative diseases
(NDs), as well as peripheral nerve injuries and degeneration (PNI) [2–6]. Each injury has a
classification system identifying the nerve damage level [7–9]. In the PNS, a lower degree
of injury will typically regenerate independently. However, more severe injuries in the PNS
and most injuries in the CNS cannot heal without assistance.

A severe PNI is one in which, in addition to the axon and myelin sheath, the tis-
sues surrounding the various bundles of nerve cells (endoneurium, perineurium, and
epineurium) are also damaged, and the size of the PNI gap is more significant than
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10 mm. Once the endoneurium (the innermost tissue layer) is affected, the injury worsens
when the elasticity causes the proximal and distal nerve ends to retract. Widening the
gap makes it more difficult for the developing axon to align accurately and reinnervate
the target tissue to restore nerve function. The degenerative process that fragments the
cytoskeleton of the axon causes cellular debris to accumulate in the affected area alongside
the damaged cells from the initial injury. Secreted pro-inflammatory cytokines, immune
cells, and harmful reactive oxygen intermediates (ROIs) in the environment further impair
the regenerative ability. The process ends when the nerve stumps develop dense fibrous
scar tissue, rendering self-renewal no longer possible [10–15].

While macrophages and Schwann cells help clear debris and direct cell growth in
the PNS, their lack of involvement in the brain and spinal cord damages their capacity to
regenerate. Like severe PNIs, most CNS injuries result in a sustained inflammatory state
filled with cellular debris and impaired by scar tissue. Astrocytes, a supportive glial cell,
propagate neuroinflammation and aggregate to form a glial scar preventing self-renewal.
The CNS also involves the blood–brain barrier (BBB), whose role is to prevent cells, proteins,
and large molecules circulating in the bloodstream from entering the CNS to protect these
tissues from harm and shield the sensitive ecosystem. While some CNS injuries damage
the BBB with initial insult, others cause secondary injury from the prolonged presence of
inflammatory factors that exacerbate cell death, which may occur minutes to months after
the original trauma. This disruption allows the peripheral immune cells and exogenous
proteins to intrude into the already hostile environment where they are generally absent,
further destabilizing the area [11,13–15].

Ultimately, both of these processes have the same result, a microenvironment unsuit-
able for regeneration, perpetuating disruption of regular nervous system functions [16].
Available treatments include various surgical and non-surgical options, though all are
limited in restoring full neural function. The gold standard for a PNI is the use of autografts.
Clinical use of autografts fails to restore full function in up to 33% of patients and includes
the risk associated with the harvest surgery, loss of innervation, scarring and neuroma for-
mation at the donor site, and limited tissue availability [7,11,17]. CNS treatment options are
even more limited, focusing on symptom management to limit the effects of the secondary
injury [18,19].

As a result of the limited ability of peripheral nerves to regenerate without assistance
and the lack of availability of efficient therapies for nerve repair, tissue engineering and
regenerative medicine have become promising areas of study to develop novel, effective
treatments. The goal of tissue engineering and regenerative medicine is to use exogenous
cells, biomaterials, and/or additional biological factors to promote a more favorable
microenvironment after an injury or disease so that the tissue can be repaired, and
function restored. Although reaching this goal is complicated by the intricacies of the
nervous system, optimal treatment for neural applications would be: (1) tissues obtained
from a source that is easy and ethical to access; (2) therapeutic materials that can promote
differentiation into specific neural and glial cell types; (3) a method of administration
that is safe, minimally invasive, and causes no short-term or long-term adverse effects;
and (4) an effective treatment that fully and consistently restores function [15,20,21]
(Figure 1). To achieve this goal and optimize the scaffold design, consideration of the
biomaterial–cell interactions and the constructs’ influence on cell behavior is required.
This review will evaluate the natural and synthetic polymers that form the construct, as
well as the fabrication methods that modify the material properties that influence cell
behavior. This review will also evaluate the methods to measure cell response in vitro
and in vivo, and the endogenous and exogenous cell types that will interact with the
developed construct.
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Figure 1. Tissue engineering and regenerative medicine can provide conditions that support physical
and functional nerve regeneration. The influence of material and design on cell interactions must be
considered to generate the optimal treatment [Images from Harley-Troxell, Dhar, unpublished data;
figure made with BioRender and Microsoft PowerPoint].

2. Biocompatibility Assessment

The term biocompatibility is defined by D.F. Williams as “the ability of a material to
perform with an appropriate host response in a specific application” [22]. The science com-
munity has discussed throughout the conception of biomaterials as to how to characterize
biocompatibility of a material and to what degree. Through decades of research in both
in vitro and in vivo models, the term can be subdivided into four individual categories
which must be reviewed for a material to be labeled as biocompatible: (1) toxicology,
(2) reaction to extrinsic microorganisms, (3) mechanical effect, and (4) cell–biomaterial
interactions (Figure 2) [23]. This has led to the development of both in vitro and in vivo
methods for the assessment of each subdivision, and the expansion of standardized proce-
dures. These methods must answer with high certainty the public concern that a device
or material will improve and ensure public safety, taking into consideration the type of
biomaterial and biological components being assessed for cytotoxicity. This will determine
any potential toxic mechanisms or material property effects that may occur due to reactions
with interfering assay reagents, in order to prevent null or false readings. Most of these
procedures are standardized by international agencies such as the International Organiza-
tion for Standardization (ISO) and the American Society for Testing and Materials (ASTM),
while other agencies will regulate or enforce these standards, such as the United States
Food and Drug Administration (FDA) [24–26].
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2.1. In Vitro Models

The evaluation of cytotoxicity in biomaterials can be simplified by observing how
target cells or tissue will react in direct or indirect contact with biomaterials. If, under
controlled conditions, cells react to the material with normal cell behavior and function
(cell adhesion, proliferation, migration, and differentiation), we can conclude that the cell’s
physiological system is normal or homeostatic. However, if under these same conditions,
cells react with behaviors indicative of cell stress or apoptosis, we can conclude that the
material induces some toxic or stressful effect on the cells. In vitro models have a distinct
advantage of control over both the environment and the methods employed. Under
stable laboratory conditions, specific variables related to cell–biomaterial cytotoxicity
can be analyzed under conditions that provide more precise, accurate, and reproducible
data to strengthen statistical models. Additionally, in vitro methods can result in both
qualitative and quantitative data that assess the state of cellular health. Qualitative methods
accomplish this by both evaluating the morphology of cell lines, after exposure to a material,
and grading the health of cells based on the amount of cell death, cytoplasmic granule
formations, and percentage of cells not adhered to the material. Quantitative methods
determine the number of viable cells based on the presence of nucleic acids, metabolic
by-products, or the expression of surface adhesion markers. These assessments follow
the standards set by ISO, Section 10993, part 5, which stipulates the different methods
for collecting cytotoxicity data in vitro, and can be further subdivided into more specific
analyses of cell–biomaterial interactions [23–27].

The indirect contact method involves either Agar or Filter diffusion tests. In both cases,
a barrier diffusion model is created when a monolayer cell culture is grown, and the physical
biomaterial is placed in the same culture environment but separated by an Agarose gel or
cell filtration film. Over time, the material may diffuse compounds through the membrane
and into the culture where it will make direct contact with the cell line. The purpose of this
experiment is to observe whether the cell lines can be induced towards a cytotoxic state
by providing indirect exposure to potentially toxic materials, protein-loading components,
nanomaterial agglomerates, and degradation agents. The advantage of this system is that it
is controlled to examine the toxicity of cells specific to the leeched components from the
materials. Meanwhile, qualitative and quantitative assays provide additional sensitivity
and accuracy parameters for identifying the specific toxic components responsible. The
disadvantage of this system is the omission of toxic effects due to mechanical trauma,
mechanobiological pathways, and cell–biomaterial interactions. This must, instead, be
further analyzed with a direct contact model [23,24,26,27].

The direct contact method involves the direct contact of cells and substrate, with
no membrane separation. The cell line is cultured with the material, which adds the
cytotoxicity variable of cell–biomaterial reactivity, as well as the physicochemical variables
specific to indirect methods of analysis. There is additional variability in the nature of the
materials (three dimensional (3D) structure, bioresorption, nanotopography, etc.) being
evaluated and the different cell lines used, all of which cause concern in establishing
standard testing methodologies for direct contact methods. The higher degree of variability
creates a more complex model of analysis to determine what can elicit a toxic cellular
response. Direct contact is a rapid, inexpensive, and sensitive method to assess these
toxicity factors, but the variability makes it more difficult to determine with certainty
what the exact causes of cytotoxicity are. Therefore, it is necessary to confirm the cause
of cytotoxicity with additional testing. If the material under a direct contact model does
not elicit a cytotoxic effect to the cell lines, then an initial conclusion would be that both
the physicochemical and mechanical properties of the material are not cytotoxic to the cell
lines. Although further confirmation with repeated direct contact tests utilizing different
cytotoxicity assays is needed, the potential statistical power of a single direct contact test
performed correctly could conclude with high certainty whether a material is cytotoxic or
not [23,24,26,27].
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The extract dilution (elution) test involves suspending a sample of the material in a
physiological solution to extract elution solvents present in the material during the pro-
duction phase. During this process, the solution will simultaneously minimize physical
and chemical damage to the material and remain compatible with the cell lines. Elution
samples are then added to monolayered cell cultures for 24–48 h before toxicity assays are
introduced. Similar to the indirect contact method, the elution test often results in a consis-
tent toxicity pattern in cell culture, due to minimal variability of elution solvents that are
present in the material during production. Although this analysis is a good first approach
to determine the cytocompatibility of the material, it suffers the same disadvantages as the
indirect contact method [23,24,26,27].

Qualitative assessment of cytotoxicity in in vitro studies involves the use of categorical
variables to determine if cytotoxicity is present in cell lines. This form of assessment will
often use stains for viable and non-viable cells under fluorescent microscopy (FM) as a
morphological indicator of cell health. Some of the more common viable stains involve
high affinity towards specific cell structures, such as the nucleotides within the nucleus,
adeno-triphosphate (ATP) and co-enzymes in the mitochondria, the permeability of the cell
membrane, or cytoplasmic proteins/cytoskeletons. Fluorescent stains must be sensitive
enough to differentiate between cell structures, or can be used in combination, such as
the use of nuclear stains coupled with cytoplasmic counter stains. The intensity of the
stain is correlated to the number of structures present in the cell, and the combination
of stained cells gives an indication of viability for the entire culture. In addition to FM,
viability data can be acquired using light microscopy (LM) or scanning electron microscopy
(SEM) to determine cell morphology and death based on physical characteristics such as
cell shape, size, spreading, or density. Cells suspended in media and incubated for 24–48 h,
which exhibit spherical shapes and minimal surface spreading, are often key indicators of
apoptotic behavior. While viability stains can confirm that cell integrity, deoxyribonucleic
acid (DNA), and cytoplasmic environments are stable, morphological analysis is often
categorized as a graded scale assessment of cytotoxicity. Other qualitative methods include
real-time tracking of cells, which involves implanting fluorescent protein or radioactive iso-
tope components, or labeling protein/gene sequence markers using fluorochrome-labeled
antibodies. These specific markers can then be detected and quantified using spectroflu-
orometric analysis, scintillation to detect radio isotopes, or imaging software. Caution
must be reserved when interpreting qualitative data, as they will often introduce debate
among experts as to what the cells’ morphology indicates about the health of the cells. It is
important to design in vitro models to account for statistical errors based on the sensitivity
and accuracy of the assays used. This can be accomplished by including enough replicates
to overcome these limitations and using experts to minimize the risk of bias observations.
With a categorical data set, it is often difficult to determine whether a correlation exists
between the material and variables for cytotoxicity, as compared with continuous data
acquired during quantitative tests. This is why it is suggested that qualitative data be
complemented by quantitative data to detect specific cytotoxic pathways and determine a
correlation between the material variables and any cytotoxic mechanisms [26,28–30].

Quantitative assessment of cytotoxicity in in vitro studies involves methods that can
assess the specific factors related to cell death. One of the most common quantitative
biomaterial assessments is to count the number of viable cells across a material surface
under normal incubation conditions. While the previously described colorimetric assays
are common qualitative methods for assessing the proliferation pattern of cells, this method
involves molecular compounds designed to fluoresce when exposed to cells with acti-
vated cytotoxic pathways. The fluorescent labeled cells can be quantified by counting
the number of viable or non-viable cells through a hemocytometer or flow cytometer.
The light intensity of the fluorochrome and density of the culture area can then be de-
termined. The fluorescence is detected at a specific wavelength using calibrated light
spectroscopy and imaging software (e.g., ImageJ) to determine the optical properties of
images taken by FM. This is possible only if the fluorochromes remain bound to the internal
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cell structures and minimal leaching out of the cell is observed. One of the most reliable
and sensitive calorimetry evaluations are tetrazolium-salt-based assays. The oxidation of
nicotinamide adenine dinucleotide phosphate (NADPH) is measured to reduce tetrazolium
salt into a fluorescent protein known as Formazan. This allows for the determination of
mitochondrial metabolic activity with flavoproteins. Soluble Formazan, present in the
surrounding media, can then be detected using a spectrometer apparatus where the fluores-
cence intensity can be correlated to give an estimated number of viable cells that is within
an acceptable range. Each of these assays are labeled as 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), with other iterations often removing the extra step of
solubilizing the formazan proteins into the media solution (e.g., 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), water-soluble
tetrazolium salt (WST), or 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT)). Calorimetry assays often consist of simple, efficient protocols, while
also providing extremely sensitive and accurate data that correlate to the physical cell
numbers. This presents possible limitations to their effectiveness around different cell
lineages and any indirect methods of quantifying cell numbers. Some assays could be
toxic to certain cell lines, such as those using radioactive isotopes (e.g., 3H-thymidine).
Others may not take into consideration outside factors that trigger apoptotic pathways,
leading to incorrect interpretation of the data. Biomaterials can also impact the function
of these assays by either activating the fluorescence as a false positive or preventing the
reagent from binding to its specific target as a false negative. It is therefore essential that
the limitations of one assay be supported by the advantages of another assay. This will
ensure that the data are interpreted correctly and provide a standard guide of compatible
assays for different cell lines and biomaterials that can be utilized in vitro. Lastly, there
are methods that involve detecting and quantifying more precise protein/genetic markers
indicative of activated apoptotic pathways, such as pro-apoptotic genes (b-cell lymphoma
2 (bcl-2) associated x-protein (bax), bcl-2 antagonist/killer 1 (bak), and cytochrome c), and
anti-apoptotic genes (bcl-2, bcl-extra-large (bcl-xl), and myeloid cell leukemia-1 (Mcl-1)).
Western blot (WB), quantitative polymerase chain reaction (qPCR), and immunofluores-
cence (IF) are all methods capable of identifying apoptotic pathways initiated by a specific
toxicity profile. The ratio of labeled surface markers, gene sequences, or proteins to the
total image area or volume of cell culture can be quantified to indicate whether apoptotic
behavior is present along one or more specific pathways [26,27,29,31–33].

2.2. In Vivo Models

While in vitro models are more simply designed to control experimental variable
interactions and determine the correlations between them, they are incapable of recreating
the same biological/physiological environment that the implant will be exposed to in a
living organism. Therefore, the full spectrum of measurements of biomaterial performance
cannot be assessed. In vivo models are a more complex system in which two or more
experimental variables, including factors not used or relevant in the in vitro model, are now
exposed. Inflammatory responses, degradation, biochemical kinetics, angiogenesis, and 3D
tissue remodeling are complex processes that can only be fully studied in vivo. This can
make opportunities to observe and identify associations between variables difficult. The
goal of an in vivo model is to not only mimic the physiological conditions of a clinical case,
but to obtain meaningful data that can be measured and analyzed for clinically relevant
differences in material performance. It is prudent to observe overall physiological reactions
and compare them to the current gold standard (positive control variable) and clinical care
needed to determine the efficacy of the implant towards its intended targeted therapy. This
essential step requires careful selection of the model system, variable control, and access,
depending on the application of the implant and the current standardized ISO and ASTM
guidelines for in vivo testing [34,35].

The use of mammalian physiological systems can accurately represent most of the con-
ditions that biomaterials will be exposed to under practical clinical applications. Therefore,
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in vivo methods are the most reliable way of assessing how biomaterials will perform in
a physiological environment that is similar to that of a human system. In an attempt to
standardize in vivo models, we can tightly control variables such as anatomical location of
implant site, size of the implant incision, species, gender, age, sample size, and method-
ologies for assessing material performance. The design of the model should narrow and
strengthen cause/effect relationships of physiological events to the interaction of biomate-
rials. The controlled variables should also be focused towards answering specific questions
related to the assessment of biomaterials in one or all domains of in vivo biomaterial as-
sessments (biocompatibility testing, bioactivity testing, or preclinical testing). Meanwhile,
these variables should retain the ability to translate these control parameters to alternative
or more complex animal models [34,35].

In vivo assessment of biomaterials for neural regenerative applications must there-
fore fall under the same system of standardization for in vivo models. In an attempt to
standardize, there have been numerous in vivo studies that evaluated peripheral nerve
repair using scaffolds, creating a varied list of the most common animal model designs
and methodologies for assessing nerve recovery. Literature reviews and studies of in vivo
neural regeneration models found that the majority of these studies utilized rat models
to assess scaffold performance, followed by mice and rabbits, respectively. Of these stud-
ies, the majority create defects in the sciatic nerve, with most defect gaps being between
5–10 mm. Additionally, the studies using rat models most commonly used quantitative
histology analysis to assess nerve healing, followed by nerve morphometric analysis, elec-
trophysiology, and immunohistology, respectively. The number of animal parameters to
consider and the degree of control between model variables has created problems among
investigators in establishing a consensus on the best animal model design and methods for
assessing nerve recovery [34–36].

3. Polymers for Neural Applications

Numerous materials are available for biological applications in nervous tissues. Ar-
guably, the most important characteristics are those that influence safety and efficacy. For
a material to be used in the body, it must be deemed safe, biocompatible, and approved
for use by the FDA. The FDA has an established set of guidelines that states that the
biocompatibility of each material component should be understood at each step in its
formation. This includes the original material before and after polymerization, as well as
after sterilization, coatings, and the degradation products. Ultimately, the material should
not result in an adverse biological response from the body [37]. A variety of materials have
been established as biocompatible, such as the synthetic polymers polyglycolic acid (PGA)
and polylactic acid (PLA), which are widely used in biodegradable sutures [38]. Others
are more problematic, such as the synthetic polytetrafluorethylene (ePTFE), whose lack
of degradability has resulted in long-term foreign body reactions [39]. All polymers have
advantages and disadvantages which may differ among natural and synthetic polymers.
Those most suitable for nerve tissue engineering will be discussed herein (Table 1).

3.1. Natural Polymers

Characteristics of natural polymers should include biocompatibility and biodegrad-
ability, minimal immunogenicity, and, ideally, provide properties that mimic the biological
extracellular matrix (ECM) to provide structural and functional support. Replicating these
properties allows for high-quality cellular interactions, including cell adhesion, prolifer-
ation, and differentiation for tissue regeneration. However, individual natural polymers
tend to be less stable, have poor mechanical properties, and the purification method is less
standardized. The variation between polymers and among different products of the same
polymer is a potential limitation to translating natural polymers to commercial use because
reproducibility is a critical factor in developing an optimal treatment. [15,39–43].

Collagen is an abundant natural polymer found in connective tissue and the ECM
and is biocompatible, biodegradable, and bioactive. Currently, five FDA-approved colla-
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gen nerve conduits are commercially available. Many in vitro studies, in vivo studies,
and clinical trials have identified the effective use of collagen support for wound healing,
cell adhesion, migration, proliferation, and functional nerve regeneration. Additionally,
collagen has been shown to bridge neural injury gaps up to 20 mm in length [13,39,44].
Collagen has tunable physical characteristics that can aid in directing axonal growth.
However, collagen has limited mechanical stress resistance, which can be reinforced with
additional biomaterials and/or fabricated into a hydrogel. Fabrication can be difficult
due to collagen’s poor manipulability [41,42]. In some cases, collagen has decreased neu-
roma formation and scarring, but has not wholly eliminated these complications [19,42].
A recent study assessed mesenchymal stem cell (MSC) spheroid-loaded collagen hydro-
gels to promote neurogenesis and anti-inflammatory properties. Injuries treated with
collagen hydrogels, with and without the MSCs, significantly improved cell viability,
neural differentiation, and mediation of inflammatory components compared to negative
controls [45].

Hyaluronic acid (HA) is a natural polymer found in the ECM of neuroepithelial-
derived tissues. In addition to its biocompatibility, HA is known for reproducible outcomes
and efficacy in decreasing scar tissue formation [19,42,46]. HA hydrogels are known to
be cytocompatible with no significant immune response when co-cultured with human
peripheral blood mononuclear cells in vitro [47]. However, its fast degradation and poor
mechanical properties limit its solo use. Fortunately, HA can be combined with additional
material to optimize its mechanical properties for neural applications [19,42,46].

Silk fibroin is a polypeptide isolated from the natural polymer silk. It is a strong,
stable, biodegradable, and biocompatible material. It has also been shown to support
cell attachment and neural and Schwann cell proliferation to promote myelinated axon
regeneration. Silk fibroin has desirable elasticity and flexibility to avoid collapse, and
effective permeability allowing for nutrient exchange. However, silk fibroin’s limitations
result from its mechanically weak and fragile properties [42]. Silk fibroin can be processed
using several different methods, including 3D bioprinting [39–41,48]. However, silk fibroin
can be difficult to purify, as often is a natural polymer. A 2021 study by Lin et al. showed
strong immune responses from their silk fibroin. After further experimentation, they
discovered endotoxin contamination that adversely affected biocompatibility [47].

Fibrin is a natural polymer whose role in the body involves blood clotting. Fibrin
has been shown to improve axonal regeneration and support blood vessel reparation [19].
Fibrin promotes cell adhesion for improved viability, proliferation, and differentiation
of neural cells. Fibrin has been shown to prevent fibrous tissue formation and scarring
while retaining biocompatibility [42]. Cell viability and neural differentiation have recently
been reported after 3D printing (3DP) fibrin-based bioinks containing stem cells. Though
rapid degradation limits its effectiveness, with adequate porosity for nutrient and waste
exchange, and appropriate mechanical strength, fibrin-based bioink scaffolds achieved
supportive results for neural applications [42,49,50].

Chitin is the second most abundant natural polymer on Earth [44]. However, due to
its poor solubility, it is often modified to chitosan, maintaining the same chemical structure
while adding necessary free amine groups [51]. Chitosan is low-cost, easy to produce, and
biocompatible [52]. Although chitosan does not have desirable degradation and mechan-
ical properties, chitosan has ECM-like features that support numerous studies showing
significant improvements in functional axon regeneration, cell adhesion, and neural differ-
entiation while decreasing scar formation in vivo [19,39–42,44,48,51]. A recent review on
chitosan scaffolds for the treatment of myocardial infarctions has been reported, detailing
polymer characteristics, such as elasticity and improved electrical conductivity, that would
be translatable and beneficial for neural applications [53]. Meanwhile, a micropatterned,
porous chitosan conduit was evaluated in a 10 mm sciatic nerve defect rat model. After
three months, the chitosan conduit showed improved functional recovery comparable to or
better than an autograft, though there was lesser neural, ECM, and blood vessel expression.
The authors hypothesized that since chitosan can be easily modified, immobilizing growth
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factors through surface adsorption could improve this material facet [54]. One interesting
disadvantage of this material is due to its sourcing. Since chitin is a core component of the
exoskeleton of crustaceans, it may increase the risk of seafood allergy and inflammatory
immune responses in certain patients [44,55].

There are additional natural polymers that, when combined with other materials,
have been shown to promote axonal regeneration. Still, these polymers are less efficient
when used alone due to weak mechanical resistance, fast degradation rate, and insufficient
solubility. These materials include alginate, gelatin, and keratin, all of which, despite these
challenges, have been shown to exhibit excellent biocompatibility [19,41,42,48].

3.2. Synthetic Polymers

Many synthetic polymers exhibit biocompatibility without cytotoxicity and can either
be biodegradable (also known as bioresorbable), often preferred, or non-degradable. Poor
degradation of synthetic polymers limits their use due to the higher potential for chronic
inflammation [43]. These polymers also have uniquely beneficial characteristics, including
tunability in mechanical characteristics and degradation rate. These polymers are easier
to manufacture into complex architectures to better achieve biomimicry of the desired
microenvironment, and are readily reproducible. One disadvantage is that these materials
can be costlier and more time-consuming to produce. The most common synthetic polymers
that support axon regeneration, guidance, and cell migration for improved nerve repair
will be discussed [39–42,48,56].

Silicone and ePTFE are synthetic, non-degradable polymers that successfully treat
PNIs. A second surgery to remove the implant may be required if complications, such as
long-term foreign body reactions, occur. Despite this shortcoming, these polymers remain
biocompatible for PNI healing and successful regeneration of myelinated axons [13,39,44].

Probably the most studied synthetic polymers for neural applications are polyesters.
Polyesters include PGA, PLA, poly (lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL),
and poly(L-lactide-co-ε-caprolactone) (PLCL). These materials are favorable for use be-
cause of biocompatibility, tunable degradability, and limited cytotoxicity of degradation
by-products. However, if the degradation occurs too rapidly, an acidic, inflammatory
environment has been documented, resulting in tissue necrosis. Interestingly, PLGA’s
degradation can be adjusted by changing the molar ratio of PGA to PLA, while PLCL’s
copolymerization can neutralize the acidic environment [34,39,44,56,57]. Polyesters have
desirable mechanical properties, flexibility, porosity, stability, solubility, hydrophilicity, crys-
tallinity, and processability, making them valuable candidates for bioinks and 3DP methods.
Yet, evidence of material deformation has been observed with long-term strain [20]. Many
studies have shown their support for axon extension, regeneration, myelination, neural
cell proliferation, differentiation, and neurotrophic factor expression [19,39,40,44,46,56–59].
Although the regenerative effects of these polyesters tend to be similar, PLGA has been
reported to exhibit accelerated effects for more remarkable functional improvement over
PCL and PLA [19].

Polyethylene glycol (PEG) is a biocompatible, synthetic polymer often used to adjust
hydrogel swelling and mechanical properties [43,48,56]. PEG is often modified before use
due to its easy processability, allowing for chemical modification and cross-linking, as well
as its use in manufacturing methods such as 3DP [40]. PEG biodegrades poorly, limiting
its use in vivo [48,60]. However, when modified, PEG can improve the microenvironment
and support neural cell adhesion, proliferation, and differentiation [19].

Finally, polyurethane (PU) is a versatile synthetic polymer with adjustable mechanical
and degradation properties. The Advincula group has reported PU/graphene nanocompos-
ites to have potential for biomedical applications based on relatively stable and low toxicity
when co-cultured with mammalian NIH-3T3 cells [61]. However, degradation by-products
exhibit potential cytotoxicity [62]. Favorable characteristics of PU include fatigue resistance,
flexibility, adhesion, durability, crystallinity, permeability, and anti-thrombotic properties.
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Together, these characteristics have been shown to promote myelination, anti-inflammatory
responses, and functional axonal regeneration for nerve repair [19,40,43,44,56].

Table 1. Characteristics of natural and synthetic polymers for nerve tissue engineering.

Polymer Advantages Disadvantages Ref.

Natural Polymers

Collagen Favorable biocompatibility, biodegradability,
bioactivity, and processability.

Low mechanical stress resistance, often requiring
additional materials or cross-linking. Poor

manipulability can make this difficult. Evidence
of neuroma scar formation.

[13,19,39,41,42,44,45]

Hyaluronic Acid (HA) Favorable biocompatibility. High producibility.
Preventative of scar formation.

The fast degradation rate and poor mechanical
properties can be adjusted with

additional materials.
[19,42,46,47]

Silk Fibroin
Strong, stable, biocompatible, and

biodegradable. Favorable elasticity, flexibility,
permeability, and processability.

It can be difficult to purify. Often mechanically
weak and fragile. [39–42,47,48]

Fibrin
Desirable biocompatibility and cell adhesion.

Preventative of scar formation. Supports blood
vessel reparation.

Rapid degradation rate. [19,42,49,50]

Chitin, Chitosan Desirable biocompatibility. Abundant, low cost,
easy to produce. ECM-like behaviors.

Chitin has poor solubility, improved with
Chitosan modification. Weak degradation and
mechanical properties. May increase the risk of

seafood allergy and inflammatory immune
responses in certain patients.

[19,39–42,44,48,51–54]

Synthetic Polymers

Non-degradable polymers
(Silicone, ePTFE) Biocompatible for PNI healing. Lack of degradation requires a second removal

surgery before long-term foreign body reaction. [13,39,44]

Polyesters
(PGA, PLA, PLGA, PCL, PLCL)

Favorable biocompatibility. Tunable
degradability. Easily excreted by-products.
Desirable mechanical properties, flexibility,

porosity, stability, solubility, hydrophilicity, and
crystallinity. Favorable processability.

If it degrades too rapidly, PGA and PLA cause an
acidic, inflammatory environment, yet PLCL

copolymerization can neutralize an acidic
environment. Deformation with long-term strain.

[19,20,39,40,44,46,56–59]

PEG

Favorable biocompatibility. Easy processibility
allows for chemical modification and

cross-linking to tune hydrogels’ swelling and
mechanical properties.

Poor degradative properties. [19,40,43,48,56,60]

PU

Favorable biocompatibility. Tunable mechanical
and degradation properties. Favorable fatigue

resistance, flexibility, adhesion, durability,
crystallinity, permeability, and

anti-thrombotic properties.

Degradation by-products exhibit
potential cytotoxicity. [19,40,43,44,56,61,62]

4. Cells That Interact with Biomaterials

Regardless of the material, it is essential to consider the types of cells interacting with
the surface when fabricating scaffolds. These cell types include any exogenous cells seeded
on the construct and the endogenous cells within the injured area. Regenerative medicine
for neural applications will often add primary culture Schwann cells, neural stem cells
(NSCs), MSCs, embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSCs) to
scaffolds [19,43]. The source of these cells can be autologous, allogeneic, or xenogeneic [20].
Overall, the type of cell and how it will interact with the biomaterial surface influences
its ability to repair neural injury. Meanwhile, the body will have systemic and localized
reactions to the implanted material. Following the standard pattern of wound healing
after a nerve is damaged, the foreign object implanted in the injured area will interact
with peripheral immune cells, fibroblasts, progenitor cells, and the neural and glial cells
that form the body’s nervous system [15,63,64]. The interactions between these cells and
different biomaterials will determine if the entire construct is both biocompatible and
capable of promoting functional nerve recovery.

Schwann cells have been studied in conduits developed to treat PNIs. They are effec-
tive at directing axon elongation, neurite outgrowth, and forming a new myelin sheath, but
difficulties in sourcing and purification have limited their use [19,20]. Stem cells are more
commonly studied, having exhibited promotion of repair in neural injuries when added
to a biomaterial scaffold. iPSCs seeded onto a PLA/PCL co-polymer conduit accelerated
peripheral nerve repair [65]. The iPSCs were pre-differentiated into Schwann cell lineage
before implanting the conduit into a sciatic nerve defect mouse model. This process re-
moved the issues with sourcing and purification while retaining the benefits for directing
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axon growth. They found that adding the iPSCs to their material significantly enhanced
their mice’s functional recovery and promoted neural and myelin tissue histologically [65].
Similar to ESCs, because iPSCs are pluripotent, they have no impact of age or disease
on their development. However, this benefit is weighed against the concern that these
cells could become tumorigenic and immunogenic [20]. NSCs have been studied due to
their potential to differentiate into neural and glial cell types, making them available for
broader applications and removing the potential for developing into unwanted cell types
that may worsen the injury [19]. Lastly, MSCs have the added characteristic of being easy
to access. They can often be obtained from disposable or non-invasive tissues, such as
adipose tissue and the umbilical cord, of both autologous and allogenic donors. MSCs also
proliferate quickly and provide immunoregulatory factors to promote a microenvironment
suitable for nerve repair [20]. Adipose-derived MSCs, 3D-printed into a fibrin-based bioink,
expressed immature neural and dopaminergic neural markers in vitro, presenting potential
therapeutic effects for NDs such as Parkinson’s Disease [50].

When a nerve injury occurs, or a scaffold is implanted, many cell types are recruited
endogenously to repair the damage. Although inflammation is a natural response to injury,
the harm comes when the inflammation is prolonged. Local proteins adsorb to the material
surface, and this material–cell interface’s properties determine the immune response’s
extent [66]. If the interactions at the interface are non-immunogenic, the body accepts
the material, i.e., it is biocompatible, and the inflammatory response will not last longer
than a few days. However, if the material is identified as a foreign body, the secretion of
inflammatory cytokines and chemokines will initiate a response from the immune sys-
tem [66–68]. Phagocytic cells, such as neutrophils, monocytes, local macrophages, and
microglia, are attracted to these signals and migrate to the injured area [66–70]. These cells
will remove cellular debris and pathogens while releasing reactive oxygen species (ROS)
that cause additional damage [68]. However, the recruitment of these cells is necessary to
help with regeneration, as they also secrete beneficial growth factors that promote tissue
organization and angiogenesis [67,68,70]. The monocytes recruited to the area differentiate
into macrophages. These macrophages attempt to engulf the scaffold but cannot phago-
cytize such a significant material and become stressed. The microenvironment becomes
chronically inflamed, and the macrophages begin to morph together and form foreign body
giant cells (FBGCs). A fibrous tissue encapsulates the material and attempts to expel the
material from the body, rejecting the implant [66,69,70]. Although the innate immune cells
are the first line of defense, the adaptive T cells and B cells often complement the system,
recognizing specific antigens and aiding in the cascade of inflammatory factors [69–71].
When the inflammation begins to subside around the biocompatible scaffold, neural and
glial progenitor cells will move through the area to regenerate and remodel the tissue.
Depending on whether the injury occurs in the CNS or PNS, these cells will differentiate
into neural and glial cells, including astrocytes, oligodendrocytes, or Schwann cells, to
rebuild the nerve. Each cell type has a vital role in the nervous system that helps regulate
neural activity and the exchange of nutrients in a healthy microenvironment. Finally,
macrophages, fibroblasts, and endothelial cells will reconstruct the surrounding ECM and
vasculature [66].

5. Biomaterial Modifications Influence Cell Behavior

Although these polymers have desirable biocompatibility, tunable degradation, and
mechanical properties that benefit biological use, most polymers are not used without
additional modifications. These polymers are altered to optimize their use in neural appli-
cations while retaining the benefits of their material. Nanomaterials, such as graphene or
gold, are commonly incorporated due to their conductive capabilities [52,72–77]. Polymers
also can be altered for a more specific application. For example, cross-linking polymers to
create hydrogels are suitable for use in the CNS, specifically for TBIs, and hollow conduits
and wraps are more suitable for use in PNIs and SCIs due to the shape of axons and the
spinal cord. While there have been many studies on the effects of polymers, incorporating
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nanomaterials and cross-linking changes the material’s characterization and the behavior
of the cells they interact with [56]. In all, the goal of these modifications remains the same,
to develop a safe and functional treatment for neural injuries [15].

5.1. Hydrogel Formation

Hydrogels can be used for various applications, including nerve tissue engineer-
ing. They are often preferred for CNS injuries, particularly TBIs, where nerve guidance
conduits would be too invasive. Defined as 3D cross-linked polymers with high wa-
ter content and tunable properties, hydrogels can comprise individual polymers or
composites of two or more materials. When forming a composite, the strengths and
weaknesses of the unique polymers are combined [13]. Overall, hydrogels tend to induce
minor inflammation, have favorable biocompatibility and biodegradability, but have
weak mechanical properties [43,56,78,79]. The molecular weights and the concentrations
of the distinct polymers, alongside the cross-linking method, can be used to alter the
characteristics of the hydrogel. Standard cross-linking methods include ultraviolet (UV)
light, pH, and temperature. Additionally, each of these factors can alter the physico-
chemical properties of the materials to produce a treatment optimized for the nervous
system [19,42,47,79]. These properties include gelation time, swelling ratio, physical size,
shape, structure, mechanical strength, stress, porosity, and surface charge and chemistry.

The gelation time is essentialbecause the hydrogel needs to have the appropriate
thixotropic properties (injectability, shear-thinning, etc.) to be appropriately processed
(3D printed, injected, etc.). A benefit of hydrogels for their use in CNS injuries is that
they can fill irregularly shaped injury sites while providing the appropriate structural
support required for nerve development [79]. However, without the appropriate gelation,
a hydrogel can take hours or days to obtain the proper mechanical stability characteristic of
this modification [80]. In a study using a photocurable, methacrylate, silk fibroin bioink,
the raw silk fibroin bioink took several hours to gel, making it a less-than-ideal candidate
for clinical use [78]. By adjusting factors such as treating with enzymes or salts, altering
conditions including pH and temperature, and the cross-linking method, they decreased
the hydrogels’ gelation time to minutes. The material will degrade once a hydrogel has
solidified and reached its maximum swelling ratio due to water uptake [78,81].

In addition to the gelation kinetics, the physicochemical attributes of the hydrogel
significantly influence cellular behavior at the tissue–material interface. Characteristics
such as porosity, micro patterns, single vs. multi-channel, filament diameter, and surface
roughness can all change cell adhesion, proliferation, axon guidance, and neural differentia-
tion [42,82]. Hydrogels mimic the natural ECM, providing a microenvironment that allows
for cell signaling and cell adhesion to promote nerve regrowth [83]. A porous hydrogel
creates the space for increased cell–cell interactions and access to nutrients and supportive
molecules [78]. Meanwhile, the surface microtopography can increase cell adhesion, by
increasing the material surface area while providing guidance cues for axon and neurite
growth to their target location [79,82]. One study compared micropatterned chitosan
conduits to non-patterned, random conduits of the same material. Their results showed
that the micropatterning significantly improved functional recovery as compared with the
non-patterned conduit [54]. In another study, a low-stiffness hydrogel greatly improved
nerve growth in a sciatic nerve injury rat model compared to more rigid hydrogels of the
same material [84]. In general, a Young’s Modulus value of 0.1 to 1.0 kPa provides the
appropriate stress/strain to promote neural differentiation favorably [79].

These characteristics of hydrogels, and the physical and chemical cues they provide,
are proper modes for delivering cells, drugs, and other biological factors to aid nerve
repair. The material encapsulates the factors of choice to support further the environment
in which it is implanted [82,83]. One study immobilized umbilical cord-derived MSCs and
neurotrophic factor fibroblast growth factor (FGF) onto a heparin–poloxamer hydrogel
to repair SCI. The study found decreased cell apoptosis and increased mitochondrial
function in vivo compared to hydrogels without the additional cells and factors [85]. Other

307



Polymers 2023, 15, 3685

factors can be added to reduce the aversiveness of the injured microenvironment and better
support endogenous nerve repair. For example, a 2022 study by Jin et al. observed that
urolithin-A-loaded hydrogels in PCL conduits exhibited anti-inflammatory, antioxidant,
and immunomodulatory effects [86].

A large field of study is involved in incorporating conductive polymers into hydrogels
to improve the electrophysiological function of the regenerating nerve. Nerves have natural
electrical activity in their tissue environment, and introducing electrical components before
functional nerve regeneration has been shown to improve cell adhesion, self-renewal,
proliferation, differentiation, and signaling. The surface charge of the hydrogel, when made
highly positive, can improve the electrostatic interactions with the negatively charged
cell membrane, to further enhance cell growth and neural differentiation [87]. Electrical
stimulation has also been shown to accelerate axon regeneration for faster healing. This
occurs as neurons can continue transmitting information, forming new synapses to integrate
themselves into functional neural circuits [42,75,88,89]. Poly(3,4-ethylenedioxythiophene)
(PEDOT) is a common conductive polymer that is being incorporated for neuroregeneration.
Other conductive biomaterials incorporated include polypyrrole, polythiophene, and
polyaniline. These polymers are often hard to process and contain due to their brittleness,
rigidity, and insolubility, though PEDOT has had the best success thus far [42,74,82,87,90]. A
biocompatibility study of electrically stimulated PEDOT in the brain found that significant
damage was created at higher current densities and could not be reversed. However, low
pulse currents did not significantly diminish cell viability [91].

5.2. Incorporation of Nanomaterials

Nanomaterials are materials composed of particles that have nanoscale dimensions
(<100 µm). These can include various materials, among which carbon-based nanomateri-
als, such as graphene and its derivatives and gold (Au) nanomaterials, are commonly
used. These materials improve polymers’ strength, stiffness, electrical conductivity,
topographical features, and surface area while retaining biocompatibility. However,
they are not without their challenges. Nanomaterials can improve the loading efficiency,
binding efficiency, and sustained release of biomolecules, such as growth factors for
enhanced regeneration, or drugs for therapeutic drug delivery. These particles are often
conductive and hydrophobic, so they can be challenging to handle as they aggregate
together and poorly disperse [41,75,88–90].

Graphene has two common functionalizations that often are used for neuroregen-
eration: graphene oxide (GO) and reduced graphene oxide (rGO). GO has been shown
to increase secretions of neurotrophic factors, neural differentiation, cell attachment and
proliferation, and neurite outgrowth. rGO offers these same regenerative benefits alongside
increased electrical conductivity. Graphene can be incorporated in several ways, including
blending with a polymer, or coating a surface [19,48,57,74,90,92]. Previous studies evalu-
ated the effect of GO-coated PLGA electrospun nanofibers immobilized with two neural
growth factors. They found that adding GO decreased fiber diameter, altered the surface
chemistry, enhanced the hydrophilicity, and improved the binding efficiency and sustained
release of the two growth factors. These studies also found maintained or increased cell
viability, proliferation, and neural differentiation in vitro and in vivo [93]. Graphene may
have bacterial inhibiting properties, which not only aid in the influence of neural and
glial cell behavior but also impact the injured area by preventing infection and long-term
inflammation of the microenvironment [87].

Gold nanoparticles offer the same biocompatibility and enhanced neuroregenerative
effects as graphene and its derivatives, while retaining the same issues with aggregation and
dispersion [52,94]. The results of a chitosan conduit modified with Au nanoparticles were
studied. The material maintained desirable biocompatibility while improving cell viability,
adhesion, proliferation, and differentiation by increasing surface roughness, reducing
inflammatory response, and influencing signaling factors and electrical conductivity [52].
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6. Biomaterial Fabrication Methods

Though there are many fabrication methods when it comes to materials for biomedical
applications, 3DP has resulted in significant advancements in tissue engineering. One of
the benefits of 3DP is its specificity. Computer-aided design (CAD), automated slicing
software (creating a stereolithography (STL) file), and typed geometric code (G-code) allow
for the creation of complex, biomimetic designs that match what is seen in tissues in the
human body (Figure 3). 3DP creates these designs on demand, allowing for a future in
personalized medicine [19,95]. Due to the complexities of the nervous system, 3DP is an
excellent method to fabricate nerve guidance conduits and hydrogels for clinical use.
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As discussed in previous sections, many properties contribute to biomaterials’ process-
ability and printability. Biomaterials must be adapted for safety and efficacy in the body
and withstand the fabrication, sterilization, and implantation processes. There is a similar
process in the choice of the 3DP method. Although there are many types, specific techniques
are more beneficial for bioprinting, and certain methods show favorable properties for
printing live cells within bioinks. For example, the Advincula group has reported a number
of studies using biomedically relevant polymer materials and composites for 3DP, mainly
via the extrusion-based method of direct ink writing (DIW) [96–100]. The 3DP methods
found to be best for nerve tissue engineering are photopolymerization techniques such
as SLA and digital light projection (DLP), and extrusion-based techniques such as fused
deposition modeling (FDM) and micro-extrusion [19,40,101]. Meanwhile, co-axial printing,
an advanced extrusion-based technique, allows for a more complex, layered, multi-print
head method that is favorable for live cell bioprinting [102].

SLA uses a UV laser to photosynthesize hydrogels or resins by immersing the stage
in liquid and moving to change the layer height and resolution. Laser power, laser size,
exposure time, and light wavelength can impact SLA printing. This method can be slow,
costly, and dependent on specific material characteristics [19,43,101]. DLP is similar to
SLA in that it uses photopolymerization. However, this method uses numerous mirrors
to project the printed image, improving printing speed [43]. These photopolymerization
methods are ideal for producing hydrogels for neural applications. Recently, a DLP 3D
printer made photocurable silk fibroin hydrogels. Based on the data, any material with
less than 10% wt./vol. hydrogel composition was difficult to print due to a loss in struc-
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tural integrity. However, the hydrogel could be adjusted in a higher-range concentration
(10–30%) to create physical properties, such as gelation time, swelling ratio, Young’s Modu-
lus, porosity, and degradation time, that were optimal for nerve treatments. The authors
also discussed maintaining approximately 95% cell viability when encapsulated inside
the hydrogel. However, the fabrication process for making the materials, printing the
structure, and implanting the material required 2 weeks, limiting application in clinical
settings [78]. Another study, using a DLP 3D printer, printed a hydrogel loaded with a small
flavonoid molecule, 7,8-dihydroxyflavone, to enhance the effects for a PNI treatment. The
drug-loaded bioink was prepared within a day, and exhibited favorable mechanical prop-
erties and strong effects of cell adhesion and migration when co-cultured with Schwann
cells [103].

FDM creates filaments using temperature changes to extrude material in a semi-liquid
state, solidifying on a platform in a layer-by-layer deposition. This method is not ideal for
direct cell printing if higher temperatures are required for the polymer(s). Although it is a
simple, low-cost process, the prints may result in interlayer weakness depending on layer
thickness, filament diameter, direction, and printing speed [19,43,49,101]. This is a standard
method for printing nerve guidance conduits for PNI and SCI applications. In a study that
used FDM to print PLA scaffolds coated with Au-nanoparticles, specific printing variables
were kept standard, including layer height, fill density, fill pattern, extrusion temperature,
bed temperature, and print speed. The study assessed variability in prints, including
filament diameter, pore size, Young’s Modulus, and tensile strength. Slight variations were
found, even though overall consistency between prints was considered favorable, while
demonstrating biocompatibility and promotion towards neural lineage [94].

Micro-extrusion uses a continuous bioink stream dispensed through nozzles to fabri-
cate structures using pistons, screws, or pneumatic pressures rapidly. Due to speed and
force, this method can often exhibit too much shear stress for live cell printing, though
adjustments made in these variables can exhibit favorable outcomes [19,49,101]. One study
used a micro-extrusion bioprinter to print fibrin hydrogels containing MSCs. The MSCs
showed high cell viability immediately after printing and 4, 9, and 12 days in vitro. The
scaffold even promoted the successful differentiation of MSCs into neural and glial cell
types and exhibited electrophysical/functional maturation in vitro [50].

These extrusion-based techniques have advanced to include co-axial printing, com-
posed of multiple printheads with different parameters for different materials, that come
together in alternating layers to create a single scaffold. One study cultured 3D ESCs differ-
entiated towards spinal cord motor neurons, and suspended them within a GelMA/alginate
hydrogel. First, PCL-based inner and outer hollow tubes were printed. The hydrogel was
then printed between the two PCL walls, in alternating layers of ESC-loaded hydrogel,
and alginate alone. Alternating materials and varying printing conditions between each
material allowed for a construct that promoted cell viability and structural integrity, with
properties promoting treatment of SCIs [104]. The alternating tissue layers were found to be
more comparable to native tissues, and a beneficial method for bioprinting live cells [102].
Another study used two print heads, one with a fibrin-based bioink, and one with a cross-
linker, so that the material was polymerized prior to extruding. This limits the shear stress
of the live cells as they pass through the printing needle [50].

7. Future Perspectives

Future studies may look into additional methods to alter a material that could improve
functionality for directing desired cell properties. Using existing materials, applications
of more surface modification methods could be studied to aid in the control of protein
adsorption, chemotaxis, and cell-tissue morphologies. These surface modifications include
polymer grafting or self-assembly using chemical and physical adsorption methods [105].
Grafting polymers and polymer brushes could enable a more desirable surface functionality
and chemistry, independent of the bulk thermo-mechanical properties of the individual
biomaterials, to aid in cell proliferation, guidance of neural cell growth, and axon-dendrite
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distribution [106–108]. Further investigations of biomaterial surface morphology, ther-
momechanical properties (e.g., change in elasticity or flexural properties), directional
properties, anisotropic properties, and processing methods that influence semi-crystallinity
(e.g., polymer domain size) will bring us closer to improved processing and manufacturing
methods for clinical applications.

The above methods show how a material can be modified to improve cell behavior to
a specific biomaterial. Cell biologists and material scientists can work together to fabricate
a surface according to the needs of the cellular applications. For instance, the importance
of cell adherence is provided by a material’s surface topography and chemical composition.
A surface functionalized with -COOH or -NH3 groups can enhance adsorption of proteins.
Understanding and altering a material to influence neural lineage can drastically improve
cell behavior for the appropriate applications. Conversely biological tools exist which can
guide cells to behave as per their need [109–112].

The use of hyphenated and more state-of-the-art surface-sensitive spectroscopic and
microscopic analytical characterization methods, such as advanced IR-AFM (infrared
spectroscopy, atomic force microscopy) methods, higher resolution or super-resolution
fluorescence microscopy, electrochemical-AFM imaging methods, and better TEM (trans-
mission electron microscopy) and cryo-TEM methods, would advance the process of
biomaterial characterization closer to physiological conditions for more accurate as-
sessments [113–115]. At the same time, using probe methods and label or non-labeling
methods (e.g., quantum dots) could enhance imaging to provide better and higher-
throughput in interpretations [116]. The use of high-contrast imaging agents (dyes,
nanoparticles, ligands, etc.) for multimodal and multiplexing is also important [117].
Finally, AI/ML (artificial intelligence, machine learning) methods can be applied to
imaging modalities and polymer design methods. AI/ML could improve the testing
methods and failure analysis of implanted materials [118].

As summarized in Figure 4, recent progress in team science, technological advances in
material science and cell biology, along with the novel opportunities at hand will provide
potential tissue engineering products for neural repair.
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properties affect cell behavior to determine local and systemic immune responses. Future perspec-
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8. Conclusions

Regenerative medicine and nerve tissue engineering are essential research fields for
developing an effective treatment for neural injuries. Numerous natural and synthetic poly-
mers exhibit excellent biocompatible, biodegradable, and bioactive properties, in addition
to excellent processability and printability. The type of polymer, method of modification,
and method of fabrication can significantly impact a polymer’s physicochemical properties.
These properties, such as surface chemistry, mechanical strength, and topography, greatly
influence cellular adhesion, migration, proliferation, and differentiation, impacting how the
neural environment affects biocompatibility and regeneration. Although numerous factors
are advantageous or disadvantageous, many of these polymers, modification techniques,
and fabrication methods support the safe and effective regeneration of a physical and
functional nerve. They are, ultimately, moving closer toward a treatment to improve the
quality of life of the millions impacted by neural injuries.
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Abstract: This article reports on a patient who required a cranial protection system. Using additive
manufacturing techniques and surgical planning with the help of bio-models, a patient-specific bone
implant solution was proposed that allows aesthetic restoration of the affected area and provides
an adequate level of protection. In addition, through a comparative analysis with finite elements,
the mechanical response to external actions of the medical device, printed with two materials:
polymethylmethacrylate (PMMA) and polyether-ether-ketone (PEEK), is simulated. The tested
materials have recognized biocompatibility properties, but their costs on the market differ significantly.
The results obtained demonstrate the similarities in the responses of both materials. It offers the
possibility that low-income people can access these devices, guaranteeing adequate biomechanical
safety, considering that PMMA is a much cheaper material than PEEK.

Keywords: polymethylmethacrylate; polyether-ether-ketone; custom medical device; finite element
analysis

1. Introduction

Currently, advances are palpable in terms of the application of additive manufacturing
techniques and the use of different materials and composites for medical problem solving,
such as, for example, the restoration of bone structures that have suffered damage due
to cancerous pathologies, or accidents of diverse nature. Among the materials that have
been applied are metals and alloys, ceramics, and polymers. Precisely, among the latter
are Polyether-ether-ketone (PEEK) and Polymethylmethacrylate (PMMA). These polymers
have been investigated based on their biological properties (biocompatibility, osseointegra-
tion, and others), and their mechanical properties (ability to emulate natural bone behavior,
responses to external loads, and so on). Regarding the good qualities of PEEK and its
behavior in contact with the human body, it is possible to consult, for example, results
published in [1–15]. These articles reported on the absence of clinical complications when
PEEK was used; the improvement of the properties of this material when an adequate
surface treatment was carried out; the increase in biological activity and the increase in an-
tibacterial activity thanks to the incorporation of other material in its base matrix; how the
biocompatibility improves with the modification of the microstructure of the polymer; the
predominance of the Fused Deposition Modelling technique as a manufacturing method;
and, in general, about the good postoperative results with patients implanted with PEEK.

317



Polymers 2023, 15, 3620

In summary, PEEK is suitable for artificial bone replacements because it is biocom-
patible, non-toxic, and noninflammatory and osteoconductive. Its low molecular weight
makes it ideal in orthopaedics for fracture fixation and osteotomies, spinal fusions, and
ligament reconstructions. Its high resistance provides it with better mechanical properties
compared to other traditionally used materials since it supports the loads generated in the
human body. It also helps to evaluate the evolution of fractures, thanks to the fact that it is
radiolucent in radiographs. Moreover, it is compatible with Computed Tomography (CT)
and Magnetic Resonance Imaging (MRI) technologies, that is, PEEK does not interfere with
these imaging techniques.

Before the appearance of PEEK, another polymer used in this type of surgical proce-
dure and treatment of bone conditions was PMMA. In the review article [16], a section is
dedicated to the comparison between both materials, in terms of advantages and disadvan-
tages in implantology applications. As for PMMA, it polymerizes through an exothermic
reaction that can be harmful to overlying soft tissues [17]. Implants based on this material
cannot be infiltrated by new bone tissue due to its lack of porosity, it interferes with osteo-
conduction and vascularization, it does not interact with the surrounding tissue, and it may
be susceptible to higher infection rates [18–21]. On the other hand, four studies [22–25]
report similarities between PEEK and PMMA in terms of the success rate of treatment and
rate of complications.

This paper reports on a planned and materialized cranioplasty with PMMA in a health
institution in southern Ecuador. And as part of the investigation, the performance of
the customized bone implant, manufactured with PEEK and with PMMA, is compared
at the level of simulation of the mechanical response. This considers the advantage of
PMMA over PEEK in terms of cost. A random internet search found the value of PMMA
(https://spanish.alibaba.com/g/medical-grade-pmma.html, accessed on 1 July 2023) to
be between USD 1.99 and USD 3.80 per kg. While the price of medical-grade PEEK
resin (https://spanish.alibaba.com/g/medical-grade-peek.html, accessed on 1 July 2023)
is between USD 1450 and USD 1470 per kg. A limitation of PEEK technology is the
requirement for support structures, which incurs additional costs. Considering the above,
and that the average purchasing power of the inhabitants of this area is low, the PMMA-
based variant of implants remains a viable option for many people who do not have the
necessary resources to afford the best PEEK-based solution. Regardless of the proven
biological restrictions of PMMA (possible triggering of infectious processes caused by
allergy to the material), the hypothesis that is put forward in this study is that PMMA
continues to be a viable option for people whose countries of origin or residence do not
provide them with a public health system that covers their needs, and whose low income
prevents them from facing the high costs of PEEK as a material for therapeutic use.

2. Materials and Methods
2.1. Data Acquisition Medical Imaging and Segmentation

A computed tomography of the patient was performed, and the images were saved in
a high-resolution Digital Imaging and Communications in Medicine (DICOM) file, with
voxels of 512 × 512 × Z, where Z varies from 150 to 520 slices. The images were then
processed using the open-source software 3D Slicer (https://www.slicer.org, accessed on 1
July 2023) to generate the Standard Tessellation Language or Stereolithography (STL) file of
the anatomy of interest.

The tomographic images were segmented with a specific intensity, called Hounsfield
Unit (HU), which measures the attenuation coefficient on the grey scale for compact tissues,
in this case, the target anatomical region of the patient.

For the present study, values of 211.73–2755.0 HU are used to segment the cranial
compact bone model. In Figure 1, the medical images and segmentation are shown.
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Figure 1. CT Scan Images: segmented model (A); axial view (B); coronal view (C); and sagittal
view (D).

2.2. Finite Element Method
2.2.1. Cranial Model

To obtain the three-dimensional geometry of the patient’s cranial model, the STL file
was processed by treatment of meshes and cloud of points, with reverse engineering tools
provided by the Autodesk Meshmixer (https://www.meshmixer.com, accessed on 1 July
2023), and ANSYS WORKBENCH R 21.1 software (ANSYS Inc., Canonsburg, PA, USA)
(Our university has the exploitation license for this software).

This process was applied to the anatomical model of the patient to obtain a precise 3D
model of his anatomy, which was then used for finite element analysis (FEM) (Figure 2).
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Figure 2. Computational model of the skull: (A) Lateral view, showing damage or trauma to the
local parietal bone; (B) Front view of the cranial model, the defect is observed as well as the lack of
symmetry; (C) Posterior view of the cranial model.

2.2.2. Customized Implant Model

The post-processed model of the skull with the defect was used for the reconstruction
with the cranial implant, using the Autodesk Meshmixer software 3.4. A symmetrical
reference plane was created in the three-dimensional model. For the restoration of the
affected area (missing cranial bone), the structural symmetry of the human body was
assumed. With the editing tools of the software, the healthy side of the structure is inverted,
creating a mirror image that can be superimposed on the area to be restored. Both parts of
the structure are assembled to fill the cavity. Subsequently, the Boolean subtraction tool is
applied to obtain the required custom implant design (Figure 3).
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Figure 3. Reconstruction of the cranial 3D model with the help of the customized implant to simulate
the clinical scenario: (A) Geometric model of the implant to cover the defect in the patient’s parietal
area; (B) Geometric model of the customized implant, coronal contour perimeter zone; (C) 3D view
of the implant, showing the internal shape and the variation of the angulation of the contact interface
along the contour.

2.2.3. Assembly of the Skull Model and Medical Device

Figure 4 shows the reconstructed cranial model of the patient. The design of the
implant was carried out in a personalized way, and when the person receiving the medical
device requires it (in extreme cases), this model is also useful for simulations. For example,
in high-performance sports activity, failures of implanted medical devices have been evi-
denced, causing structural and physiological damage to the bone. An adequate simulation
study can contribute to the determination of the mechanical parameters that personalized
medical devices must present to be able to withstand certain static loads, also simulating
events that may take place during the performance of these types of activities [26].
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Figure 4. Reconstruction of the skull: (A) Lateral view of the skull and customized implant, showing
the reconstruction; (B) Frontal view, defect covered by the cranial implant.

For the simulation studies in this case, the materials used for the computational analy-
sis were two: one of low cost, widely used in operating rooms for immediate cranioplasties,
and in the dental sector, PMMA. And the second of high performance and high cost, al-
though with better biocompatibility properties, industrial-grade PEEK, is used in Latin
American countries for medical purposes.

2.2.4. Coupling Details

For the successful fixation of the implant, it is important to detail the interface contours
of the cranial profile and the location of the implant. For this, the perimeter area of the
damage is studied as well as how the stress transfer occurs under considered external
load conditions. In the article [27], the relevance of analysing the contacts of natural bone-
implant interfaces is highlighted, in addition, its authors corroborate that the edges of the
defect must have a surgical preparation at positive angles, while the edges of the device
to be implanted must have opposite angles, in such a way that the “fit” will be the best
possible, thus contributing to the coupling safety.
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If the implant does not have support on the cranial bone, in the presence of external
loads, stresses are transferred to the fixing elements, which endangers the integrity of the
system. High stresses would potentially compromise the bone morphology required for
anchorage. For the case reported in this paper, the fixation systems were not analysed since
full support of the implant was achieved on the cranial damage perimeter (Figure 5).
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Figure 5. Configuration of the model to simulate the clinical scenario, highlighting the contour of
the defect and adjustment of the implant: (A) Geometric model of the location of the defect in the
left lateral parietal area of the patient; (B) Geometric model of the customized implant, showing the
contours of the perimeter adaptation to the cranial bone.

2.2.5. Boundary Conditions

The simulation study was developed with the finite element method, applied with the
structural static module of the ANSYS software. The loading conditions were assigned on
the external surface of the customized implant. An external load of 8000 N was applied
to the lower right surface of the implant [28], which simulates the static load caused by a
foreign object impact. Likewise, a load of 2000 N was applied to the upper left part of the
implant, simulating the rest activity. To reduce the computational load in the simulations,
the cranial model was simplified, thereby reducing the meshing and processing time. An
embedment condition called “Fixed Support” was also assigned at the base of the axial
slice of the skull, with zero displacements and rotations. The external charge states are
observed in Figure 6.
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Figure 6. External load application scenarios: (A, left) Normal load of 2000 N on the implant surface
in the position identified with the black circle with area of 320 mm2; (A, right) Cross section showing
the effect of the applied load; (B, left) Normal load of 8000 N on the surface of the implant in the
position identified with the black circle with area of 320 mm2; (B, right) Cross section showing the
effect of the applied load.
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2.2.6. Mesh Conditions

The simulation was carried out with the help of the ANSYS software. The selected
mesh was made up of tetrahedral elements (SOLID185). The mesh refinement tests yielded
a 7% convergence guarantee. The model is composed of 329,898 nodes and 178,488 ele-
ments of size 5 mm. “Bonded contact” was also considered for border conditions at the
implantcortical bone interface, the most realistic according to [29]. Details of the mesh can
be seen in Figure 7.

Polymers 2023, 15, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 6. External load application scenarios: (A, left) Normal load of 2000 N on the implant surface 
in the position identified with the black circle with area of 320 mm2; (A, right) Cross section showing 
the effect of the applied load; (B, left) Normal load of 8000 N on the surface of the implant in 
the position identified with the black circle with area of 320 mm2; (B, right) Cross section showing 
the effect of the applied load. 

2.2.6. Mesh Conditions 
The simulation was carried out with the help of the ANSYS software. The se-

lected mesh was made up of tetrahedral elements (SOLID185). The mesh refinement tests 
yielded a 7% convergence guarantee. The model is composed of 329,898 nodes and 178,488 
elements of size 5 mm. “Bonded contact” was also considered for border conditions at 
the implantcortical bone interface, the most realistic according to [29]. Details of the mesh 
can be seen in Figure 7. 

 
Figure 7. Mesh elements: (A) Mesh of the implant with fixation towards the skull; (B) The meshing 
of the cranial model with the implant. 

2.3. Material Properties 
In the computational model, the materials were assumed to be isotropic, homogene-

ous and linearly elastic, by [30,31]. The custom medical device was made of PMMA 
and PEEK. Table 1 presents the mechanical properties of each material used in the sim-
ulations. 

  

Figure 7. Mesh elements: (A) Mesh of the implant with fixation towards the skull; (B) The meshing
of the cranial model with the implant.

2.3. Material Properties

In the computational model, the materials were assumed to be isotropic, homogeneous
and linearly elastic, by [30,31]. The custom medical device was made of PMMA and PEEK.
Table 1 presents the mechanical properties of each material used in the simulations.

Table 1. Material properties of components used in the simulation of the assembly model 3D.

Parameter Cranial Cortical
Bone PMMA PEEK

Young’s modulus Eb = 15,000 MPa EPMMA = 3000 MPa EPEEK = 3600 MPa
Poisson’s ratio µb = 0.3 µPMMA = 0.38 µPEEK = 0.39

Ultimate tensile σu,b = 130 MPa —– σu,PEEK = 172 MPa
Yield strength —– σy,PMMA = 72 MPa σy,PEEK = 90 MPa

Reference [32] [33] [33]

Once the mechanical properties of the components were introduced, FEA simulations
were carried out to study the behaviour of the cranial model under external static loads,
which are useful to understand how the stresses are distributed in the cranial area during
the performance of the considered activities.

2.4. Surgical Planning and Manufacturing

In the manufacture of the anatomical test model, for surgical planning, the additive
manufacturing technology Fused Deposition Modelling (FDM) was applied, with the
help of a Creality CR-X Pro 3D FDM printer (Shenzhen Creality 3D Technology Co., Ltd.,
Shenzhen, China).

As printing material, Creality’s HP PLA 1.75 mm Series filament was used. The STL
file was used as the basis for reading, processing and obtaining the route code, while for the
3D printing process, the Creality Slicer 1.2.3 software was used. The support material was
removed manually, paying special attention not to affect the surface of the bone structure.
Table 2 presents the characteristics of the FDM technology.

The 3D version of the test anatomical model, printed on a 1:1 scale, can be seen in
Figure 8. The level of damage in the left parietal area of the patient is considerable, so the
results of the finite element analysis offer the necessary support for the medical device to
withstand demand loads.
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Table 2. FDM additive manufacturing characteristics and parameters.

Characteristics and Manufacturing Parameters Fused Deposition Modelling

Company and model Creality CR-X Pro (2019 Updated)
Maximum build envelope 300 × 300 × 400 mm3

Nozzle diameter 0.4 mm
Positioning resolution (X/Y/Z) 1.25 µm/1.25 µm/1 µm

Selected layer thickness 0.10 mm
Printed filament line width 0.4 mm
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Figure 8. Cranial model for surgical planning: (A) Frontal view; (B) Lateral view, area of damage;
(C) Back view.

The trial anatomical model was used by the surgeon in the preoperative evaluation
and surgical planning, thus verifying the functionality of the customized device.

The digital model of the custom implant was printed in PLA. With the help of this
physical model, the moulds (negative and positive) were created based on Vinyl Polysilox-
ane (hydrophilic material). The resulting cavities were joined to pour the PMMA solution
into the free space between them, which solidifies, acquiring the shape of the final implant.
The fixation holes in the final device were drilled with a surgical drill. For its part, the
customized implant model, in industrial PEEK, was manufactured with the help of a FUN-
MAT PRO 410 printer (INTAMSYS. Shanghai, China), applying FDM additive technology.
Subsequently, the definitive test of the implant was carried out on the cranial anatomical
model, and it was verified that the shape was consistent with the virtual models (Figure 9).
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Figure 9. Cranial model with the patient-specific implant: (A) Cranial bio-model with the PMMA
implant coupled; (B) Cranial bio-model with the PEEK implant coupled.

3. Results

Four simulation cum-shots were performed under the “Force” load condition of
2000 N applied to the external surface of the cranial bone-coupled PMMA-based custom
implant model, and with the same condition applied also on the external surface of the
personalized implant model based on PEEK coupled to the cranial bone. The geometry of
the personalized implants, for both materials, presents variable thicknesses. Towards the
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central point, where the 2000 N load was applied, the thickness is 2.58 mm; while at the
point where the 8000 N load is applied, the thickness is 3.02 mm.

Likewise, for the load condition “Force” of 8000 N applied in the central zone of
the external surface of the model of the personalized PMMA implant, coupled to the
cranial bone. And the same load condition was applied to the central area of the external
surface of the custom PEEK implant model, coupled to the cranial bone. This allowed us to
obtain the VonMises stress distribution for the implant and the cranial bone, and the total
deformations (Table 3).

Table 3. Von Mises stresses and total deformation of the structures *.

Structure Material Von Mises Stress [MPa] Total Deformation [mm] Load State [N]

Skull Cortical bone 40 ± 10 0.080 ± 0.001 2000

Implant PMMA 40 ± 7 0.56 ± 0.02 2000

Skull Cortical bone 36 ± 8 0.073 ± 0.001 2000

Implant PEEK 44 ± 5 0.42 ± 0.08 2000

Skull Cortical bone 83 ± 7 0.210 ± 0.008 8000

Implant PMMA 103 ± 20 2.71 ± 0.21 8000

Skull Cortical bone 59 ± 22 0.21 ± 0.01 8000

Implant PEEK 99 ± 11 2.30 ± 0.03 8000

* Each load state was applied to the external surface of the implant, at the same point. The effort with the
deformation generated in the cranial structure is the result of the coupling and transfer of the load on the implant.

In Figure 10, the Von Mises stress distribution for each element can be seen, according
to the state of external load. In Figure 11, the total deformations generated by the states of
external loads, in the implant and the cranial bone, are detailed.
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3.1. Statistic Analysis

The analysis of the computational results was carried out by applying a comparison
of means, with the help of the SPSS Statistics software 29.0 (SPSS, Inc., Chicago, IL, USA),
considering that, for each simulated external load, five runs were performed with each
material. The ANSYS software provides the maximum stress and deformation values.
In Figure 12A (Figures 12 and 13, respectively, show the box and whiskers diagrams for
Von Mises stresses, and for deformations, for each material. In them, the mean values
are represented by a red dot in boxes, and with respect to these points are referenced
the corresponding standard deviations.), the Von Mises stress levels for the personalized
implant with PMMA and PEEK are observed. Figure 12B shows the total deformation of
the implant with each material under the load condition “Force” 8000 N.

In this computational study, the effect of using PMMA and PEEK for the protection
of the skull against the action of a static load of 8000 N on the surface of the device was
examined. The mean and standard deviation of the Von Mises stress analysis for the PMMA
implant was 103 ± 20 MPa; while for the PEEK implant, it was 99 ± 11 MPa. In this case,
no significant differences are observed (p > 0.05), with a confidence level of 95%.

The total deformation of the PMMA implant was also examined, where the mean
and standard deviation of the analysis were 2.71 ± 0.22 mm; while for the PEEK implant,
2.30 ± 0.03 mm was obtained. In this case, significant differences were observed (p < 0.05),
with a confidence level of 95%.

In Figure 13A, the Von Mises stress levels in the cranial bone are observed, resulting
from the couplings of the PMMA and PEEK implants, respectively. Whereas, in Figure 13B,
the total deformation of the cranial bone caused by the coupling of the implant is presented.
All of the above under the application of a load “Force” 2000 N.
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During the computational analysis, the effect of using PMMA and PEEK implants,
respectively, coupled to the cranial bone, was examined to achieve the necessary protection
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of the internal structures and tissues, before a static load of 8000 N on the external surface
of the implant. The mean and standard deviation of the Von Mises stress analysis for the
cranial bone was 83 ± 7 MPa with PMMA. While with PEEK 59 ± 22 MPa was obtained.
In this case, significant differences were observed (p < 0.05), with a confidence level of 95%.

The total deformation of the cranial bone when coupled with the PMMA implant
was also examined. The values for the mean and standard deviation of the analysis were
0.213 ± 0.008 mm. For PEEK, in the same situation, 0.208 ± 0.009 mm was obtained. No
significant differences are observed (p > 0.05), with a confidence level of 95%.

The analysis focused only on the case of the greater load because the safety of the
personalized implant will depend on this action. The load of 2000 N simulates the incidence
during the rest-activity; in such a situation, failures will not occur, since the stresses
generated in the implant do not exceed the yield stress of either of the two materials [28,34].

The simulation results show that both devices (manufactured with PEEK and PMMA,
respectively) present a similar resistance to the action of considered external loads. But the
PMMA-based device suffers from greater deformation. However, for this second material,
the fluence limit is not exceeded, that is, there is no risk of damage due to contact of the
device with the brain mass. Furthermore, an additional option to increase the safety of the
PMMA implant would be to control its thickness in such a way as to reduce deformation.

3.2. Post-Operative

The implant manufactured in PMMA was successfully placed in the patient. The
postoperative evolution was satisfactory, there were no complications of any kind, and the
person left the hospital facility 48 h after the intervention. In addition, for follow-up, a visit
was scheduled 14 days after surgery. In Figure 14, the symmetry achieved with the cranial
reconstruction is visible. There were also no difficulties with healing, the aesthetic and
functional result was as expected and completely to the patient’s satisfaction.
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Postoperative Follow-Up

Computer-aided design and additive manufacturing have proven to be effective tools
in the design of custom implants. The results presented describe the entire custom manu-
facturing process, surgical planning, finite element analysis, and 3D manufacturing, which
facilitated the performance of cranioplasty in a patient affected by skull bone cancer. The
general procedure (fabrication of the implant and surgical planning) was carried out ac-
cording to the proposed methodology and using open-source and commercial software for
the segmentation, post-processing and mechanical design stages. The use of free software,
whenever possible, was an advantageous factor considering the economic possibilities of
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the region where the methodology has been applied. In Figure 15, the final results of the
entire process can be seen.
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4. Discussion and Conclusions

Through the presentation of a real case, the usefulness of the proposed method for
the analysis of clinical cases in the area of neurosurgery and reconstruction of cranial
defects with a complex surgical approach was demonstrated. Through a finite element
study, the level of Von Mises stresses and total deformations that take place in the coupling
of the bone-implant system under static loads were determined, which is established as
one more criterion for the design of medical devices for the cranioplasty treatment with
biocompatible materials such as PMMA and PEEK.

Four computational analyses were developed under a static external load of 2000 N,
which was applied to the upper left part of the implant, simulating an external action that
this area of the head would receive during rest-activity; and a load of 8000 N, applied in the
centre of the implant, simulating a static impact action. All of the above to determine the
stress levels and total deformations of the implant-cranial bone system. In this investigation
it was found that there are no significant differences between the PMMA personalized
medical device and the PEEK one, concerning the total deformations caused by the load of
8000 N, considering the state of load as maximum. Significant differences were found in
the Von Mises stress distribution.

The decision to know which device to use for cranioplasty treatment will depend on the
magnitude of the damage and the patient’s financial availability. In Eastern European and
Asian countries, PMMA is currently used as an alternative material for cranioplasty. In [35],
is reported on the use of locally developed polylactic acid and polymethyl methacrylate
moulds to perform cranioplasties for bone defects in technically demanding areas of the
skull, while ensuring good aesthetic results and functional recovery. According to the
authors, no surgical complications occurred in 14 patients. In addition, the subjective and
objective evaluation revealed a significant improvement in the results. There were also
no postoperative complications during a 6-month follow-up period, except in one patient
who presented a late infection. Studies like this validate the use of acrylic materials as an
alternative for cranioplasty treatment.

Late infection rates from the use of PMMA in custom-made bone implants are fre-
quently increased by improper handling of sterilization protocols for manufactured devices,
or by bacterial contamination during handling.

It has also happened that, in patients who have undergone successive surgery to
remove and replace implants, the capillary tissue has lost healing properties, causing the
decubitus effect and with it the proliferation of bacteria that contaminate the implanted
device. Even so, the cranioplasty surgeries that have been performed in this area of Ecuador
have had an approximate average cost of USD 450. In addition, the preoperative preparation
with the anatomical test models has helped to reduce the duration of the interventions
and the time the patient remains under the effects of anaesthesia, also reducing the risks
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of surgical complications. A similar scenario is described in [35,36]. As reported, the
investment in a PMMA implant was USD 50.

The manufacturing process with PEEK has an approximate cost of USD 5000, inac-
cessible to the economy of many people. In the present study, however, the simulation
results showed that both materials are equal in terms of security and structural integrity
that they provide in the event of static load events: they do not exceed the yield point,
so under the same demands, they are capable of responding without failure. Regarding
the total deformations suffered, no significant differences were observed. In addition, the
possible scope of the finite element method has been verified in terms of optimizing the
structural properties of the implant to maximize resistance and durability and minimize
weight and volume.

In some public and private hospitals in the Republic of Ecuador, a country located in
the northwestern region of South America, the introduction of advanced medical technolo-
gies, such as 3D printing, has been fundamentally limited for economic reasons and a lack
of investment in research and development. However, in a certain way, these limitations
have been overcome by applying viable alternatives. For example, keeping PMMA as a fea-
sible option in terms of biocompatibility and mechanical performance, and advantageous
in economic terms. So, considering the above factors in terms of benefit-cost, an immediate
alternative for progress could be that, when the solution in terms of manufacturing mate-
rial for a customized implant be PMMA, prior to device placement, a test of allergy (for
example, a patch type test) to try to predict the behaviour of the prosthesis once in contact
with the body of the patient who will receive it.

In three health institutions in the region, since July 2020, five surgeries were performed
that required customized bone replacement (the last one made in September 2022). Three
cranioplasties, one clavicular implant and one for the sternum-clavicle. All medical devices
placed in these patients were manufactured with PMMA. Follow-up has been maintained
on each of them up to the present, and in none of the cases has there been any complication.
These surgical procedures have been performed under the protection of the rules of the
National Agency for Health Regulation, Control and Surveillance (ARCSA-acronym in
Spanish), RESOLUTION No. ARCSADE0262016YMIH, Article 20, items (a), (b), (c) and (d).
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Citation: Rădulescu, B.;

Mihalache, A.M.; Păduraru, E.;
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Abstract: For reduced mechanical stress, some chains with links made of metallic materials could be
replaced by chains made of polymeric materials. A lower weight and a higher corrosion resistance
would characterize such chains. From this point of view, research on the behavior of chain links made
of polymeric materials under the action of tensile stresses can become important. Modeling by the
finite element method highlighted some specific aspects of the behavior of a chain link subjected
to tensile stresses. Later, we resorted to the manufacture by 3D printing of some chain links from
four distinct polymeric materials, with the modification of the size of the chain link and, respectively,
of the values of some of the input factors in the 3D printing process. The tensile strength of the
chain links was determined using specialized equipment. The experimental results were processed
mathematically to determine some empirical mathematical models that highlight the influence of
the values of the input factors in the 3D printing process on the tensile strength of the samples in the
form of chain links. It thus became possible to compare the results obtained for the four polymeric
materials considered and identify the polymeric material that provides the highest tensile strength
of the sample in the form of a chain link. The results of the experimental research showed that the
highest mechanical resistance was obtained in the case of the links made of polyethylene terephthalate
glycol (PETG). According to experimental results, when tested under identical conditions, PETG links
can break for a force value of 40.9 N. In comparison, polylactic acid links will break for a force value
of 4.70 N. Links printed in the horizontal position were almost 9-fold stronger than those printed
in the vertical position. Under the same test conditions, according to the determined empirical
mathematical models, PETG links printed in a horizontal position will break for a force of 300.8 N,
while links printed in a vertical position will break for force values of 35.8 N.

Keywords: chain link; polymers; tensile testing; influence factors; empirical mathematical models

1. Introduction

The chain link is a component of the chain. In turn, the chain is a string of links
assembled consecutively between them and which is used to materialize some tying,
suspension, tensile, etc., operations. The previous definition of a chain also highlights its
main possibilities of use or the stress it is subjected to.

In its simplest form, a chain link is shaped similar to a ring deformed to reduce the
width of the chain link and, thus, of the chain. The material and dimensions of a chain link
in a cross-section are usually determined considering the mechanical stresses to which the
chain composed of links will be subjected.

The classification of chain links can be carried out taking into account the shape of the
chain links (circular or oval), the destination of the chain (for limiting the movements of
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an object or animal, for suspending or towing an object or an assembly/subassembly, for
increasing the towing capacity of tires (in the case of anti-skid chains)), etc.

Given the chains’ relatively high tensile stress values, their links are made of metallic
materials, mainly steel. The need to reduce the chains’ weight, especially when the me-
chanical stresses are somewhat lower, has led to the research and use of chain links made
of plastic or composite materials.

Plastic materials are non-metallic materials with an amorphous structure obtained by
melting together several constituents, such as resins, plasticizers, dyes, lubricants, fillers,
or auxiliary materials. These materials are characterized by the possibility of being easily
shaped, thanks to good plasticity, at temperatures usually between 140 and 180 ◦C. On
the other hand, composite materials include a metallic or non-metallic mass and are rein-
forced with resistance elements from the category of short or very short fibers, long fibers,
fabrics, felt, etc.

Plastic or polymer matrix composite chain links are lighter than metal chain links and
have higher corrosion resistance. Consistent with the general properties of plastics, such
materials are thermally and electrically insulating [1,2].

Suppose the production of chain links from metallic materials is based on bending a
workpiece originally as a bar or wire. In that case, the chain links from plastic or composite
materials can be obtained through specific processes, such as injection and 3D printing.

The expansion in the last decades of 3D printing processes has facilitated the de-
velopment of some research on the properties required by the uses of chains with chain
links made of plastic materials or composite materials with polymer matrix made even by
3D printing.

Thus, the possibilities of direct manufacturing through 3D printing of interconnected
moving parts in the category of which interconnected chain links are also highlighted
by researchers [3–5].

Chains with links having more complicated shapes were made by 3D printing (SLM)
and studied by Venes et al. [6]. The material of the chain links was an alloy containing
titanium, aluminum, and vanadium. It was found that it is possible to ensure a clearance
between two moving surfaces of 150 µm.

Wójcicki et al. designed and built a stand for the wear testing of the chain links of the
scraper conveyor [7]. A simplified stand prototype was materialized using 3D printing of
its components.

The possibility of making chain links from lightweight material through additive
manufacturing was highlighted [5,8]. Chains of this type can be used in the mining
industry to reduce the weight of some equipment.

A theoretical and experimental analysis of the stress generated in metal chain links
under different operating conditions was carried out by Mešić et al. [9]. They considered
stress analysis for different chain link positions during mechanical loading.

The possibilities of manufacturing some objects from ceramic materials with polymeric
matrix and including some chain links from such materials were investigated by Román-
Manso et al. They resorted to 3D printing with microwave-activated polymerization [10].

3D printing of polymer link chains for dog harnesses was addressed by Woodman [11].
He produced a report outlining the possibilities of using 3D printing to create objects that
could improve the living conditions of pets or laboratory animals. He thus analyzed the
situation of the use of chain links made of plastic materials, appreciating that the plastic
material of the links must be hard enough so that the animals do not swallow the particles
detached from the links as a result of use and harm their health.

The finite element method was used by Noguchi et al. for a static stress study in
the case of a link plate of a roller chain [12]. The study also aimed at identifying some
possibilities for reducing the weight of the chain.

Researching the behavior of ship mooring chains on shore has been an important
objective for different groups of researchers [13–26]. The static, dynamic, and fatigue
stresses occurring in the chain links for different operating conditions were thus highlighted.
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The values of some input factors in the additive manufacturing process are expected
to influence the physical-mechanical properties of the materials of the parts manufactured
by such processes [8,9,27].

The problem of manufacturing chain links from polymeric materials was an objective
also addressed in various invention patents [28–30].

From those mentioned above, it can be seen that until now, the research related to
the chain links made of metallic and non-metallic materials has focused on the establish-
ment of the dimensions of these chain links [1,7,31–33], the efforts generated in the chain
links during operation [8,18,25,26,31], the modeling by the finite element method or by
other methods of the stresses and deformations from chain links during their mechanical
loading [9,12–15,18,19], investigating the fatigue behavior of chain links [20–22].

It was found that there is relatively little information on the behavior of chain links
from polymeric materials manufactured by 3D printing when these chain links are sub-
jected to tensile stress. It is necessary to mention that in the category of chains made of
metallic materials that could be replaced by links made of polymers or chains with links
made of polymeric materials, some chains for ornaments of monuments, chains for sus-
pending some objects of religious worship, chains of ornaments, chains for leashes used to
tie dogs, etc.

The authors of this paper are unaware of results obtained by other researchers regard-
ing the influence exerted by the dimensions of polymer material beads and the factors
that characterize the manufacturing conditions of beads by 3D printing on the tensile
strength of beads. For low mechanical loads, link chains made of polymeric materials could
be characterized by lower mass and superior corrosion resistance. Such chains could be
made directly by 3D printing without the need for an assembly operation of separately
manufactured chain links.

The finite element method was used to obtain additional information regarding the
behavior of the chain links during their tensile testing. In the framework of this paper, the
main aspects related to oval-shaped rings manufactured by 3D printing processes from
polymeric materials will be briefly analyzed. The conditions for conducting the tensile tests
of the 3D printed polymer materials and the obtained experimental results will be presented
in the next chapter. Afterward, the emphasis will be on the mathematical processing of
the experimental results and the identification, as such, of some empirical mathematical
models that characterize the tensile behavior of chain links made of polymeric materials and,
respectively, of a composite material with a polymeric matrix. The analysis of the empirical
mathematical models will have to allow the formulation of some observations regarding
the meaning of variation and the intensity of the influence exerted on the maximum
force supported by the chain links when the sizes of the input factors in the investigated
process change.

2. Materials and Methods
2.1. The Mechanical Loading of a Chain Link

As mentioned, the chain link is shaped similar to an ovalized ring, with a cross-section
through the ring usually revealing a circular shape. During operation, static or dynamic
stretching, compression, bending, and torsional stresses can occur in different areas of the
chain link.

From the point of view of most uses of the chain link, its tensile strength is of particular
interest. However, even during a tensile test, different areas of the chain link may be affected
by other categories of stress.

In principle, the tensile testing of the chain link involves using hooks or bolts whose
ends are inserted into the gap of the chain link and through which tensile stress is generated
in the lateral areas (Figure 1).
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Figure 1. Way to clamp the chain link on the tensile test machine, using two bolts.

The mentioned stress can have a static character. Compressive and crushing stress
occurs in the contact areas of the chain link with the two bolts. Bending efforts occur near
the contact between the chain link and the bolts through which the chain links are subjected
to mechanical stresses. Torsional stresses will still appear in chain links if a twisted chain is
considered. Still, there are situations when the loading can also be cyclical, which requires
some research on the fatigue resistance of the chain links.

The manufacture of chains from oval-shaped metal chain links may involve operations
of cutting straight segments from wire or bar, heating, and descaling, and one or more
bending operations, with the eventual joining of chain links, butt welding, shot blasting,
marking, thermal treatment, application of surface protection operations, etc. [26]. Chain
manufacturing technology also includes some operations to inspect and test the quality
of products in different phases of the manufacturing process. Stretch testing and impact
testing are such chain quality control operations.

Chain links can be made of polymer or matrix composite materials for low or
moderate loads. Thus, chain links can be manufactured by injection molding. As
mentioned, the expansion in the last decades of 3D printing processes led, among
other results, to ensure the conditions for manufacturing chain links from polymer
materials or composite materials with a polymer matrix through additive manufacturing
processes. The possibility of changing the values of some parameters specific to the
manufacturing conditions of the chain links through 3D printing processes facilitates a
deeper investigation of the factors capable of influencing the behavior of the chain link
during their operation.

Fused deposition modeling is one of the most widespread groups of techniques that
can be used to manufacture parts from polymer materials through 3D printing. In this case,
the material of a polymer wire is melted and then deposited to make up the successive
layers of material of a particular part. Let us note that fused deposition modeling or 3D
printing, in general, can provide conditions for manufacturing the assembled chain links
from the beginning so that the chain can be directly obtained.

An improvement in the behavior of chains made of non-metallic materials becomes
possible through composite materials with a polymer matrix, in which case the use of certain
reinforcement materials could contribute to a significant improvement in the behavior of
the chains during their exploitation.

Suppose the manufacture of chain links by fused deposition modeling is considered.
In that case, the main groups of factors capable of affecting the behavior of the chain links
or chains during their use are the following:
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• The sizes and shapes of the chain links;
• The nature and physical-mechanical properties of the polymer material or the compos-

ite material with a polymer matrix;
• Some parameters that characterize the conditions for carrying out the 3D printing process;
• The way to load chain links, the nature of these loads, etc.

It is interesting to study the extent to which some of the previously mentioned factors
or groups of factors influence the mechanical strength characteristics of chain links made of
polymer materials or polymer matrix composite materials.

2.2. Finite Element Modeling of the Behavior of a Plastic or Composite Chain Link

A chain link with the shape and dimensions indicated in Figure 2 was considered. One
criterion considered when determining the geometry and dimensions of the 3D printed
and tensile-tested chain links was to approximate the dimensions and geometry of existing
chain links in practice. Since it was also intended to highlight the influence exerted by the
size of the diameter of the za element on the tensile behavior, we resorted to the use of
two such diameters, with values close to those existing in the case of some chains encoun-
tered in practice.
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Figure 2. Dimensions of the chain link proposed to be tested.

As a matter of choice, the finite element method (FEM) is to obtain a similar crack
pattern as one from the experimental tests. This would give insight into stress distribution
just before the crack extends on the whole part length and the fracture occurs. For this
purpose, it had to design a similar model with one of the eight test samples used in the
experimental tests. It had chosen sample 1 with a 30% infill (see Figure 3a). This option is
because sample 1 is printed vertically (see Table 2), making it more difficult to print and
analyze than its horizontal peers. The E-moduli obtained using the fused deposition model-
ing (FDM) printing process is lower than that provided by the manufacturer and depends
on the printing direction. Six samples of Ultrafuse ABS-type filament manufactured by
BASF (Ludwigshafen, Germany) on Instron 4411 equipment were printed for analyses to be
as accurate as possible and tested. It carries a 5 kN load cell with a 5 mm/sec testing speed.
The room temperature was 22 ◦C with a 60% humidity level. It resulted in an E-modulus
mean value of 558 MPa. The manufacturer lists in the filament’s technical data sheet (TDS)
1608 MPa on ZX direction of printing [34], whereas the Ansys library uses 1628 MPa. The
measured value was used inside Engineering Data, Ansys’s library of materials. The infill
model was replicated in a 3D model and later translated into a Parasolid file for analysis
(see Figure 3b).
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(b)—section view of the 3D model with a 30% infill pattern.

The 3D model also received a crack initiation model because the FEM analyses are
based on the prediction of crack propagation using Ansys’s SMART Crack Growth, which
relies on the energy release rate method. It has opted for the stress intensity factor as
the desired fracture criterion inside a static crack growth mechanism. This one predicts
a pre-existing crack growth when certain loading conditions are met. The algorithm
calculates the maximum stress intensity factor of the crack’s front nodes, and if it exceeds
the specified criterion, the crack is set to grow. The critical rate was set to 100 MPa mm1/2,
which will not stop on maximum crack extension. The body was assigned an ABS type
of material retrieved from the software’s library. It has imposed a virtual topology that
uses the edges-only type of behavior. Mesh controls use a patch-conforming method with
quadratic element order set for the entire chain link body and a face sizing of 0.15 mm
for the two faces of the pre-existing designed crack. Element size was set to 0.25 mm
for the entire mesh, with an aggressive mechanical method set for whenever error limits
are encountered during analyses. That gave almost 80.000 elements and more than
140,000 nodes (see Figure 4a). The pre-meshed crack was designed to occur before the
infill pattern, thus giving us the opportunity to set the front, top and bottom nodes using
named selection. As experimental tests revealed in the case of sample 1 the crack initiates
at the beginning of the semi-circular top section of the chain link. After several trial and
error attempts, it has chosen 6 solution contours and imposed a new Coordinate System
set for the crack only for the algorithm to work properly. This system has the X axis set
in the direction of the crack extension as the Y sits almost normal on its geometry (see
Figure 4b). Conditions use a fixed support for the lower section of the chain link and a
force value imposed on the upper section of the chain link in the Z+ direction of the Global
Coordinate System (see Figure 4c). Analyses settings are set to 0.00001 sec end step time
divided into ten sub-steps.

Just before separation, the value of force required by the software to generate crack
growth was 54 N which is close to that registered in the case of sample 1 made of ABS.
(Table 2). The difference may come from the fact that the 3D model uses an ideal type of
homogeneity, whereas the printed sample suffers from this perspective. It has resulted in
15.025 MPa registered for the equivalent stress evaluated using Von-Mises criteria. The
graphical representation shows a distribution along the fracture line with its ends colored
in red (see Figure 5a). Equivalent elastic strain peaks at 0.042454 mm/mm, showing that
the chain link takes the force solicitation and tries to overcome it by distributing it along its
length (see Figure 5b). Finally, it has attached a real-life photo of cracked sample 1 after the
experimental test. It can observe a similar direction of propagation as that obtained for the
pre-designed crack (Figure 5c).
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SMART crack growth produces a result similar to that obtained using experimental
tests. Before the body gets separated, stress and strain distribution is very useful infor-
mation for future research, which would consider optimization using 3D printing setup
and design. However, results should be used carefully. Further refinement is necessary,
considering a finer mesh, more contour plots, or another type of crack growth assessment
with an arbitrary or surface-based crack.

2.3. Experimental Conditions

The objective pursued through the experimental research was to highlight the influence
exerted by the nature of some polymer materials used for manufacturing chain links, some
dimensions of the chain links, and some factors that characterize the conditions of 3D
printing of chain links.

Four materials were considered, namely: acrylonitrile butadiene styrene (ABS, Kimya,
Nantes, France), acrylonitrile butadiene styrene-Kevlar composite material (ABS-K), poly-
lactic acid (PLA), and polyethylene terephthalate glycol (PETG) (Prusa, Prague, Czech
Republic). Information on some of the properties of these materials has been listed
in Table 1.

Table 1. Some properties of the materials used in the case of tensile-tested beams.

Properties ABS ABS-Kevlar PLA PETG

Tensile modulus [GPa] 1.6815
(ISO 527)

1.775
(ISO 527)

2.3
(ASTM D638—Type V)

1.6 ± 0.1
(ISO 527-1—vertical XZ)

Tensile strength [GPa] 0.0436
(ISO 527—at yield)

0.0311
(ISO 527—at yield)

0.0359
(ASTM D638—Type V—at yield)

0.05
(ISO 527-1—vertical XZ)

Elongation 3.5 %
(ISO 527—at yield)

2.3 %
(ISO 527—tensile

strength)

2 %
(ASTM D638—Type V—at yield)

5.1 %
(ISO 527-1—at yield)

Hardness 97
(Shore A)

65.2
(Shore D)

95
(Shore D)

74
(Shore D)

The chain links were manufactured by 3D printing on a Prusa i3MK3S equipment
made in the Czech Republic. The values of some input factors in the 3D printing process
have been established, as shown next. The values of the printing speed v, the thickness t
of the deposited layer, and those of the infill density i were entered into the 3D printing
program. As far as possible, consideration was given to the use of the same input factor
values for the experiments performed on each of the four materials from which the chain
links test samples were manufactured. Instead, for the printer plate temperature θp and the
extrusion temperature θe, a rewrite of the 3D printing program was required.

The equipment used to determine the mechanical strength of the beads was a tensile
testing machine type LRX Plus (Lloyd Instrument Ltd., An AMETEK Company, Hampshire,
UK). It uses XLC-5000-Al type of load cell up to 5 kN with a precision of 0.5% according to
ASTM E4 and DIN 1221. Data acquisition was made by using equipment’s NEXIGEN Data
Analysis software (ver. 3.0) solution.

The components involved in the experimental research can be seen in Figure 6.

Table 2. Conditions for performing experimental tests and results of tensile tests.

Part/
Exp
no.

Values of the Input Factors Values of the Output Parameter
(Maximum Force F, N)

Chain
Link

Diameter,
d, mm

Printing
Speed,

v, mm/s

Layer
Thick-
ness, t,

mm

Infill
Density,

i, %

Temperature
Build Plate,

θp, ◦C

Extrusion
Tempera-
ture, θe,

◦C

Printing
Position,

p
ABS ABS-K PLA PETG

1 3 80 0.2 30 90 245 1 53.809 51.415 4.7005 40.96
2 3 80 0.2 60 110 265 2 350.23 216.41 235.7 414.93
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Table 2. Cont.

Part/
Exp
no.

Values of the Input Factors Values of the Output Parameter
(Maximum Force F, N)

Chain
Link

Diameter,
d, mm

Printing
Speed,

v, mm/s

Layer
Thick-
ness, t,

mm

Infill
Density,

i, %

Temperature
Build Plate,

θp, ◦C

Extrusion
Tempera-
ture, θe,

◦C

Printing
Position,

p
ABS ABS-K PLA PETG

3 3 120 0.3 30 90 265 2 459.45 94.09 252.02 414.3
4 3 120 0.3 60 110 245 1 54.519 47.876 302.2 16.923
5 4 80 0.3 30 110 245 2 435.48 208.47 403.73 273.56
6 4 80 0.3 60 90 265 1 120.03 124.44 121.78 80.394
7 4 120 0.2 30 110 265 1 150.47 113.51 141.96 103.43
8 4 120 0.2 60 90 245 2 289.04 233.66 257.23 612.66

Printing position: p = 1 for vertical position; p = 2 for horizontal position.
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Clamping of the bars to the tensile testing machine was carried out using 2 bolts (Figure 7).
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Figure 7. Clamping the chain link on the tensile testing machine.

The deformation rate of the specimens during the tensile test was 6 mm/min. The
LRX Plus Universal Tensile Testing Machine can obtain the force–deformation diagram and
all related numerical information directly.

To obtain as complete information as possible regarding the factors that influence
the tensile behavior of the chain links manufactured by 3D printing, they resorted to
using a Taguchi fractional factorial experiment of type L8 (28–1), with 7 input factors at
two variation levels. Each type of material received an additional sample for testing pur-
poses to proof our L8-1 plan. Such an experimental program also ensures a certain reduction
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in the number of experimental tests necessary to be performed without the precision of the
established empirical mathematical model being significantly affected [35,36].

The 7 input factors considered were the chain link diameter (dmin = 3 mm, dmax = 4 mm),
printing speed (vmin = 80 mm/s, vmax = 120 mm/s), layer thickness (tmin = 0.2 mm,
tmax = 0.3 mm), infill density (imin = 30%, imax = 60%), build plate temperature (θpmin = 90◦,
θpmax = 110◦), extrusion temperature (θemin = 25 ◦C, θemax = 265 ◦C and, respectively, the
way of specimen placement during the 3D printing process (code 1 for vertical printing
and code 2 for horizontal printing).

Experimental research has shown that the duration of the printing process of a verti-
cally placed specimen is approximately 50% longer than that corresponding to printing
the specimen in a horizontal position. An image made as a screenshot and related to the
vertical or horizontal placement of the chain link in the 3D printing process is shown in
Figure 8. In this image, the support elements generated by the slicer were highlighted using
green color.
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The value of the maximum force F at which the initiation of the sample damage
process is highlighted was used as the output parameter. The values of the F forces for
each material and experimental test were determined by analyzing the force–deformation
diagrams generated by the computer program used by the tensile testing machine.

In Figure 9, the aspect of a chain link can be observed before being subjected to the
tensile test and, respectively, after stopping the tensile test.
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breaking, respectively.

In Figure 10, the 32 specimens manufactured by 3D printing from different polymer
materials can be observed after their rupture by the tensile test.
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Figure 10. Images of the 32 links manufactured by 3D printing from 4 different polymer mate-
rials, after breaking them by the tensile test ((a)—ABS links; (b)—ABS-K links; (c)—PLA links;
(d)—PETG links).

Some examples of force–deformation curves made under the conditions of testing the
specimen made of ABS polymer material can be seen in Figure 11.
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The influence of the diameter d on the magnitude of the maximum force F that
determines the damage of a chain link made of different materials can be seen in Figure 12.
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Figure 12. The influence of the diameter d on the magnitude of the maximum force F that determines
the damage of a chain link made of different materials (v = 80 mm/min, t = 0.2 mm, I = 30%, θp = 90◦,
θe = 245◦, p = 2, corresponding to manufacturing in horizontal position).

The conditions for performing the experimental tests were those mentioned in Table 2.
Each experimental trial was performed only once, so the experimental trials were not
repeated with the same values of the input factors in the 3D printing process. It is mentioned
that the design of the experiment method (used to design the experimental trials whose
experimental results were included in Table 2) was introduced and used to allow obtaining
the maximum information with a minimum of trials [37–40].

The values of the force F determined by analyzing the diagrams corresponding to each
chain link made of the 4 materials considered were entered in the last 4 columns of Table 2.

The experimental results were processed using a computer program based on the least
squares method [41]. The computer program can select the most appropriate empirical
mathematical model from among five models (first-degree polynomial, second-degree
polynomial, power-type function, exponential-type function, hyperbolic-type function).

The selection is made by using Gauss’s criterion value [41,42]. This value of Gauss’s
criterion is determined by taking into account, first of all, the sum of the squares of the
differences between the values of the ordinates corresponding to the use of the proposed
mathematical model and, respectively, the values of the ordinates related to the experimen-
tal results, for the same values of the abscissas. The sum of the squares of the mentioned
differences is related to the difference between the number of experimental trials and the
number of constants in the dependence relationship [41,42]. A lower value of Gauss’s crite-
rion characterizes a better approximation of the experimental results to those calculated
using a certain empirical mathematical model.

Among the 5 empirical mathematical models that can be determined using the men-
tioned computer program, the power-type function was preferred, given its use for the
characterization of other processes or sizes specific to machine manufacturing (for example,
for determining the tool life, cutting force components, and roughness parameters of the
machined surfaces). It is necessary to note that power-type functions are preferred when
it is considered that there is a monotonous variation in the pursued output parameter to
the variation in the input factors in the investigated process. It will be assumed, as such,
that in the situations presented in this paper and for the variation intervals considered,
the seven input factors do not determine the occurrence of maxima or minima of the
value of the force F, and they lead to a monotonous variation in the output parameter.
The selection of a factorial experiment of type L8-27 to arrive at empirical mathematical
models that highlight the influence of different factors on the force F was carried out,
taking into account the simplification of the calculations necessary to identify empirical
mathematical models [43–46].

A monotonic variation, at least for certain ranges of variation in the values of the input
factors in the 3D printing process, was highlighted by the experimental results obtained
by other researchers. Thus, Vanaei et al. considered that changes in the crystallization
mode could explain the variation in ultimate strength of the liquefier temperature and,
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therefore, the material’s microstructure in the sample [47]. For a temperature variation
between 200 and 220 ◦C, they found an increase in ultimate strength in the case of samples
made of polylactic acid. Similar explanations were formulated by Vanaei et al. regarding
the influence exerted on ultimate strength by print speed, support temperature, and layer
height. The influence of different input factors in the 3D printing process on ultimate
strength was investigated by Jackson et al. [48]. They thus considered that increasing
the ultimate strength by modifying the deposition angle could be connected with the
retraction speed. The 3D printed parts with higher retraction speed presented higher
values of the ultimate strength, which means a monotonous variation in the ultimate
strength when the retraction speed is increased. Meram and Sözen appreciated that lower
layer thickness values lead to higher ultimate strength values, ensuring better adhesion
between layers [49]. This means that the two researchers thought there was a monotonous
variation in the ultimate strength when changing the value of the thickness of the deposited
material layer. A contrary result was obtained by Cho et al., which shows that the higher
the thickness of the deposited layer, the higher the mechanical strength of the deposited
material [50]. They, therefore, accept a monotonous variation in the mechanical resistance
of the material of the specimen made by 3D printing by the thickness of the deposited layer.
Müller et al. observed a monotonic variation (an increase) in tensile strength when the infill
density increases [51].

An advantage of using empirical mathematical power-type function models is that
such models provide direct information on the intensity of influence exerted by an input
factor by comparing the value of the exponent attached to that factor in the mathematical
power-type function with the values of other exponents. At the same time, a positive value
of the exponent in question means that for the range of variation investigated, an increase
in the size of the input factor will lead to an increase in the value of the output parame-
ter. In contrast, a negative value of the exponent will cause a decreasing the size of the
output parameter.

The mathematical relationships corresponding to the force F and the values of Gauss’s
coefficients are mentioned next.

Thus, in the case of ABS material, the mathematical relationship was determined: the
value of Gauss’ criterion being SG = 0.115262.

F = 9.436·10−16d1.366v0.0622t0.288
i
−0.322θp

0.471θe
6.588p2.144 (1)

The empirical mathematical model determined for the ABS-K material has the form:

F = 5.166·10−8d2.276v−0.543t−0.571i0.349θp
0.692θe

2.795p1.208 (2)

in this case, Gauss’s criterion being SG = 8.626843·10−3.
For the PLA material, the following form of the empirical mathematical model was

arrived at:
F = 3.973·10−32d2.656v2.424t2.791i1.259θp

5.856θe
6.209p1.993 (3)

the Gauss criterion having, in this case, the value SG = 0.28817645.
For the PETG material, the empirical mathematical model is of the form:

F = 1.158·10−16d2.137v0.106t−1.118i−0.118θp
−1.787θe

8.017p3.071 (4)

the Gauss criterion having, in this case, the value SG = 0.2780781.

3. Discussion

The graphical representations in Figures 12 and 13 were developed using empirical
mathematical models.
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Figure 13. Differences between the maximum force values for the four polymeric materials considered
in the case of manufacture in vertical and horizontal positions, respectively (d = 3 mm, v = 80 mm/min,
t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245 ◦C).

The analysis of the experimental results, the empirical mathematical models, and the
graphic representations elaborated on their basis allowed the formulation of the observa-
tions mentioned below.

Examining the empirical mathematical models (Equations (1)–(4)) reveals maintenance
of the same direction of force magnitude variation only when considering the corresponding
diameter d of a cross-section through the chain link and, respectively, the position in which
the chain link was manufactured by 3D printing on the printer table.

As expected, an increase in the diameter d of the cross-section through the chain
link increases the maximum force F (Figure 11). Still, following the initial hypothesis,
manufacturing the chain link in a horizontal position leads to a higher strength of the chain
link and a higher value of the maximum force F. This fact can be explained by the better
behavior of the applied material layers to the stretching stress right along the main stress
direction on the chain link during the tensile test. The continuity of the layers formed by
the gradual deposition of the wire of melted polymeric material leads to an increase in the
tensile strength of the polymer material.

Less expected results were obtained in the case of chain links made of ABS material
with Kevlar when a decrease in the mechanical resistance of the chain links reinforced
with one of the most resistant plastic materials (Kevlar) was observed. The analysis of
the appearance of the broken test samples as a result of tensile stress reveals a certain
separation of the ABS polymer from the Kevlar fibers due to a reduced adhesion between
the two materials. Since the Kevlar fibers are not continuous, it is possible that the low
adhesion between the materials incorporated in the chain link and the discontinuity of the
Kevlar fiber led to the decrease in the mechanical strength of the ABS-K material chain links,
compared to the mechanical strength of the chain links made of ABS material only. It was
also observed that under the conditions considered for the 3D printing process, the ABS-K
type material became brittle, which led to the destruction of the tensile chain link at the
appearance of the first cracks. The lower mechanical strength of the chain links made from
PLA may be due to the 3D printing conditions. The results of the experimental research
showed that the highest mechanical resistance was obtained in the case of the links made
of polyethylene terephthalate glycol (PETG). According to the experimental results, when
tested under identical experimental conditions (experiment no. 1 in Table 2), PETG links
can break for a force value of 40.9 N. In comparison, polylactic acid links will break for a
force value of 4.70 N. Links printed in the horizontal position were almost 9-fold stronger
than those printed in the vertical position. Under the same test conditions (d = 3 mm,
v = 80 mm/s, t = 0.2 mm, I = 30%, θp = 90 ◦C, θe = 245 ◦C, according to the determined
empirical mathematical models, PETG links printed in a horizontal position will break
for a force of 300.8 N, while links printed in a vertical position will break for force values
of 35.8 N.

The chemical compositions of the four polymer materials from which the chain links
were fabricated by 3D printing were different. They involved using different input factor
values in the 3D printing process. To compare the results obtained in the case of using
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these different polymer materials, the chain links need to be printed under the conditions
of using the same values of the input factors in the 3D printing process. In this way, it was
possible that the used values of some of the input factors in the 3D printing process were
not the most suitable for making links with high tensile strength. This aspect could be, for
example, a cause of the relatively low value of the tensile strength determined in the case of
gels made of polylactic acid. These printing conditions were the same for all the polymer
materials from which the plates were made, being established in such a way that, as far as
possible, they corresponded, to a greater or lesser extent, to the valid recommendations for
the manufacture of parts from the respective polymer materials.

According to the determined empirical mathematical models, except for one material
(PETG), the values of the maximum force F increase with the increase in the temperature
θp of the plate on which the chain links were generated. A possible explanation of this
situation could be based on a better adhesion of successively deposited material layers
when the plate temperature θp increases.

It is also found that, except for the ABS-K material, increasing the velocity v leads
to an increase in the maximum force F. It is possible that with increasing the velocity v,
more favorable heat transfer conditions specific to the cooling of the specimen material are
reached and, under these conditions, to achieve better adhesion of successively deposited
layers of material, so at a higher value of the magnitude of the maximum force F.

According to the determined empirical mathematical models, a high influence on
the magnitude of the maximum force F is exerted by the extrusion temperature θe. In all
empirical mathematical models, it was found that the exponents attached to the temper-
ature in the extrusion nozzle have large and positive values. This means an increase in
the extrusion temperature θe will significantly increase the magnitude of the maximum
force F. The findings can be explained by the fact that when the extrusion temperature θe is
increased, there is an increase in the fluidity of the material to be deposited and, as such, a
better connection between layers of material added successively.

A validation test of the determined empirical mathematical models was possible by
conducting experimental tests for other combinations of the values of some input factors in
the 3D printing process. Some such results led to maximum force values close to values
determined using empirical mathematical models.

Some of the results determined in the manner previously described were as follows:

• For an ABS chain link, where the variables took the values d = 4 mm, v = 80 mm/s,
t = 0.2 mm, i = 60%, θp = 90 ◦C, θe = 265◦, p = 2 (printing in horizontal position), the
maximum force F values were 460.84 N for the experimental test and 469 N when
the empirical mathematical model was used. The difference between the two values
is 1.9%.

• For a chain link made of ABS-K, where the variables took the values d = 4 mm,
v = 80 mm/s, t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245◦, p = 2 (printing in horizontal
position), the values of the maximum force F were 192.66 N for the experimental
test and 284.21 N when the empirical mathematical model was used. The difference
between the two values is 32.2%.

• For a chain link made of PETG, where the variables took the values d = 4 mm,
v = 80 mm/s, t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245◦, p = 2 (printing in hori-
zontal position), the maximum force F values were 564.53 N for the experimental
test and 556.36 N when the empirical mathematical model was used. The difference
between the two values is 1.46%.

Even larger differences were found for other sets of input factor values in the case of
additional experimental tests performed. These differences could be explained by a rather
large dispersion of the experimental results due, for example, to the variation and other
input factors in the 3D printing process and whose values were not followed during the
experimental trials. Large differences between the experimental results and those obtained
using the empirical mathematical model were also observed in the case of chain links made
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of PLA. Such differences could also be generated by the fact that the values of some of the
input factors in the 3D printing process were not suitable for the PLA material.

The highest value of the maximum force F was recorded in the case of the chain link
made of PETG material. It should be noted that the value of the maximum force F is almost
7-fold higher when the chain link is made in a horizontal position compared to that made
in a vertical position. A possible explanation for this was mentioned earlier. PETG polymer
material also has the highest tensile strength, as seen in Table 1.

4. Conclusions

The problem of replacing parts made of metallic materials with parts made of plastic
materials manufactured by 3D printing can also be formulated in the case of chain links. For
reduced mechanical stress, link chains made of polymeric materials have a lower weight
and better corrosion resistance than chains made of metallic materials. It should be noted
that such chains made of polymer materials could be manufactured directly by 3D printing
without assembling separately manufactured chain links. The consultation of specialized
literature highlighted research concerns in such a direction. The research presented in this
article aimed to highlight the influence exerted by some input factors in the 3D printing
process of chain links from four different materials on the tensile behavior of the respective
chain links. The four materials from which the chain links were made were acrylonitrile
butadiene styrene (ABS), the composite material acrylonitrile butadiene styrene-Kevlar
(ABS-K), polylactic acid (PLA) and polyethylene terephthalate glycol (PETG). The ex-
perimental tests were conducted according to the requirements of a fractional factorial
experiment with seven input factors at two levels of variation. The chain link diameter
in a cross-section, printing speed, layer thickness, infill density, the temperature of the
printer table, extrusion temperature, and test sample placement during 3D printing were
considered input factors. Through the mathematical processing of the experimental results,
empirical mathematical power-type function models were determined. These empirical
mathematical models provide information on the direction of variation and the intensity
of the influence exerted by the input factors considered on the maximum force at which
damage to the chain links occurs. The analysis of the experimental results highlighted the
fact that the same directions of action of the input factors were recorded only in the case of
the diameter of the chain link rod and the way of positioning the sample during printing.
As expected, printing the chain link horizontally ensured superior mechanical strength
due to the stress development along the deposited layers, thus characterized by a certain
continuity. The results of the experimental research showed that chain links printed in a
horizontal position are almost 9-fold stronger than chain links printed in a vertical posi-
tion. Under the same test conditions, according to the determined empirical mathematical
models, PETG links printed horizontally will break for a force of 300.8 N. In comparison,
links printed in a vertical position will break for force values of 35.8 N. Polyethylene
terephthalate glycol (PETG) links have proven the highest mechanical resistance among the
materials used. Under the same test conditions, the PETG links broke for a force of 40.6 N,
while the polylactic acid rings broke for values of 4.70 N. In the future, it is intended to
continue the research by considering other materials for the chain links and identifying
more appropriate mathematical and empirical models to illustrate the tensile behavior of
some plastic materials incorporated in the chain links. Another research direction could be
to directly manufacture complete chains with polymer links assembled by the 3D printing
process itself, eliminating the need for an additional operation of assembling separately
manufactured links.
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Abstract: The current study presents the effect of the backbone as an important binder component
on the mechanical, rheological, and thermal properties of Aluminium (Al) alloy feedstocks. A ther-
moplastic elastomer (TPE) main binder component was blended with either polypropylene (PP),
grafted-maleic anhydride-PP (PPMA), or grafted-maleic anhydride-PPwax (PPMAwax) plus PP, as
the backbone. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) tests
were performed to investigate the thermal properties of binder systems and feedstocks. Fourier-
transform infrared (FTIR) spectroscopy was used to study the chemical interaction between the
binder and the Al alloy. After making feedstock filaments, tensile tests, scanning electron microscopy
(SEM), and fused filament fabrication (FFF) printing were done. The results showed that although the
PP printability was acceptable, the best mechanical properties and printed quality can be achieved
by PPMA. TGA test showed that all binder systems in the feedstocks could be removed completely
around 500 ◦C. From FTIR, the possibility of chemical reactions between Al alloy particles and maleic
anhydride groups on the grafted PP backbone could explain the better dispersion of the mixture
and higher mechanical properties. Tensile strength in PP samples was 3.4 MPa which was improved
1.8 times using PPMA as the backbone.

Keywords: metal material extrusion; fused filament fabrication; aluminium feedstock; printability;
binder system; rheological properties

1. Introduction

Shaping, debinding, and sintering (SDS) encompasses, among others, extrusion-based
additive manufacturing, and powder injection molding (PIM) techniques [1]. The SDS pro-
cess consists of four stages: material preparation (granules or filaments), shaping (injection
molding or 3D printing), debinding, and sintering [2]. The feedstock, the raw material for
this method, comprises a mixture of metal or ceramic powder and a binder system. Binders
are multi-component combinations of several polymers and additives that play a significant
role in the SDS processing of components [3]. It has been shown that just one component
modification in the binder system may significantly alter feedstock characteristics [4,5].
After the preparation of the feedstock, green parts with the desired shape are produced by
injection molding or 3D printing [6]. During the debinding, all components of the binder
systems are extracted from the green part gradually using different techniques and without
causing any defect [7]. Sintering, the final step, is done in the furnace by heating parts to
temperatures lower than the melting point of the metal or ceramic used to achieve a nearly
complete density part with high mechanical properties [8,9].

During the injection step in the PIM process, an expensive and unique mold made
of durable materials is needed due to high-pressure levels and heating cycles. PIM is
a cost-effective manufacturing technique to produce vast quantities of complex-shaped
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components [10,11]. However, the high cost of the mold makes this approach less viable
for small quantities. Therefore, various approaches using additive manufacturing tech-
nologies for feedstocks have been developed to manufacture green parts as part of the SDS
process [12]. One of these techniques is the extrusion-based AM method called the fused
filament fabrication (FFF) process [13].

In contrast to PIM, where the feedstock is often supplied as granules [14], feedstock
in the form of filament is required. FFF equipment installation expenses are significantly
less than those for PIM equipment [15]. Although the FFF technique produces an almost
limitless range of geometries without expensive molds, the quality of final parts should
be improved compared to PIM parts by adjusting the process parameters and designing
proper binder formulations. However, processing SDS feedstocks is significantly more
complex than printing polymers generally used for FFF since they include a high amount
of ceramic or metal powder [16]. In addition to appropriate flow properties, FFF filaments
must be strong and flexible enough to be easily spooled, de-spooled, and extruded in the
printing head, which is quite challenging when there is a high-volume fraction of pow-
der [17]. Consequently, only a few commercial feedstocks are available [18–20]. However,
many researchers have used FFF for different metals such as hard metals [21], Fe [22,23],
steel [24,25], copper (Cu) [23], Ti-Al-V [26,27], W-Cr [28], Ni-Ti [29], Mg-Al-Zn [30] along
with various binder formulations.

The binder systems generally consist of the main component and a backbone compo-
nent to which various additives like dispersants, plasticizers, and surfactants are added [31].
A thermoplastic polymer with a good combination of stiffness and flexibility is often the
main component [32]. Backbones help in shape retention of the green part during the
debinding step when the main binder component is removed [33]. Improving the flowa-
bility of the feedstock and spreading the powder throughout the polymer matrix to avoid
agglomeration could be done by plasticizers and surfactants [34]. It has been demonstrated
that a binder system consisting of a thermoplastic elastomer (TPE) as a major component
could be utilized successfully for the FFF process because it can provide high flexibility and
extrusion reliability for the filaments [35]. In addition, the backbone’s type and concentra-
tions determine the binder system’s debinding performance. Therefore, choosing a suitable
backbone is crucial for developing a proper feedstock for the SDS process.

In addition, Hausnerova [36] reviewed the different binder systems for PIM feedstocks.
It is suggested that polypropylene (PP) provides higher mechanical properties than other
backbone polymers. In the study of Gökmen and Türker [37], the rheological behavior
of the Inconel 625 superalloy feedstock with PP as the backbone was analyzed. They
found that using PP as the backbone has the highest impact on the rheology behavior
compared to the other binder constituents and improves the injection molding process.
This study showed that binder content (especially backbone polymer) strongly influences
the rheological properties of feedstocks.

Some studies have been conducted to develop binder systems for the FFF of different
metals and ceramics. In the work of Cano et al. [38], a suitable binder formulation was
developed for the zirconia powder. The feedstock with the binder system consisting of
styrene-ethylene/butylene-styrene (SEBS)/paraffin wax (PW) was printed successfully
without any visible defects in printing and after debinding. According to Gorjan et al. [39],
ethylene vinyl acetate (EVA) with different contents of stearic acid was successfully applied
for the FFF process of alumina. A single-component binder system containing low-density
polyethylene (LDPE) was also utilized for the 316L stainless steel powder [40]. The me-
chanical test findings indicate that the FFF printed and sintered material is equivalent to
MIM products. In another study, Nötzel and Hanemann [41] used Polyvinyl butyral (PVB)
as the backbone and Polyethyleneglycol (PEG 4000) as the plasticizer, which is soluble in
water. The best attainable sinter densities for the complex alumina parts like small gear
wheels were 98% of the theoretical value, equivalent to ceramic injection molding results.

Furthermore, in the work of Eickhoff et al. [42], different combinations of LDPE, high-
density polyethylene (HDPE), and wax were tried to make Ti6Al4V parts by FFF. It has
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been revealed that the mechanical and rheological properties may be modified for most
of these formulations, which utilize varying grades of polyethylene (PE) as the primary
component. Nevertheless, PP is a better candidate than PE as the backbone for metals with
low sintering temperatures since PP degrades at lower temperatures than PE.

Aluminium (Al) and its alloys offer several benefits as superior materials in sophis-
ticated and high-tech applications. Increasing demands for high thermal and electrical
conductivity [43], low component weight [44], and outstanding specific mechanical proper-
ties [45] in the automotive, aerospace, electronics, and military industries have resulted in
a surge in the use of Al products [46]. Nevertheless, processing Al powder by SDS is not
very common, possibly due to difficulties encountered during the sintering process. One of
the challenges is that the sintering temperature of Al is relatively near to the degradation
temperature of most polymers. However, certain researchers have attained tremendous
achievements. Several studies have been done on the MIM of Al and its alloys [47]. For
example, Abdoos et al. [48] investigated the rheological behavior of Al feedstocks for
injection molding. The binder system contains PP, paraffin wax (PW), and stearic acid (SA)
in various percentages. The results showed that the proper binder system is 60, 35, and
5 vol.% of PW, PP, and SA, respectively.

Furthermore, the binder with extra PW (65 vol.%) had an unstable flow behavior. The
main challenge to directly applying MIM Al feedstocks to FFF is that the high wax content
makes the filaments unprintable. Therefore, new binder formulations are needed. One way
to tailor the formulations is to select an appropriate polyolefin backbone, which was one of
the aims of this investigation.

Although polyolefins have been used for the backbones in FFF binder systems for
metals [32], there is no investigation to analyze the effects of the type of backbone on the
feedstock properties by using a wax and a higher molecular weight PP (i.e., PP polymer
vs. PPwax) and grafting. There is one study where a MIM Al feedstock was processed in
a screw-based material extrusion additive manufacturing [49], but to our knowledge, there
is no study on Al feedstock used in the FFF process in the literature. Additionally, some
research has been done on the use of grafted backbones in which a beneficial increase in
the polymer-powder interaction was observed [50]. For this reason, grafted polyolefins
have been considered in this paper. Therefore, in this study, the rheological behavior,
and mechanical and thermal properties of Al feedstocks for FFF were investigated using
different PP as backbones to obtain a feedstock that can be reliably used to fabricate
specimens in a low-cost FFF printer.

2. Materials and Experimental Methods
2.1. Materials

This study used an Al alloy powder with spherical particles and d90 < 32 µm to produce
FFF feedstocks. The powder was supplied from TLS Technik Spezialpulver KG (Bitterfeld-
Wolfen, Germany). It was referred to as AlSi1—three multi-component binder systems
with a fixed soluble component and different PP grades as the backbone were utilized. The
different grades of modified and unmodified PP consisted of (i) general application PP
(Borealis AG, Vienna, Austria) with a density of 0.95 g/cm3, (ii) grafted-maleic anhydride-
PP (PPMA) (BYK-Chemie GmbH, Wesel, Germany) with the density of 0.935 g/cm3 and,
(iii) grafted-maleic anhydride-PPwax (PPMAwax) (Clariant AG, Oberhausen, Germany) with
the density of 0.93 g/cm3. A thermoplastic elastomer (TPE) (KRAIBURG TPE GmbH &
Co. KG, Waldkraiburg, Germany) with a density of 0.944 g/cm3 and shore A hardness
of 60 was used as the main binder component. According to the melt flow index (MFI)
test at 190 ◦C with a load of 2.16 kg for three repetitions, the MFI of PP and PPMA were
2.27 ± 0.02 g/10 min and 6.37 ± 0.02 g/10 min, respectively. The viscosity of PPMAwax is
given by the manufacturer as 0.8–1.4 Pa·s.

The binder and feedstock were mixed in an internal mixer with a chamber volume of
38 cm3 and counter-rotating roller rotors (Plasti-Corder PL2000, Brabender GmbH & Co.
KG, Duisburg, Germany) at the temperature of 200 ◦C and a rotational speed of 60 rpm.
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The mixing was done in an air atmosphere for 45 min to ensure adequate dispersion of
powder particles in the binder system, which can be indicated by a constant torque value
at the end of blending. For comparison, all the pure materials were processed in the same
condition for 45 min. After mixing, the feedstocks were cooled and granulated at room
temperature in a cutting mill (SM200, Retsch GmbH, Haan, Germany). Compounded
samples were prepared in the ratio where the TPE consists of more than 50 vol.% of the
binder composition. High TPE content keeps the filament flexible. After solvent debinding
minimizes the amount of polymer that needs to be removed before sintering, which speeds
up the thermal debinding process, saving time and energy.

2.2. Thermal Characterization

The melting and cooling behavior for the binder systems and feedstocks was charac-
terised using a differential scanning calorimeter (DSC) (Mettler Toledo GmbH, Greifensee,
Switzerland) based on ISO 11357. Measurements (3 replicates for each binder and feedstock)
were carried out in the temperature range from 25 to 250 ◦C with a heating rate of 10 K/min
and a cooling rate of 20 K/min under nitrogen gas (gas flow rate: 50 mL/min). Melting
temperature, crystallization temperature, and degree of crystallinity for binder systems
were measured. The degree of crystallinity in each virgin polymer and binder system was
calculated according to Equation (1) [51].

Xc =
∆Hm

∆H0
m ∗w

∗ 100 (1)

where ∆Hm is the enthalpy of melting, ∆Hc is the enthalpy of crystallization, ∆H0
m is the

enthalpy of 100% crystalized PP, which is 207 J/g [52], and w is the weight fraction of PP in
the samples.

For analyzing the thermal stability of binder systems and feedstocks, thermogravimet-
ric analysis (TGA) (Mettler Toledo GmbH, Greifensee, Switzerland) was performed based
on ISO 11358. The test was executed to explore the variation of sample weight in wt.%
versus temperature in an inert (N2) atmosphere. One test was done for each sample, and all
the samples were heated from room temperature to 800 ◦C with a heating rate of 10 K/min.

2.3. Rheological Measurements

It is also essential to evaluate the rheological characteristics of the feedstocks at high
shear rates because the FFF process occurs in this range. Therefore, the high-pressure
capillary rheometer Rheograph 2002 (GÖTTFERT Werkstoff-Prüfmaschinen GmbH, Buchen,
Germany) was used to investigate the rheological behavior of the feedstocks. The apparent
shear viscosity based on ISO 11443 was measured at 200 ◦C in the apparent shear rate
range of 100–1000 s−1; using a die with a diameter and length of 1 and 30 mm, respectively.
Three repetitions were done for all samples, and the mean values were reported.

To make specimens for the rotational rheology, disks were manufactured using the
hydraulic vacuum press P200PV (COLLIN Lab & Pilot Solutions GmbH, Maitenbeth,
Germany) with a pressure of 50 bar at 200 ◦C. The disks were produced with a diameter of
25 mm and a thickness of about 1 mm. The feedstock sample was preheated between 15
and 20 min before pressing, and the cooling time was fixed at 15 min.

The rheological properties of binder systems and feedstocks at low shear rates were
measured using a rotational rheometer MCR 702 MultiDrive (Anton Paar GmbH, Graz,
Austria). The experiments were carried out in parallel plate configuration at 200 ◦C in
an inert (N2) atmosphere with a plate diameter of 25 mm. Strain sweeps were carried out
in the strain range (γ) from 0.01 to 10% at a fixed frequency of 1 rad/s to determine the
linear viscoelastic region in the samples. Therefore, the frequency sweep tests according to
ISO 6721 with the angular frequency range from 0.1 to 500 rad/s for the binder systems
and feedstocks were done with γ = 1% and γ = 0.01%, respectively. All the samples had the
same recent thermal history. At least three replicates were performed on fresh samples. For
better comparison, virgin grades of PP and TPE were also examined.
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2.4. Microscopy and Infrared Spectroscopy

Feedstock micromorphology was analyzed using scanning electron microscopy (field
emission gun SEM, Zeiss Leo 1525, Carl Zeiss Microscopy, Jena, Germany) using backscat-
tered electrons (15 kV source voltages). The compression molded specimens were mechani-
cally ground and polished with the final step using a suspension of 0.1 µm alumina particles.

The Fourier transform infrared (FTIR) is one of the essential measurements to un-
derstand the internal interactions between materials. The FTIR tests used a VERTEX 70v
FT-IR spectrometer (Bruker Optics GmbH & Co. KG, Ettlingen, Germany) to analyze the
interaction between polymers in the binders and the Al fillers.

2.5. Tensile Testing

Furthermore, filaments were made in the high-pressure capillary rheometer with a die
of 1.75 mm diameter and 30 mm length. The filament-making was done at 200 ◦C and
a constant shear rate of 200 s−1. In the next step, the tensile properties of the filaments
were measured according to ISO527 using a Zwick Z001 machine with a 1 kN load cell
from ZwickRoell GmbH & Co. KG (Ulm, Germany) at room temperature. The initial gauge
length and displacement rate were 50 mm and 10 mm/min, respectively. The mechanical
properties results were averaged over five samples of each composition.

2.6. FFF Printing Trials

FFF printing was done on a Duplicator i3 v2 (Wanhao, Jinhua, China) machine with
a 0.6 mm nozzle diameter. The printed geometry was a rectangular prism with a honey-
comb infill at 40% and the dimension of 20 mm × 20 mm × 4 mm. The specimens (3 parts
for each feedstock) were printed at a nozzle temperature and a building platform temper-
ature of 240 ◦C and 100 ◦C, respectively, to ensure proper extrusion and build platform
adhesion. The printing speed was kept at a maximum of 10 mm/min, and the retraction
was reduced significantly to avoid excessive shearing of the filament. Furthermore, a low
printing speed results in a low volume flow, thus a lower force acting on the filament.
Hence, a more stable printing process can be achieved.

3. Results and Discussion
3.1. Thermal Characterization
3.1.1. DSC Analysis

DSC was used to investigate the thermal properties and the degree of crystallinity. The
thermographs of pure polymers, binder systems, and feedstocks are depicted in Figure 1,
and the thermal properties are reported in Table 1. Tm is the melting temperature, Tc
is the crystallization temperature, and Xc is the degree of crystallinity calculated using
Equation (1). Processed PP shows the highest Tm, basically around 164 ◦C. Processed PPMA
shows nearly the same Tm as PP. Furthermore, the difference between melting enthalpies
of PP and PPMA is not significant. The primary polymer in the binder systems is TPE.
Therefore, it would have a big influence on the thermal properties of binder systems. Pure
TPE shows a small exothermic peak around 75 ◦C (Figure 1, inset), which is assumed to be
the melting temperature of hard segments of the TPE molecular structure. It is assumed that
the TPE is mainly composed of hard and soft segments, each of which provides different
properties. The hard segment provides processability, while the soft segment provides
elasticity and flexibility. Because the melting enthalpy of TPE is very small, we believe that
the melting and crystalline properties of the blends based on TPE and PP would be mainly
influenced by the type of PP in the system. After 45 min of processing, TPE at 200 ◦C the
melting peak completely disappeared. By blending TPE, Tm, and the melting enthalpies
were reduced.
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Table 1. The average thermal properties of the binder systems and components.

Sample Heating Cooling

Tm in ◦C ∆Hm in J/g Tc [◦C] ∆Hc [J/g] Xc [%]

PP 164.30 ± 1.01 65.52 ± 0.15 112.20 ± 0.78 67.02 ± 0.64 31.65 ± 0.57
PPMA 163.24 ± 0.57 76.58 ± 0.96 113.60 ± 0.43 71.07 ± 0.41 37.00 ± 0.68

TPE 75.10 ± 0.89 0.60 ± 0.12 - - -
TPE/PP 161.11 ± 1.51 21.39 ± 0.51 105.15 ± 1.64 22.88 ± 0.65 2.03 ± 0.08

TPE/PPMA 156.29 ± 1.25 21.62 ± 0.67 104.65 ± 1.34 25.45 ± 0.31 5.28 ± 0.01
TPE/PP/PPMAwax 156.41 ± 1.78 22.19 ± 0.75 101.50 ± 1.86 23.97 ± 0.80 2.43 ± 0.10

Al/TPE/PP 160.60 ± 1.84 5.72 ± 0.68 106.62 ± 2.06 5.83 ± 0.26 0.76 ± 0.05
Al/TPE/PPMA 153.00 ± 1.68 5.56 ± 0.89 111.77 ± 1.45 6.72 ± 0.13 8.00 ± 0.15

Al/TPE/PP/PPMAwax 156.20 ± 1.96 5.02 ± 0.98 107.36 ± 2.64 6.67 ± 0.68 11.38 ± 0.02

As a comparison between TPE/PP and TPE/PP/PPMAwax, the reduction in Tm was
bigger due to the presence of wax chains that can move and slide easily. Furthermore,
the ease in chain movement would enhance the ability of the chain to move and stack
on each other and increase the degree of crystallinity [53]. TPE/PPMA sample shows
a big reduction in Tm. This would indicate the presence of some chemical interaction
among PPMA and TPE chains, which further hinders molecular movements and affects the
melting temperature.

Regarding feedstocks, adding Al alloy powder to each binder system decreases Tm,
mostly due to the presence of metallic particles that impede the movement of the polymer
chain. The presence of Al particles also reduces the melting enthalpy compared to the
polymeric binder system.

Regarding the crystallization behavior of samples (Figure 1B), PPMA shows the highest
Tc, around 114 ◦C, resulting from easily packing of PPMA chains and forming a crystalline
structure. Adding TPE to PP in binder systems reduces the crystallization temperature,
meaning PP chains need more energy reduction to fold on each other and form a crystalline
structure. In comparison to TPE/PP binder system, TEP/PP/PPMAwax has a higher Tc,
which is mainly by the addition of low molecular weight wax to the system that increases
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chains movement and makes it easier for chains to fold on each other and make crystalline
structures. The same behavior is also observed in TPE/PPMA binder system.

Regarding the degree of crystallinity, by blending TPE with different types of PP, the
crystallinity in binder systems reduces significantly. This is mainly due to the higher content
of non-crystalline TPE. Furthermore, by adding PPMAwax to the TPE/PP binder system,
although the content of PP was lower, a higher degree of crystallinity is observed, which is
also due to a higher growth rate in this system because of the shorter wax chains [54].

In feedstocks, by adding Al alloy particles, the Tc for all the samples increased. It
can result from the solid metallic particles, which act as a nucleating agent and further
would increase the degree of crystallinity. As reported in Table 1, the crystallinity of
Al/TPE/PPMA and Al/TPE/PP/PPMAwax increased. However, in Al/TPE/PP system,
a reduction in Xc was observed, which should be investigated further since no clear
explanation is available. The degree of crystallinity for feedstocks would directly affect
mechanical strength, which is addressed in the following sections.

3.1.2. TGA Analysis

Thermal degradation of the polymeric binder system is important in the FFF process of
sensitive alloys, particularly Al, because according to [55], the beginning stages of sintering
for Al alloys happen at temperatures around 550 ◦C and most binder polymers degrade
up to these temperatures. TGA was used to investigate the degradation further, and the
results are presented in Figure 2.
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Processed PP has a thermal degradation onset temperature of around 340 ◦C. PPMA
has a lower onset of thermal degradation (around 310 ◦C), probably due to 1 wt.% maleic
anhydride modification in this material. The rate of thermal degradation of the polyolefin
backbone can be considered the same. The degradation behavior of binder systems is
mainly the same as TPE, with the onset of degradation temperature around 270 ◦C (the
insert of Figure 2). The decrement in degradation temperature is beneficial to decreasing
defects and contamination during thermal debinding and sintering.
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Furthermore, the degradation rate of processed TPE and binder systems is lower than
that of polyolefins. Processed PP and PPMA show an abrupt weight loss in a limited
temperature window. By adding TPE to PP and PPMA, the rate of degradation reduces
a little bit, and the rate becomes more moderate. Furthermore, the degradation of all binder
systems and polymers terminates at around 500 ◦C. In conclusion, all the binder systems
showed good thermal degradation behavior, which is essential for the SDS of Al feedstocks.

To further investigate the effect of the presence of metal particles on the binder system,
TGA analyses were also conducted on the feedstocks. The onset of degradation for all
feedstocks is around 300 ◦C. All samples (binder system and feedstock) containing PPMA
showed lower thermal degradation temperatures. The degradation rate of feedstocks is
smaller than that of binder systems, which is attributed to the presence of Al alloy particles
that hinder thermal degradation and slow down the degradation process. Also, in the
work of Bek et al. [56], MA chemically reacts with Al particles, which could be why the
degradation is slowed down. To further investigate the thermal degradation of samples,
dTGA data are depicted in Figure 2B. All the binder systems have the same degradation
behavior as TPE. A two-step degradation peak is attributed to the degradation of each
soft and hard segment present in TPE. We believe that due to the higher content of TPE
in the binder system, the degradation behavior is more affected by the presence of TPE.
However, the feedstocks show completely different behavior. The degradation happens in
a one-step and at nearly the same temperature as PP and PPMA. Feedstocks degraded in
a smaller temperature window which shows the suitability of these binder systems in the
SDS process of Al.

3.2. Rheological Characterization
3.2.1. High-Pressure Capillary Rheometer

Analyzing the viscosity is very important for FFF feedstocks because it is impossible
to print feedstocks with very high viscosity [57]. On the other hand, making printable
filaments using low-viscosity feedstocks is impossible since low-viscosity components
(mainly waxes) tend to make very fragile filaments, which break during the extrusion
process at the printing head.

A high-pressure capillary rheometer (HPCR) followed the flow characteristic of binder
systems and feedstocks because, in FFF and PIM processes, the material is forced to flow
through a narrow nozzle at high shear rates [58]. The average HPCR results of pure polymer
and binder systems are depicted in Figure 3A. All samples show shear-thinning behavior,
and the processed TPE shows the highest viscosity among the other polymers. Processed
PP and PPMA show nearly the same flow properties and lower viscosity than TPE due to
the presence of more free volume, making it easier for polymer chains to slide on each other
even at high shear rates. As can be observed in Figure 3, the shear viscosity of TPE/PP is
roughly the same as TPE, and TPE/PPMA has an even lower viscosity, which shows that
at high shear rates, the binder systems flow more easily than the single binder ingredients.
TPE/PP/PPMAwax shows relatively low viscosity among all samples. PPMAwax has a very
low viscosity, and its viscosity was not measurable in a capillary rheometer at 200 ◦C.

The shear viscosity of the feedstocks is depicted in Figure 3B. By adding 55 vol.%
Al alloy particles to binder systems, an increment in shear viscosity in comparison to
the binder systems is seen, on average 2, 3, and 4.7 times for TPE/PP, TPE/PPMA, and
TPE/PP/PPMAwax, respectively. The lower viscosity in Al/TPE/PP/PPMAwax is due to
the presence of the wax. However, the increment in viscosity in samples containing maleic
anhydride-modified PP is higher, which can indicate some chemical interactions between
Al alloy particles and maleic anhydride groups on the PP backbone. Therefore, we further
analyzed the probable interactions with Fourier transform infrared spectroscopy (FTIR).
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3.2.2. Rotational Rheology

Investigating the rheological property with rotational rheology is prominent in in-
vestigating the structure and interactions at lower frequencies or the flow behavior and
processability at higher frequencies. To gain a deeper understanding of the interactions
and flow behavior, rotational analysis was done on processed polymers, binder systems,
and feedstocks, and the results are depicted in Figures 4 and 5. Processed PP and PPMA
show a plateau at lower angular frequencies followed by shear-thinning behavior at higher
frequencies. In the range of rheological measurement, PPMA has a higher complex viscosity.
PP and PPMA show the typical flow behavior of uncrosslinked thermoplastics (the rheo-
logical behavior of pure materials can be seen in the Appendix A—Figure A1). However,
processed TPE shows a different behavior. There is no plateau; only shear thinning is
observed in the measured angular frequency range.

In the binder systems, similar flow behavior is observed. At all frequencies, all the
binder systems have a flow behavior similar to pure TPE but with lower viscosity values
compared to TPE and a smaller shear-thinning slope. At all frequencies, TPE/PP shows
a higher viscosity. At the medium to high frequencies, TPE/PPMA has a viscosity between
TPE/PP and TPE/PP/PPMAwax. However, TPE/PP/PPMAwax shows higher viscosity
than TPE/PPMA at low frequencies. This is mainly due to the lower viscosity of PPMAwax.

In the case of feedstocks, the complex viscosities of samples are higher than binder
systems, mainly at low frequencies (or shear rates) due to the presence of a high amount of
metallic powder. This behavior is because, at low frequencies, the particles are more prone
to make strong networks. In highly-filled composites, the particle-particle interactions have
the main effect on the viscoelastic properties. The viscosity upturn in Al/TPE/PPMA and
Al/TPE/PP/PPMAwax indicates network formation in the sample, which will be confirmed
with scanning electron microscopy analysis (SEM) (see Section 3.3). Furthermore, in the
work of Bek et al. [56], it is reported that there is a chemical interaction between polymer
chains and Al particles. A higher binding energy was observed in modified polymers,
which means stronger adhesion of particles to the polymer backbone, which would hinder
the polymer chain movements and lead to an increment in viscosity. Therefore, in the next
sections, possible interactions in our system will be analyzed by FTIR.
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At low frequencies, the difference between the complex viscosity of each feedstock
and its binder system is bigger. This difference is constant for TPE/PP sample, but for other
systems, the difference decreases with the frequency, which could be related to the presence
of agglomerates in Al/TPE/PP. On the contrary, when particles become wet with the
appropriate binder system, the particle-polymer interactions increase. This phenomenon is
called network formation, which leads to viscosity upturn at lower frequencies. Further-
more, at high frequencies, there is a network breakup, which here is more pronounced in
Al/TPE/PP/PPMAwax and resulted in more shear-thinning behavior than Al/TPE/PP
and Al/TPE/PPMA.

Roshchupkin et al. [59] reviewed the main ideas for the FFF of metals. They pointed
out that the elasticity of melt and flexibility in solid and melt states are two crucial factors
for binder systems in the FFF process. Hence, the dependency of storage modulus (G′) on
frequency is a useful parameter to evaluate the elastic behavior of polymer melts. Among
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all processed samples, PP shows the lowest elasticity. The highest elasticity is observed
in TPE due to its quasi-elastomeric nature that arises due to its non-covalent interactions
between the soft and hard segments (Figure A2 in Appendix A). Furthermore, at low
frequencies, the soft segments of TPE would not let G′ to decrease very much, and even
at lower frequencies (ω < 0.1 rad/s), the flow behavior is like ideal elastic, where G′ is
independent of frequency.

About the binder systems, the elastic behavior at every frequency is mainly similar
to processed TPE. PP and PPMA show terminal behavior, while adding TPE to them,
non-terminal behavior is observed, and the curves are shifted to a higher storage modulus.
Among all the binder systems, TPE/PP shows the highest G′ at almost all frequencies.
TPE/PPMA and TPE/PP/PPMAwax have almost the same dependency of elasticity to
frequency, except for some deviation at low frequencies in TPE/PP/PPMAwax which
further decreases the slope or the dependency of elasticity to frequency. Again, this
behavior can be attributed to the presence of PPMAwax.

By adding particles, the storage modulus increased, and the behavior of feedstocks is
nearly the same as processed TPE, except for Al/TPE/PP sample. More particle-polymer
interactions, which result from better particle dispersion and increment in adhesion, have
an actual effect on the value of G′ (Figure 5). The independency of the storage modulus of
frequency, mainly at low frequencies (ω < 1 rad/s), is another indicator of network forma-
tion. This is further investigated by SEM results of the feedstocks based on TPE and various
PP. The absorption of polymer chains on particles is more pronounced in Al/TPE/PPMA
and Al/TPE/PP/PPMAwax feedstocks, and based on FTIR results, it is believed that it may
be due to more chemical bonding between particles and grafted polymer chains. Similar
results have been reported by Bek et al. [56] and Cano Cano et al. [50]. Based on rheological
results, among these feedstocks, TPE/PPMA and TPE/PP/PPMAwax could be better in
the FFF process. However, further investigation of the mechanical properties of feedstock
filaments and their printability is needed to confirm this hypothesis.

3.3. Morphological Analysis

To further investigate the micromorphology developed after making the feedstocks
and the probable presence of agglomerates and networks in the sample, scanning electron
analysis was performed on the compressed molded feedstock samples, and some of the
results are depicted in Figure 6. The black and white regions are polymer and Al alloy
particles, respectively.

A uniform distribution of the polymer phase is essential in the SDS process because if
the polymer phase accumulates in one region, cracks will appear during debinding. As
discussed in the rheology section, it was hypothesized that in Al/TPE/PP, agglomeration
would be observed and, in both Al/TPE/PPMA and Al/TPE/PP/PPMAwax, a better dis-
persion should be observed (due to the upturn in viscosity and the plateau region in storage
modulus results). In Figure 6A, an obvious agglomeration can be detected in Al/TPE/PP,
where Al particles are directly in contact with each other (inset). Also, the particles are
distributed more unevenly in the Al/TPE/PP sample, which can cause some problems
like voids and cracking during debinding due to binder-rich zones. Furthermore, even if
debinding could be accomplished, the sintering process might cause the development of
large pores, leading to poor mechanical properties. In Al/TPE/PPMA sample (Figure 6B)
a proper distribution of the Al particles can be observed. The surface detachment is not
observed. As shown in Figure 6B (inset), there is a thin polymer layer around Al particles,
which confirms the polymer adhesion to the metal particles that increase the viscosity of
feedstocks. The Al/TPE/PP/PPMAwax sample has an intermediate dispersive morphology.
Even though there are still binder-rich regions, their sizes are smaller than the zones in the
Al/TPE/PP sample, and the phase distribution is not uniform. Furthermore, agglomerates
can be seen in the sample (Figure 6C).
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3.4. Fourier-Transform Infrared Spectroscopy (FTIR)

To further investigate the probable chemical interactions in the binder system and
feedstocks, Fourier-transform infrared spectrum (FTIR) was used, and some of the results
are depicted in Figure 7. The characteristic peaks for TPE are its fingerprints at 690 and
760 cm−1, with peaks around 1730 cm−1 attributed to C=O groups. For PPMA also the
peak at 1730 cm−1 is for C=O and 1210 cm−1 for C-O in maleic anhydride. By blending
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TPE with PPMA, no new peak appeared, but obviously, the intensities of some peaks were
reduced. By the reduction in peaks at 1210 and 1730 cm−1, some chemical interactions
can be assumed, which reduced the amount of C-O and C=O groups in the system. For
both binder systems, the peak at 1730 cm−1 shifts to 1737 cm−1, which would be an actual
reason for probable chemical interactions between TPE and PPMA. Different researchers
also investigated the probable interaction of the polymer with metallic particles using FTIR.
Bek et al. [56] analyzed the AlSi10 Mg surface, and they observed a high amount of Al2O3
compared to the elemental Al, which indicates high oxidation of the surface. Oxides on
the metal alloy surface can interact with the components of the binder system, particularly
with the maleic anhydride (MA). It is reasonable to assume that the MA ring-opened and
reacted with the Al filler. A peak shift (associated with Al-O-H vibrations of filler) was
observed, indicating the binding of the Al-O surface group located on Al filler material to
the binder system and the formation of a covalent bond between Al filler and PPMA.
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After preparing the feedstocks, the intensity of fingerprints of TPE lowered, which
is due to less TPE in the system, compared to Al particles. However, the characteristic
peaks at 1210 and 1730 cm−1 almost vanished, indicating chemical interactions between
the binder system and Al particles. These results confirm our previous observations in the
thermal and rheological sections.

3.5. Mechanical Properties and Printability

To investigate the mechanical properties of the filaments and further produce green
parts by 3D printing, the tensile test on filaments and their printability was conducted,
and the results are depicted in Figure 8. Some of the printed parts with mean values of
the tensile test results can be seen in Figure 8. The mechanical strength of the filaments is
crucial because the green part is produced using filaments, and low strength and very brittle
material can cause problems during the printing and handling of green parts. Figure 8
shows Al/TPE/PP and Al/TPE/PP/PPMAwax show brittle behavior with low tensile
strength around 3.4 and 3.9 MPa, respectively. However, the Al/TPE/PPMA sample shows
a 1.6 to 1.8 times improvement compared to the two other feedstocks. This would further
justify the suitability of the TPE/PPMA binder system in the FFF process.
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The printed parts can be seen in Figure 8B. For Al/TPE/PP and Al/TPE/PPMA feed-
stocks, better printability is observed. However, big defects and irregularities are observed
in the Al/TPE/PP/PPMAwax printed sample. The lower viscosity at the high printing
temperature of 240 ◦C and the lowest elongation at break in the Al/TPE/PP/PPMAwax
feedstock filament makes the extrusion process more unreliable. Hence, the part had the
lowest quality (Figure 8B).

4. Conclusions

This study investigated the thermal, mechanical, and rheological properties of the
Al feedstock in the FFF process. Different PP-based backbones were used to analyze the
impact of backbones in the suitable feedstocks for FFF. According to the DSC results, it can
be concluded that the sample with unmodified PP as the backbone has a lower crystallinity
value compared to the samples which have maleic anhydride grafted to the PP in the binder
systems and feedstocks. In the TGA results, it has been found that samples containing
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PPMA show lower degradation temperature, and compared to the PP, PPMA starts to
degrade at lower temperatures (around 310 ◦C) because of the maleic anhydride. From the
rheological point of view, all samples show shear-thinning behavior, which is appropriate
for the FFF process. In addition, chemical interactions between Al alloy particles and
maleic anhydride groups on the PP backbone led to higher changes in viscosity for samples
with maleic anhydride-grafted PP. Also, FTIR results showed that there is a possibility of
chemical bonding between oxides on the Al particle surface with the maleic anhydride in
the binder system. Therefore, TPE/PPMA and TPE/PP/PPMAwax are preferable to the
TPE/PP binder system in the FFF process regarding the rheological behavior. However,
the filaments of the feedstocks with TPE/PP/PPMAwax as the binder system were brittle,
with the lowest elongation at break, as seen in tensile testing results.

Further investigations should be performed to investigate the debinding and sintering
behavior of the feedstocks to determine the suitability of the prepared feedstocks to obtain
Al alloy specimens. However, this is out of the scope of this investigation.
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Abstract: Additively manufactured wrist–hand orthoses (3DP-WHOs) offer several advantages over
traditional splints and casts, but their development based on a patient’s 3D scans currently requires
advanced engineering skills, while also recording long manufacturing times as they are commonly
built in a vertical position. A proposed alternative involves 3D printing the orthoses as a flat model
base and then thermoforming them to fit the patient’s forearm. This manufacturing approach is
faster, cost-effective and allows easier integration of flexible sensors as an example. However, it is
unknown whether these flat-shaped 3DP-WHOs offer similar mechanical resistance as the 3D-printed
hand-shaped orthoses, with a lack of research in this area being revealed by the literature review.
To evaluate the mechanical properties of 3DP-WHOs produced using the two approaches, three-
point bending tests and flexural fatigue tests were conducted. The results showed that both types
of orthoses had similar stiffness up to 50 N, but the vertically built orthoses failed at a maximum
load of 120 N, while the thermoformed orthoses could withstand up to 300 N with no damages
observed. The integrity of the thermoformed orthoses was maintained after 2000 cycles at 0.5 Hz
and ±2.5 mm displacement. It was observed that the minimum force occurring during fatigue tests
was approximately −95 N. After 1100–1200 cycles, it reached −110 N and remained constant. The
outcomes of this study are expected to enhance the trust that hand therapists, orthopedists, and
patients have in using thermoformable 3DP-WHOs.

Keywords: 3D printing; thermoforming; wrist–hand orthosis; mechanical behavior; customization;
flexural fatigue; 3D Printing Point-of-Care

1. Introduction

The rate of deployment of Additive Manufacturing (AM) applications in healthcare is
continuously increasing alongside the research and scientific literature in the field [1,2]. This
is explainable as the AM technology favors customization and design freedom, hence ad-
dressing patients’ anatomical characteristics and individual needs [3]. Moreover, it enables
delocalized manufacturing and a simplified supply chain [4], thus allowing production
within hospitals and medical centers—the implementations of 3D Printing Points-of-Care
(3DP-POCs) being the current focus [5]. All of these advantages recommend 3DP (the
colloquial name for the AM technology, usually also designating the process based on
material extrusion—MEX) for the orthotics domain, as a modern manufacturing solution
replacing the traditional methods of manually producing upper- and lower-limb static
orthoses (splints and casts) [6,7].

Tendonitis, sprains and strains, overuse syndrome, contusions, spasticity or muscle
weakness, arthritis, wrist instabilities and fractures [8,9] are among the medical conditions
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that call for immobilization by splints or casts for short periods of time (days, weeks) or
permanently in the case of chronic conditions [6,10]. Therefore, besides functionality, it is
mandatory to also consider the patient’s comfort and adherence to wear. In this regard, the
literature covers the advantages of 3DP-WHOs over traditional fiberglass, thermoplastic or
plaster orthoses, such as coolness, lighter weight, recyclable material, less skin irritation
and itching, better hygiene, less perspiration and odor reduction [7,11,12], easy and rapid
placement and a good fit to the patient limb, while satisfying the clinical requirements of
maintaining immobilization [13].

However, despite the benefits and the large availability of MEX equipment (3D print-
ers) and feedstock, the use of 3DP-WHOs is not common in clinical practice. Two recent
systematic reviews addressing this field [6,14] evidenced a very limited number of level
II studies, randomized and prospective clinical trials [8,9,15] aimed at assessing the effi-
ciency of 3DP-WHOs in comparison to traditional orthoses by using functional criteria
and patient feedback (VAS—Visual Analog Scale, QUEST rating—Quebec User Evalua-
tion of Satisfaction with Assistive Technology, JTHFT—Jebsen–Taylor Hand Function Test,
PRWE—Patient-Rated Wrist Evaluation). The majority of the studies reviewed in [6,14] are
case reports, case series or retrospective case series, all showing good functional outcomes,
and patients favoring 3DP-WHOs. At the same time, these studies note the dependence
of 3DP-WHOs’ production on engineering skills, dedicated 3D scanning equipment and
software, as well as the long printing times (e.g., 18–20 h [16] or 6 h in [9]). These aspects
hamper 3DP-WHOs’ clinical use as most hospitals or healthcare centers lack reverse en-
gineering equipment, dedicated 3D modeling software or 24/7 designer support. In this
sense, solutions were proposed to semi-automate the design process [17–19]. There is
also the flat-shaped orthoses approach [20,21] that offers an alternative to the long man-
ufacturing time and to the patient 3D data acquisition and processing. Moreover, the 3D
modeling process of the patient-tailored orthoses can be replaced with a web-based app
that uses a parametric design customized according to the patient anatomic dimensions
(see Section 1.1).

Equally as important as implementing a fast and efficient manner of producing be-
spoke 3DP-WHOs is proving their mechanical resistance during tasks specific to daily
activities, thus gaining the confidence of orthopedists, hand therapists and patients. In
this sense, the literature review conducted in Section 1.2 made clear the scarcity of studies
investigating 3DP-WHOs’ mechanical behavior, while the flat 3D-printed and then ther-
moformed WHOs have never been examined from this standpoint. The current paper
focuses on this niche by comparing the mechanical performance of the 3DP-WHOs built in
the ready-to-use form (as typical for the 3D scanning or CT/MRI based approaches [22],
denoted further as 3DP-WHO1, with the mechanical performance of the flat-printed WHOs,
denoted further as 3DP-WHO2, thermoformed to fit the patient hand [21]). Flat-shaped
WHOs are easier and faster to produce, and, if necessary, allow the embedding of sensors
or therapeutic magnets; the research question to answer is whether they provide a similar
mechanical resistance as the orthoses directly 3D-printed in the hand-shaped form. In this
study, the 3DP-WHOs were subjected to three-point bending tests corresponding to wrist
flexion/extension movements, and comparatively analyzed. Moreover, the durability of
thermoformed 3DP-WHOs was assessed by conducting fatigue bending tests.

1.1. 3DP-WHOs’ Development Approaches

Any AM process requires the existence of the digital 3D model of the object to be
manufactured. In AM-based medical applications, ‘reverse engineering’ the patient to
reconstruct his/her anatomy and then designing the orthoses, prostheses or surgical guides
are the steps to follow for patient-tailoring the device or product [13,22]. Once the digital
model is available, the suitable material and AM process are selected. AM based on MEX
and a powder fusion process (SLS—Selective Laser Sintering) are preferred for orthoses
manufacturing, with MEX having the advantages of equipment and feedstock affordability.
Other AM processes are also reported in the literature, such as Polyjet, for producing multi-
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material orthoses, as detailed further below when discussing the literature review results.
The most common materials for 3DP-WHOs include polylactic acid (PLA), acrylonitrile
butadiene styrene (ABS), or polyamide 12 (PA12).

Regarding the patient data acquisition, three approaches can be currently distin-
guished, with the type of equipment determining the subsequent development steps
(Figure 1): 3D scanning-based; medical imaging-based (CT/MRI); caliper-based.
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Figure 1. 3DP-WHOs’ development flows.

The first two approaches require 3D modeling and medical reconstruction knowledge,
and dedicated software and equipment, while the third solution is based on the ability
to correctly measure the patient hand and to thermoform the 3DP-WHOs for a good fit
on the upper limb, skills which are common for hand specialists. Moreover, in the latter
approach, the 3DP-WHO is built in a flat position [21], thus reducing the print time and
cost in comparison to the hand-shaped orthoses 3D-printed usually in a vertical position
that require support structures for openings or overhang features.

1.2. Literature Review

As mentioned in the introductory section, the recent reviews in the field present
relevant information on the state of the art, including measured outcomes related to hand
functions, functionality and patient satisfaction while wearing 3DP-WHOs [10], as well as
the design approach and software, and production cost and time assessments [6]. However,
so far, no data have been gathered on 3DP-WHOs testing for the evaluation of compliance
with the mechanical performance criteria (such as bending, fatigue or impact). Therefore,
a systematic search in the PubMed, Web of Science and Scopus electronic databases was
performed by using the following keywords: (“3D printing” OR “additive manufacturing”
OR “material extrusion” or “selective laser sintering”) AND (orthosis OR splint OR cast
OR brace) AND (hand OR “upper limb” OR wrist) AND (test OR strength OR resistance
OR bending OR fatigue OR “finite element” OR “mechanical behavior” OR strength).
English language studies up to November 2022 were included. Title and abstract screening
were performed by two authors after performing duplicates removal by using Mendeley
Desktop 1.19.8 software. The exclusion criteria were the following: non-human studies,
dynamic orthoses, spinal cord orthoses, occlusal splints, and studies related to casting
manufacturing process. A total of 113 papers were initially selected, 36 papers being kept
for a full-text read. Thirteen papers were identified as relevant in providing information on
the mechanical behavior of 3DP-WHOs and/or on the use of finite element method (FEM)
for investigating mechanical performance.

2. Materials and Methods

Two sets of orthoses were generated and manufactured (3DP-WHO1 and 3DP-WHO2)
for this research, each one being typical for a development flow (Figure 1). They were
tested by conducting three-point bending tests to investigate their resistance to wrist
sagittal movements. Then, the thermoformed 3DP-WHO2s were subjected to flexural
fatigue tests, which correspond to wrist flexion and extension. All 3DP-WHOs were made
out of polylactic acid—PLA (Devil Design Sp. J., Mikołów, Poland). Acrylo butadiene
styrene—ABS (Stratasys Inc., Eden Prairie, MN, USA)—was used for printing the 3DP-
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WHOs supports (Mojo 3D Printer, Stratasys Inc., Los Angeles, CA, USA) for the mechanical
tests. For the fatigue tests, a bi-material forearm dummy was produced. The 3DP-WHOs
and the mold for the dummy were manufactured on a Prusa Replica 3D printer (Prusa
Research, Prague, CZ) using the Prusa Slicer 2.5.2 as slicing software.

2.1. Wrist–Hand Orthoses and Forearm Dummy

The 3DP-WHO2 was generated by using the app described in [21] and measuring
the key dimensions of the wrist–hand of a male patient (Figure 2a), while the 3DP-WHO1
was based on the 3D hand model of the same person, reconstructed from the CT data
(Mimics 10, Materialise NV, Leuven, Belgium). Their thickness was set to 2.3 mm. The
3DP-WHO1 and 3DP-WHO2 models included ventilation pockets with a hexagonal shape,
resulting in a 35% weight reduction. A surface of the flat orthosis (the green surface in
Figure 2a) was wrapped on the surface extracted from the 3D hand model (as presented
in the flow in Figure 2b) by using the CATIA V5 Generative Surface Design workbench
(Dassault Systemes, Velizy-Villacoublay, France). This method allowed us to generate
similar orthoses in terms of surface area and volume, for a valid comparison.
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3DP-WHO2, and (b) hand-shaped 3DP-WHO1.

After segmenting the medical imaging data for tissue, and adding a core composed of
the forearm bones, candle gel (with a density of 912 kg/m3, similar to the density of the
human upper limb soft tissue [23]) was cast into a 3D-printed mold. The development flow
depicted in Figure 3 was based on the same CT data used for designing the 3DP-WHO1.
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To enable the removal of the support structures sustaining the fingers, the two STL files
generated using Mimics were 3D-printed separately. The two prints (corresponding to the
forearm bones and to the mold) were then assembled together. The bones were 3D-printed
with 20% infill density and 5 shells (2 mm, i.e., approximately the cortical bone thickness),
while the hand exterior consisted of two shells so that they can be easily cut away after the
solidification of the gel, without top/bottom layers, and only brim adhesion support.
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2.2. 3D Printing

The main 3DP process parameters are presented in Table 1, which also shows the build
orientation and printing times for each WHO. To ensure comparability of the mechanical
testing results, it was important to assure not only similar designs, but also similar weights
for both types of orthoses. Achieving this required careful consideration of the process
parameters’ settings. For the vertically printed orthoses, a high infill density, closer to 100%,
was necessary due to the small layer thickness (2.3 mm) and the risk of fragility within the
interior structure/infill lay between the two perimeters. Furthermore, the orthoses’ height
(160 mm) increased the likelihood of detachment from the printing platform in case of a
smaller density value because of lack of stiffness, as resulted from previous experience. To
achieve similar weights (in this case 33 g), we experimented with various combinations
of (integer) infill densities for both the vertical and flat orthoses. These experiments were
conducted using Ultimaker Cura 4.8.0 (Ultimaker BV, Geldermalsen, NL) simulations.
Through this iterative process, infill density values were determined (97% infill density for
the vertical orthosis and 40% infill density for the flat orthosis) that resulted in comparable
weights for the orthoses. The fact that the infill density (and thus the weight) can be reduced
when printing the orthoses as flat, while maintaining the required stiffness as proved by
the results of the mechanical tests conducted in this research, is another advantage of
our approach.
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Table 1. 3DP-WHO2 manufacturing information.

3DP-WHO1 3DP-WHO2 Process Parameters
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Afterwards, the 3DP-WHO2s (Figure 4a) were thermoformed in warm water (at 85 ◦C)
and shaped in the form of the hand by using a 3D-printed mold made out of ABS (Figure 4b).

Polymers 2023, 15, x FOR PEER REVIEW 6 of 17 
 

 

density (and thus the weight) can be reduced when printing the orthoses as flat, while 
maintaining the required stiffness as proved by the results of the mechanical tests con-
ducted in this research, is another advantage of our approach. 

Afterwards, the 3DP-WHO2s (Figure 4a) were thermoformed in warm water (at 85 
°C) and shaped in the form of the hand by using a 3D-printed mold made out of ABS 
(Figure 4b). 

Table 1. 3DP-WHO2 manufacturing information. 

3DP-WHO1 3DP-WHO2 Process Parameters 
Hand-tailored form–build orientation 

 

Flat form–build orientation 

 

Printing temperature: 215 °C 
Bed temperature: 70 °C 

Infill pattern: grid 
2 shells 

Top/bottom layers: 2 
Infill density WHO1: 40% 
Infill density WHO2: 97% 

Printing time: 7 h 8 min Printing time: 2 h 39 min  
 

  
(a) (b) 

Figure 4. (a) Flat and hand-shaped 3DP-WHOs with hexagonal pockets for three-point bending 
tests; (b) mold and thermoformed 3DP-WHO2. 

2.3. Experimental Tests 
To assess the strength of 3DP-WHOs in wrist sagittal movements, a three-point 

bending test method was chosen. The orthoses were installed on two supports (in the 
forearm zone and in the palm/fingers zone) with self-locking nylon cable zip ties, leaving 
the wrist zone unsupported (Figure 5a). Attention was paid to ensure a similar tightening 
for all WHOs by measuring the free-end length of the zip ties. The load was applied on 
the orthoses in the wrist region, with the deflection points being separated at 100 mm. 

The Instron 8872 Universal Test Machine (Instron Inc., Norwood, MA, USA) was 
used for the mechanical tests. Three samples of 3DP-WHO1 and three samples of 
3DP-WHO2 were subjected to three-point bending tests, and the results were compara-
tively analyzed. Moreover, 3DP-WHO2s were subjected to a fatigue bending test using 
tension–compression cyclic loads (Figure 5b) and the dummy forearm (presented in Sec-
tion 2.1) as the interior support. Each sample underwent 2000 cycles (equivalent to an 
active wearing of the splint for around three–four weeks [24]) at 0.5 Hz frequency and ± 
2.5 mm displacements (flexion–extension). 

Figure 4. (a) Flat and hand-shaped 3DP-WHOs with hexagonal pockets for three-point bending tests;
(b) mold and thermoformed 3DP-WHO2.

2.3. Experimental Tests

To assess the strength of 3DP-WHOs in wrist sagittal movements, a three-point bend-
ing test method was chosen. The orthoses were installed on two supports (in the forearm
zone and in the palm/fingers zone) with self-locking nylon cable zip ties, leaving the wrist
zone unsupported (Figure 5a). Attention was paid to ensure a similar tightening for all
WHOs by measuring the free-end length of the zip ties. The load was applied on the
orthoses in the wrist region, with the deflection points being separated at 100 mm.

The Instron 8872 Universal Test Machine (Instron Inc., Norwood, MA, USA) was used
for the mechanical tests. Three samples of 3DP-WHO1 and three samples of 3DP-WHO2
were subjected to three-point bending tests, and the results were comparatively analyzed.
Moreover, 3DP-WHO2s were subjected to a fatigue bending test using tension–compression
cyclic loads (Figure 5b) and the dummy forearm (presented in Section 2.1) as the interior
support. Each sample underwent 2000 cycles (equivalent to an active wearing of the
splint for around three–four weeks [24]) at 0.5 Hz frequency and ± 2.5 mm displacements
(flexion–extension).
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3. Results and Discussion
3.1. Literature Survey Outcomes

Table 4 shows the most relevant data extracted from the full-text reading of the pa-
pers. It should be mentioned that only four papers reported the outcomes of experimental
investigations on the mechanical properties of 3DP-WHOs. For the mechanical tests, one
study [25] used a cadaver forearm, whereas in the other investigations, the 3DP-WHOs
were mounted on specially designed supports inside the testing apparatus. A TPU (ther-
moplastic polyurethane) model of the entire forearm was used in one study as an internal
support for the orthoses during the tests [26]. Most of the reviewed studies considered
three-point bending tests for simulating the wrist flexion, although Cazon et al. [27] and
Hoogervorst et al. [25] focused on all hand movements (radial, ulnar, and flexion).

With the exceptions of Chen Y et al.’s research in which CT imaging was used [28], and
Sorimpuk et al. who used a flat model of the orthosis [20], in all the other studies, the 3DP-
WHOs are designed starting from 3D scans of the patient hand. Methods to semi-automate
the WHO design process were considered in many papers (Table 1) as solutions to decrease
the design time and dependence on 3D modeling skills. In the same context of the design
and manufacturing time reduction, Kim et al. proposed an interesting solution to make
WHOs from two parts from which only the interior frame is patient-customized, while the
outer frame is injection-molded and made on sizes corresponding to Korean population
forearm data [29]. Long printing times are mentioned as a drawback in the majority of
reviewed studies.

Sorimpuk et al.’s study was the only one found on the topic of flat 3DP-WHO mechani-
cal behavior. However, the orthosis model is generated based on the average dimensions of
adult Malaysians’ hands [20] and it is not patient-customized, while the flat model of WHO
was digitally wrapped on the forearm 3D model for performing FEA. No experimental
tests are presented for validating the simulation model.

In twelve papers, FEM is used for investigating the mechanical behavior of 3DP-
WHOs under different loads occurring in daily use, including simulations of accidental
impact [30–32] and thermal analysis [33]. FEM is also used for the topological optimization
of 3DP-WHOs’ design [18,29]. The reported limitations of the numerical simulations
relate mainly to the anisotropic characteristics of 3D prints. The results of the FE-based
simulations performed on orthoses with different dimensions, materials and designs proved
that 3DP-WHOs are suitable in terms of mechanical resistance and can provide the required
immobilization (i.e., the displacement analysis under loads).

In summary, the literature review reveals the following key findings:

• Out of thirteen papers, four conducted experimental assessments on the mechanical
behavior of 3D-printed wrist–hand orthoses (3DP-WHOs);
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• No research has been conducted to compare the mechanical behavior of 3DP-WHOs
manufactured in hand-shaped form with thermoformed 3D-printed orthoses;

• The most commonly used mechanical test for 3DP-WHOs is three-point bending,
specifically for wrist flexion movement;

• Six papers focused on discussing WHO production through the MEX process, while
the remaining papers discussed the utilization of SLS, SLA and Polyjet processes;

• For MEX orthoses, the following materials were used: PLA, ABS, PA12, HIPS;
• In two studies, multi-materials or hybrid manufacturing were used for producing

the orthoses;
• For the purpose of reverse engineering the patient hand and designing the hand-

shaped orthoses, eleven out of thirteen papers performed 3D laser scanning and
associated data processing.
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3.2. Results of Mechanical Tests

The results of the three-point bending tests are presented in Figure 6, with the mean
force and displacement values listed in Table 5. The force–displacement data indicate that
the 3DP-WHOs exhibit similar mechanical stiffness, with almost equally steep curves of up
to around 50 N (Figure 6a,c). In cases where greater stiffness (i.e., immobilization strength)
is necessary based on medical diagnosis, increasing the thickness of the thermoformable
orthoses may be considered.
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Table 5. Mean values of force and displacement for the tested samples.

Samples Force at Break, [N] Displacement at Break, [mm]

3DP-WHO1 81.13 4.41
3DP-WHO2 292.9 11.89

The 3DP-WHO1s samples failed around 60 N, 90 N, and, respectively, 120 N. Inter-
layer fractures occurred in all cases (Figure 6b), which was expected considering the vertical
build orientation and load direction. The presence of inter-layer defects can explain the
differences in the load to failure. It should be noted that printing defects (lack of layer
adhesion or inter-layer voids) are more common on tall parts with thin walls [35], as is the
case of 3DP-WHO1s. These defects and the fact that the load is applied along the layers
leads to the reduction of the structural integrity of these orthoses, thus reducing their life
span or use at low loads (<100 N equivalent to 10 Kg). The samples were tested until cracks
appeared (Figure 6b).

The experimental tests for 3DP-WHO2s were stopped at an applied load of 300 N
(Figure 6c), which was considered as exceeding the typical value for this type of medical
device according to the practice and literature data (Table 4). No material changes or
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breakage was noticed for any 3DP-WHO2. It was observed that the 3DP-WHO2s deformed
in the elastic area, with no cracks being visible, and after removing the load, they returned
to the original shape.

Cazon et al. comparatively assessed the conventionally manufactured WHOs and
multi-material 3D-printed WHOs (obtained by using the Polyjet process), showing that 3DP-
WHOs were more rigid in flexion, extension and radial directions [27]. The applied forces
corresponded to 8% and 50% of a healthy person load, i.e., 53.7 N flexor, 41.4 N extensor,
56.4 N radial and 48.9 N ulnar for the 50% load, equivalent to the maximum strength of wrist
rheumatoid arthritis [27,36]. Chen CD et al. developed an FE model of a PLA 3DP-WHO and
applied loads of 30 N for flexion and 25 N for extension [15], but no mechanical tests were
performed to validate this model. All the 3DP-WHO samples tested in our study withstand
these loads. However, the measured displacements could not be related to the literature data
as all the surveyed experimental studies considered full casts and not splints. Moreover, these
casts had different pocket designs, masses and larger thicknesses (3 mm in [27], 4 mm in [26]),
which would also make the comparison incorrect. Gorski et al. [26] evaluated the mechanical
behavior of PLA, nylon, ABS and HIPS (high impact polystyrene) casts, 3D-printed using
different process parameters. These WHOs were subjected to 300 N load and the experimental
outcomes showed that none of them failed below 750 N [26].

Lukaszewski et al. applied a load of 100 N in the middle of a PLA wrist–hand cast
(mass of 49 g) in a three-point bending test [34]. Tests were conducted on different models,
and differences in the modulus of elasticity were observed as depending on the samples’
build orientation, but also on the presence or lack of ventilation pockets.

Figure 7 shows 3DP-WHO2 samples’ cyclic response when subjected to maximum-
to-minimal load under different strain values. It can be noted that the hysteresis loops’
stabilization took place after 1000 cycles, the loops’ shapes being typical for viscoelastic
materials. The applied load cycles did not cause the failure of any tested sample. The
minimum force occurring during the flexural fatigue test was approximately −95 N, and
after approximately 1100–1200 cycles, it reached −110 N and remained constant until the
end (Figure 8). A possible explanation for this behavior might be the strain hardening, with
more investigations being required in this regard. Additionally, in further research, it will
be important to understand the effect of the orthoses’ design (thickness, ventilation pockets’
shapes and dimensions) on the fatigue limit, as criteria to consider in the design process based
on the functional conditions of this medical device. Furthermore, studying the influence of the
stress frequency on the fatigue behavior can provide useful data on 3DP-WHOs’ durability.
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The flexural fatigue behavior of 3D-printed PLA specimens was previously studied
for identifying the impact of process parameters on the fatigue strength [37,38]. However,
only one reference was found on this type of mechanical test for WHO. A polyamide
3DP-WHO in the form of a cast encasing the forearm was investigated [25] for 1000 cycles
between 50–500 N, at a frequency of 0.5 Hz. In their study, a cadaver arm was used, and
the displacements were assessed with radiographs.

Both types of tests conducted in this research showed not only that the thermoformable
3DP-WHOs have a better quasi-static flexural behavior compared to 3D-printed orthoses
vertically built in their almost ready-to-use shape (support structures’ removal being
required as well), but they can also sustain long cyclic loads (tension–compression) which
might occur during wear.

3.3. Discussion on 3D-Printed PLA Orthoses’ Thermoforming

Thermoforming sheets from polymeric material is a common industrial practice to
obtain a large range of objects with complex shapes by using mechanical force applied to
heated material and using forming tools such as molds and dies. However, this process
is not commonly adopted when it comes to 3D-printed thin parts made from polymeric
materials, despite interesting potential uses [39,40].

PLA is an aliphatic polyester made from renewable resources, such as sugar, corn,
potatoes, and beets, with a glass transition temperature (Tg) ranging between 55 ◦C and
60 ◦C, meaning that it becomes soft and easy to deform at lower temperatures in com-
parison to other thermoplastics. PETG (Polyethylene Terephthalate Glycol-Modified—a
thermoplastic polyester derived from petroleum-based sources), for example, exhibits
a higher Tg of approximately 85 ◦C. Thermoforming a 3D-printed flat orthosis should
take place at temperatures between Tg and Tcc (cold crystallization temperature of about
100 ◦C [41]), which allow keeping the material in a semi-solid state with sufficient molecular
chain mobility while preventing unwanted crystallization prior to the forming process [42].
Since orthosis thermoforming occurs on the patient’s hand, temperatures that are too high
can potentially cause burns, making it unsuitable for direct contact with the skin. Con-
versely, reducing the temperature to a level acceptable for the skin may result in challenges
in achieving proper molding on the hand shape, particularly in the palm zone, as depicted
in Figure 9 for the PETG orthosis. Within the marked zones in Figure 9, noticeable differ-
ences in deformations between the two material types can be observed, with the PETG
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orthosis failing to conform properly to the shapes of the forearm and palm. Wrapping the
patient’s hand before thermoforming is advisable. In this research, PLA orthoses were
heated at 80 ◦C, while PETG orthoses at 100 ◦C.
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Thermoforming is possible as PLA has rubbery properties above Tg. The phases
involved in thermoforming include heating, molding and cooling. Heating determines the
molecular movement of the polymer chains facilitated by heat energy, which increases their
mobility and decreases intermolecular tensions. Thus, the material becomes soft and ready
to be molded, a phase in which the polymer chains align in the direction of the stretching
force. Through the cooling process, PLA temperature is lowered below Tg, allowing the
polymer chains to regain their rigidity, effectively solidifying the material in the desired
shape. In the case of 3D-printed PLA thin objects, such as the orthoses, specific aspects
related to infill pattern and infill density can occur, influencing the time required to reach
the molted state for forming, as well as the cooling time. Attention should be paid to these
characteristics, and they are the subject of further studies.

4. Conclusions and Further Work

In this research, the flexural performance of 3DP-WHOs manufactured by two ap-
proaches (i.e., customized upper-limb orthoses manufactured directly in a hand-shaped
and flat-shaped form, and then thermoformed orthoses) was assessed in three-point quasi-
static and uniaxial fatigue and three-point flexural tests corresponding to the wrist flex-
ion/extension (sagittal) movements. No such investigation had been conducted so far, as
the systematic review of the literature showed.

The rationale of this study was related to the observation that the flat-shaped 3DP-
WHOs take less time for printing, cost less, and can be generated without necessitating 3D
modeling skills. Therefore, they are easier to implement in 3DP-POCs. In this context, the
issue of interest was whether their mechanical performance is also suitable for conditions
typical for daily uses. The experimental outcomes indicated a positive answer to this
research question. Moreover, 3D-printed and thermoformed WHOs proved resistant to
cyclic flexural loading up to 2000 cycles, with the orthoses being placed on bi-material
phantom aimed at mimicking the human hand during the tests.

Further research will be focused on understanding the dependency between the design,
material, process parameters (infill-related, printing temperature, layer thickness), testing
conditions, and the flexural strength of these orthoses to gather more data to support hand
specialists’ decisions in prescribing these 3D-printed medical devices.
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Abstract: In this work, a quadratic polynomial regression model was developed to aid practitioners
in the determination of the refractive index value of transparent 3D printable photocurable resins
usable for micro-optofluidic applications. The model was experimentally determined by correlating
empirical optical transmission measurements (the dependent variable) to known refractive index values
(the independent variable) of photocurable materials used in optics, thus obtaining a related regression
equation. In detail, a novel, simple, and cost-effective experimental setup is proposed in this study for
the first time for collecting the transmission measurements of smooth 3D printed samples (roughness
ranging between 0.04 and 2 µm). The model was further used to determine the unknown refractive
index value of novel photocurable resins applicable in vat photopolymerization (VP) 3D printing
techniques for manufacturing micro-optofluidic (MoF) devices. In the end, this study proved how
knowledge of this parameter allowed us to compare and interpret collected empirical optical data
from microfluidic devices made of more traditional materials, i.e., Poly(dimethylsiloxane) (PDMS), up
to novel 3D printable photocurable resins suitable for biological and biomedical applications. Thus,
the developed model also provides a quick method to evaluate the suitability of novel 3D printable
resins for MoF device fabrication within a well-defined range of refractive index values (1.56; 1.70).

Keywords: refractive index measurement; photocurable resin; 3D printing; vat-photopolymerization;
micro-optics; microfluidics

1. Introduction

Since the 1990s, lab-on-a-chip (LOC) has gained great importance [1]. Indeed, by means
of this type of device, characterized by the presence of micro-metric channels with disparate
geometries, it is possible to analyze and test very small quantities of biological or chemical
fluids. As a result, several operations that usually require conventional biochemistry
laboratories, such as sample preparation for reactions and biopsies of biological fluids,
can be performed [1,2]. Micro-optofluidic (MoF) devices fall within this class of devices,
and they are also adopted to optically detect and control two-phase flow flowing within
micro-metric channels in several fields of application, such as biomedical and chemical
ones [3–7]. The optical approach is the most preferred since it is slightly invasive and
allows for many types of measurements [8].

However, it is worthy of attention that when MoF must be used exploiting the optical
approach to analyze certain fluids [9–11], they are characterized by a layout where the
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presence of optical components is properly integrated with microfluidic channels. Thus,
care must be taken with the material choice during the design procedure. Indeed, for
carrying out this type of analysis performed using MoF devices, it is crucial to confine
and transport the beam light coming from a light source towards the small volume of
fluid circulating within micro-channels. In the end, properly acquiring the beam of light
passing through the fluid makes it possible to collect useful non-specific information, such
as its density, viscosity, velocity, and so on [12]. Therefore, to accomplish this purpose,
the materials used for manufacturing this class of devices must have excellent optical
properties to avoid issues such as high losses. The gold standard material traditionally used
for fabricating optical components was glass to fulfill these needs. In the past, processes
of etching, deposition, photolithography, and so on were followed to manufacture mi-
crofluidic devices in quarts, silicon, and, once again, glass [13–17]. However, new technical
strategies were needed because of many experienced drawbacks, such as limited geome-
tries realization, expensive manufacturing processes due to the need to use cleanrooms
and high costs for raw materials supply. For this reason, all the aforementioned demands
and drawbacks related to more traditional manufacturing processes and raw materials
were overcome by a new trend that relies on using polymer materials for 3D printing.
Indeed, this strategy allowed the realization of cheaper MoF devices, characterized by
complex geometric models that are difficult or impossible to produce by more conventional
manufacturing technologies, suitable for mass production. Among the existing 3D printing
techniques, which have ensured enhancements both in terms of resolutions and capabilities
for microfabrication [18–22], stereolithography (SLA), MultiJet Printing (MJP), and fused
deposition modeling (FDM) are the most used ones. Among the latter techniques, the
SLA is the most performing one since it permits higher resolution, tighter tolerances, and
compatibility with thermoset polymers, which are classified as optical-grade polymers [23]
compared to MJP and FDM. For example, Saitta et al. [10] previously realized a MoF device
for slug-flow detection in one piece by using a one-step manufacturing approach and
achieving down-to-micron precision as an alternative to stereolithography. Moreover, the
first 3D printed optical components made of plastic, dating back to 2015, were initially
realized using thermoplastic materials, such as acrylonitrile butadiene styrene (ABS) and
polyethylene terephthalate glycol (PETG). These materials were chosen for their commodi-
tization and easy accessibility. However, their optical performance was found to be very
limited due to significant losses in optical quality. This is why novel resins classified as
optical-grade polymers (i.e., affected by low optical losses) were introduced [24]. The latter
are cyclic olefin polymers (COP), poly(methylmethacrylate) (PMMA), polycarbonate (PC),
and poly(styrene) (PS). In the last decade, Poly(dimethylsiloxane) (PDMS) has been selected
as the preferred choice [25] due to its suitability for optical detection, which is related to
its transparency and quite low refractive index value, i.e., n = 1.4. However, this polymer
is suitable for casting fabrication techniques, such as soft lithography [26], for realizing
micro and nano-structures. But, this type of manufacturing technique does not allow for
the realization of devices in one piece, thus requiring the assembly of complex structures,
causing issues such as poor bonding, imperfect alignment, etc. In this sense, the 3D printing
approach may help overcome the aforementioned drawbacks by providing the opportunity
to directly realize 3D objects by exploiting a layer-by-layer approach. For this reason, Fleck
et al. [27] developed a high-resolution PDMS resin using a methacrylate–PDMS copolymer
and the novel combination of a photoabsorber called Sudan I and a photosensitizer known
as 2-Isopropylthioxanthone. This formulation exhibited a transmission >75%, which was
combined with a digital light processing (DLP) 3D printer to assess the possibility of fab-
ricating truly micron-scale parts with channels as small as 60 µm tall. Other examples of
novel 3D printable polymer materials relying on photopolymerization processes have been
developed by Zhu et al. [28] and Shi et al. [29].

Furthermore, there is a need for the development of novel transparent resin formula-
tions that exhibit good optical properties and are compatible with vat photopolymerization
(VP) 3D printing techniques. These advancements would enable the manufacturing of
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micro-parts with high accuracy and precision. The selection of materials with good optical
properties, such as high transparency, high transmission percentage, and low refractive
index, is essential in LOC to implement optical detection methods for analyzing biological
or chemical samples [30–34].

Generally, the VP 3D printing techniques represent optimal manufacturing processes
for various use cases across a wide variety of biotechnology industries, such as medical
devices [35,36], drug delivery systems [37,38], and microfluidic devices [39,40]. The field
of 3D printing offers numerous advantages that contribute to its attractiveness, including
high print resolution, relatively high 3D printing speed, fairly low production cost, smooth
3D printed surfaces, and very high accuracy and fabrication precision, allowing for more
intricate, exact, and replicable parts [38,41–43]. Among the VP 3D printing methods, digital
light processing (DLP) and stereolithography (SLA) have shown an increasing potential for
applications in the biotechnology field and, more specifically, in the LOC field due to the
aforementioned benefits that distinguish them. DLP is a 3D printing technique whereby the
photocurable resin is cured by a projector, which is the light source that projects an image
onto the resin by curing the entire projected shape at once. Thus, in this case, the resolution,
accuracy, and precision are determined by the projector’s resolution (the current standard is
1080P), the optical character of the projection lens, and the tightness of the mechanical XYZ
movement [44,45]. In the end, this 3D printing technique generally exploits a bottom-up
approach. Hence, the use of support is required to secure the part of the building platform.
Conversely, the SLA process exploits a top–down approach where it is not required to use
supports in order to secure the bottom surface to the print surface. Furthermore, unlike the
DLP 3D printing process, SLA processes use a laser to deliver concentrated light into a vat
of resin, thus photopolymerizing the latter to fabricate a solid layer of the final 3D printed
object in accordance with the initial design. Hence, XY resolution combines the laser’s spot
size and the increments by which the laser beam can be controlled [46].

In addition to these, among the VP techniques, an innovative technique has been
recently patented (US Patent 9492969), which is named Projection Micro Stereolithography
(PµSTL). It has been developed as a hybrid technique combining the advantages of DLP and
SLA 3D printing processes to develop a 3D printing technique characterized by a higher
level of resolution while simultaneously keeping unchanged the capability to manufacture
large parts with a high level of tolerance and ultra-high resolution (down to 10 µm) [47].

Within the LOC field of application, for realizing MoF devices integrating optical
elements, it becomes very crucial to determine how the novel 3D printable materials
interact with electromagnetic waves. Accessing a knowledge base of optical properties
is paramount, even though this information is not generally provided in the technical
datasheet (TDS) of novel commercialized resins. In detail, it is important to run quantitative
measures of how a material interacts with light. Thus, large efforts must be made to develop
simple methodologies to estimate certain types of optical properties of interest, such as the
refractive index value. Knowing the accurate value of the latter parameter of a material is
crucial to make some predictions (thanks to simulation tools), allowing the prediction of the
photon interaction, which may be reflection, absorption, or scattering at the interface [48].
In detail, the refractive index is a measure of the bending of light when moving from one
medium into another. It is also defined as the ratio of the velocity of light in a vacuum to
the velocity of light in a medium [49].

Many studies have been run over the years to provide refractive index value deter-
mination methods to meet this need [50–57]. However, most of them are suitable for
analyzing biological or liquid samples. In accordance with the current state-of-the-art,
accurate characterization methods such as refractometry, ellipsometry, and prism coupling
measurements are commonly employed to assess the optical properties of samples. How-
ever, these methods are often expensive and highly demanding regarding the macro- and
micro-scale planarity (very smooth surfaces) of the samples [58–61]. To solve this problem,
R. J. Nussbaumer et al. [62] have proposed an immersion method to determine the refractive
index of rough solids. This method relies on simple transmission measurements using an
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ordinary UV/vis spectrometer, avoiding the complex approach of searching for different
liquids matching the solid’s refractive index [57,63,64].

Starting from the latter work, the novelty of this experimental study consists of de-
veloping a novel polynomial regression model to enable refractive index measurements
suitable for transparent 3D printable resins. In addition, to the best of our knowledge, a
novel, simple, cost-effective, and efficient experimental setup is presented in this study for
the first time. The proposed novel approach relies on ordinary transmission measurements
and avoids sample immersion within a liquid to determine the considered optical prop-
erty. In fact, the transmission measurements were conducted with air as the surrounding
medium. This decision was justified by the fact that VA photopolymerization yields a
high-quality surface finish characterized by a quite low roughness ranging between 0.04
and 2 µm. Furthermore, even the selected materials to develop the polynomial regression
model, optical photocurable adhesives with a known and certified refractive index, pre-
sented a very low surface roughness (nanometric scale) [51] once the cross-linking process
was completed.

In this work, a quadratic polynomial regression model has been developed to correlate the
known refractive index value (R) of fully cured photocurable adhesives (NOA resins), chosen
as an independent variable or predictor, to their empirically measured transmission value
(T), selected as a dependent variable or response. As soon as the regression model was
empirically developed for a well-defined operative range for the refractive index parameter,
i.e., ranging between 1.56 and 1.70, its equation was inverted. This inversion determined
the unknown refractive index value of photocurable 3D printable resins, starting from their
measured transmission value.

In the end, the optical performances of two different MoF devices were examined as
an application in the LOC field. These devices were constructed using novel 3D printable
resins and fabricated using an innovative VA 3D printing technique called Projection Micro
Stereolithography (PµSTL). The optical performances of the 3D printed MoF devices were
evaluated alongside those of a PDMS-based MoF device to provide a basis for comparison.
The latter decision is justified by the fact that PDMS is considered the gold standard
polymer material for both optical and microfluidic applications.

The obtained results allowed for the identification of a well-defined range of refractive
index values for novel resins developed for LOC applications. Additionally, a simple and
effective equation was derived to estimate their unknown refractive index value from
empirical transmission measurements.

2. Materials and Methods
2.1. Materials

To experimentally determine the regression model that correlates the empirically
measured transmission value of full-cured photocurable resins with their refractive index
values, four different optical photocurable resins with a known refractive index value
were selected:

(i). NOA88—it is a low-viscosity (250 cps) UV-curing adhesive with a refractive index
equal to 1.56 at 589 nm, requiring 5 J/cm2 of energy to fully cure a 25–50 micron
bond, and having an absorption range ranging between 315 and 395 nm. According to
the provided SDS (safety data sheet), it is a proprietary urethane-related resin-based
formulation composed of a mixture of mercapto esters (the content of 50–65%) and
triallyl isocyanuarte (the content of 30–55%);

(ii). NOA160—it is a high-viscosity (2200 cps) UV-curing adhesive with a refractive index
equal to 1.60 at 589 nm, requiring 6 J/cm2 of energy to fully cure a 25–50-micron
bond. In accordance with the provided SDS (safety data sheet), it is a proprietary
urethane-related resin-based formulation composed of a mixture of pentaerythritol
tetra 3 (the content of 30–50%) and acrylic monomer (the content of 30–60%);

(iii). NOA1665—it is a UV-curing adhesive characterized by a viscosity of 800–1000 cps,
with a refractive index equal to 1.665 at 589 nm, which requires 6 J/cm2 of energy
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to fully cure a 25–50-micron bond. In line with the information provided by the
SDS (safety data sheet), it is a proprietary urethane-related resin-based formulation
composed of a mixture of metal oxide (the content of 30–60%) and acrylated resin (the
content of 35–45%);

(iv). NOA170—it is a very high-viscosity (4500–5500 cps) UV-curing adhesive characterized
by a high refractive index, i.e., equal to 1.70 at 589 nm, that needs 6 J/cm2 of energy
to fully cure a 25–50-micron bond. Based on the supplied SDS (safety data sheet), it
is a proprietary acrylated-related resin-based formulation composed of a mixture of
acrylated resin (content of 40–60%) and acrylic monomer (content of 10–30%).

The four selected Norland Optical Adhesives (NOA) for the study were purchased
from Edmund Optics LTD (Nether Poppleton, York, UK), and their properties are summa-
rized in Table 1.

Table 1. Norland Optical Adhesives (NOA) main properties.

NOA
Commercial Name

Refractive Index
Value

UV-Curing
Energy

NOA88 1.56 @ 589 nm 5 J/cm2

NOA160 1.60 @ 589 nm 6 J/cm2

NOA1665 1.665 @ 589 nm 6 J/cm2

NOA170 1.70 @ 589 nm 6 J/cm2

Moreover, by using a casting procedure into a silicon mold, the upper surface (exposed
to the air) of the NOA88 fabricated samples was characterized by a surface roughness
expressed as average roughness (Ra), root mean square roughness (RMS), and peak-to-peak
equal to 12.33 nm, 7.18 nm, and 140.12 nm, respectively. The authors previously determined
the latter using atomic force microscopy (AFM) [51]. Similar results for the roughness can
be assumed for the other NOA resin specimens since they were manufactured using the
same procedure.

Next, three different materials were chosen to manufacture the micro-optofluidic
devices for two-phase flow detection. The first device (called Device 1 henceforth) was
fabricated using the SYLGARDTM 184 Silicone Elastomer Kit. The latter presents a chemi-
cal composition that is a mixture of both a Poly(dimethylsiloxane) (PDMS) elastomer and
a suitable curing agent and is also characterized by a refractive index value of 1.4118 at
589 nm (as declared by the provided TDS). It was purchased from Farnell Italia S.R.L.
(Sylgard 184 elastomer kit, Dow Corning, 148 Midland, MI, USA). Moving on, both the
second (called Device 2 from now on) and the third (called Device 3 henceforward) de-
vices were realized by exploiting the highly innovative micro-precision 3D printing tech-
nique named Projection Micro Stereolithography (PµSL) and commercialized by Boston
Micro Fabrication Materials Technology Co., Ltd. (BMF, Maynard, MA, USA). Device 2 and
Device 3 were made of photocurable resins named HTL resin and BIO resin, respectively.
The first one (HTL) is a high-performance, rigid, and heat-resistant yellow resin proprietary
developed by Boston Micro Fabrication (BMF, Maynard, MA, USA).

Moreover, this resin grade is characterized by good temperature stability and mechan-
ical properties, which make it suitable for autoclave sterilization. Next, in agreement with
its TDS, this resin shows a heat distortion temperature (HDT) of 140.7 ◦C (@0.45 MPa)
and a glass transition temperature (Tg) of 172 ◦C. The second photocurable resin (BIO)
is a biocompatible resin suitable for non-implantable medical applications and can also
undergo sterilization. It has passed several ISO 10993 biocompatibility tests (such as skin
irritation and sensitization, toxicity, cytotoxicity, pyrogenicity, and in vitro hemolysis). It
has shown a cell culture survival rate in vitro of 75%. The latter-mentioned properties
justified the reason it was selected as a raw material for micro-optofluidic devices that find
application in health and biomedical engineering. Furthermore, according to its TDS, it is
a yellow resin showing a HDT of 85.7 ◦C (@0.45 MPa), which was developed by Boston
Micro Fabrication (BMF, Maynard, Massachusetts) as well.
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It must be highlighted that the refractive index of the used PDMS is provided by
its TDS. This is because PDMS is a widely used material for optical applications in the
state-of-the-art. It is unknown for the two yellow-grade photocurable resins used via PµSL
3D printing.

In the end, the roughness for Device 1 (PDMS) and Device 2 (HTL resin) was already
determined by the authors using the AFM analysis [10]. The previously collected results
are summarized in Table 2. Since Device 2 (HTL resin) and Device 3 (BIO resin) were
realized using the same 3D printing technique, the latter can be assumed to have the same
roughness range values measured for the HTL resin, as declared by the company providing
the machine.

Table 2. Device 1 and Device 2 roughness measurements [10].

MoF Device Material Ra
[nm]

RMS
[nm]

Peak to Peak
[nm]

Device 1 PDMS 1.097 0.763 35.158
Device 2 HTL resin 47.056 37.324 259.121

Specimens Preparation

Specimens having a size equal to (10 × 6 × 4) mm3 were used for the transmission
measurements. Using all the selected NOA materials (see Table 1), the specimens were
prepared using the procedure reported in Figure 1. At first, each liquid selected for NOA
was micro-injected using a syringe equipped with a 25 gauge needle (step I) within a
silicone mold. Secondly, each photopolymer adhesive was irradiated with a universal lamp
bulb with UVA emission at 365 nm (step II). In the end, four full-cured bars were obtained
by providing the required UV-curing energy (step III).

Polymers 2023, 15, x FOR PEER REVIEW 6 of 21 
 

 

Moreover, this resin grade is characterized by good temperature stability and 
mechanical properties, which make it suitable for autoclave sterilization. Next, in 
agreement with its TDS, this resin shows a heat distortion temperature (HDT) of 140.7 °C 
(@0.45 MPa) and a glass transition temperature (Tg) of 172 °C. The second photocurable 
resin (BIO) is a biocompatible resin suitable for non-implantable medical applications and 
can also undergo sterilization. It has passed several ISO 10993 biocompatibility tests (such 
as skin irritation and sensitization, toxicity, cytotoxicity, pyrogenicity, and in vitro 
hemolysis). It has shown a cell culture survival rate in vitro of 75%. The latter-mentioned 
properties justified the reason it was selected as a raw material for micro-optofluidic 
devices that find application in health and biomedical engineering. Furthermore, 
according to its TDS, it is a yellow resin showing a HDT of 85.7 °C (@0.45 MPa), which 
was developed by Boston Micro Fabrication (BMF, Maynard, Massachusetts) as well. 

It must be highlighted that the refractive index of the used PDMS is provided by its 
TDS. This is because PDMS is a widely used material for optical applications in the state-
of-the-art. It is unknown for the two yellow-grade photocurable resins used via PμSL 3D 
printing. 

In the end, the roughness for Device 1 (PDMS) and Device 2 (HTL resin) was already 
determined by the authors using the AFM analysis [10]. The previously collected results 
are summarized in Table 2. Since Device 2 (HTL resin) and Device 3 (BIO resin) were 
realized using the same 3D printing technique, the latter can be assumed to have the same 
roughness range values measured for the HTL resin, as declared by the company 
providing the machine. 

Table 2. Device 1 and Device 2 roughness measurements [10]. 

MoF Device Material 
Ra 

[nm] 
RMS 
[nm] 

Peak to Peak 
[nm] 

Device 1 PDMS 1.097 0.763 35.158 
Device 2 HTL resin 47.056 37.324 259.121 

Specimens Preparation 
Specimens having a size equal to (10 × 6 × 4) mm3 were used for the transmission 

measurements. Using all the selected NOA materials (see Table 1), the specimens were 
prepared using the procedure reported in Figure 1. At first, each liquid selected for NOA 
was micro-injected using a syringe equipped with a 25 gauge needle (step I) within a 
silicone mold. Secondly, each photopolymer adhesive was irradiated with a universal 
lamp bulb with UVA emission at 365 nm (step II). In the end, four full-cured bars were 
obtained by providing the required UV-curing energy (step III). 

 
Figure 1. Followed the workflow for the fabrication of the used specimens for transmission 
measurements. 

Figure 1. Followed the workflow for the fabrication of the used specimens for transmission measurements.

Next, specimens 4 mm thick made of the two yellow-grade photocurable 3D printable
resins (BIO and HTL resins) were 3D printed using a microArch®S140 ultra-high resolution
(10 µm) 3D printer (BMF, Maynard, MA, USA) for transmission measurements. The final
3D printed specimens are shown in Figure 2.
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2.2. Transmission Measurements: Experimental Setup

A block diagram and a schematic representation of the used transmission measurement
system are shown in Figures 3a and 3b, respectively. In particular, it is composed of (i) the
source light; (ii) the probe; (iii) the material sample; (iv) the spectrophotometer; and (v) a
PC for the measurement acquisition through dedicated software.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 21 
 

 

Next, specimens 4 mm thick made of the two yellow-grade photocurable 3D 
printable resins (BIO and HTL resins) were 3D printed using a microArch®S140 ultra-high 
resolution (10 μm) 3D printer (BMF, Maynard, MA, USA) for transmission measurements. 
The final 3D printed specimens are shown in Figure 2. 

 
Figure 2. 3D printed BIO (a) and HTL (b) specimens for transmission value measurements. 

2.2. Transmission Measurements: Experimental Setup 
A block diagram and a schematic representation of the used transmission 

measurement system are shown in Figure 3a and Figure 3b, respectively. In particular, it 
is composed of (i) the source light; (ii) the probe; (iii) the material sample; (iv) the 
spectrophotometer; and (v) a PC for the measurement acquisition through dedicated 
software. 

 
Figure 3. Experimental setup for transmission measurements: (a) block scheme; (b) schematic 
representation; (c) real picture. 

The actual experimental setup is shown in Figure 3c. Specifically, a halogen light 
source (LS-1 Tungsten Halogen Light Source, Ocean Optics, Dunedin, FL, USA), 
providing visible light, was connected through a SMA connector to the probe (Avantes, 

Figure 3. Experimental setup for transmission measurements: (a) block scheme; (b) schematic
representation; (c) real picture.

The actual experimental setup is shown in Figure 3c. Specifically, a halogen light
source (LS-1 Tungsten Halogen Light Source, Ocean Optics, Dunedin, FL, USA), providing
visible light, was connected through a SMA connector to the probe (Avantes, Lafayette,
CO, USA). The light beam coming from the light source was sent through an illumination
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fiber to the sample, and the reflection was measured by using a second fiber in the center
of the probe’s tip. The latter was positioned in close contact with the sample’s surface
(as shown in Figure 3c insert) to prevent the existence of different materials between
the probe and the sample itself. This setup was implemented to minimize any potential
impact on the transmission measurement that could arise from the presence of different
materials. The second fiber was coupled through a SMA connector to a spectrophotometer
(USB2000, Ocean Optics, Dunedin, FL, USA), configured to the appropriate wavelength
range of interest (i.e., 200–1100 nm). The spectrophotometer was connected via a USB cable
to the PC to collect the transmission measurements through the Spectra Suite dedicated
software 2.0.

Transmission is defined as the percentage of energy passing through a system relative
to the amount that passes through a reference sample. In the measurement protocol, to
calibrate the instrument, the air was selected as a reference sample with a thickness equal
to the investigated material samples (4 mm). The latter was associated with a transmission
value of 100%. After the calibration phase, the transmission measurements were performed
and acquired statically for each selected material sample (see Table 1), following the
replicated general factorial design fully described in Section 2.3.

The collected transmission measurements were exported as a .ProcSpec file and then
processed in MATLAB (MathWorks®). Specifically, the “spectrum. wavelength” and the
“spectrum.processedPixels” MATLAB (MathWorks®) struct fields, corresponding to the wave-
length and the transmission (in percentage), respectively, were considered to track the
transmission measurement signal.

The transmission values used for the regression model development were extracted in
correspondence with a wavelength equal to 589 nm to directly compare with the known
refractive index values of the examined NOA resins. Indeed, according to their TDS, they
are in the same condition.

2.3. Regression Model for Refractive Index Estimation

In this experimental study, the functional relationship existing between the known
refractive index value (R) of fully cured photocurable adhesives (NOA resins), chosen as
independent variables or predictors, and their empirically measured transmission value (T),
selected as a dependent variable or response, was estimated. A quadratic polynomial regression
model has been considered:

Ti = β0 + β1 Ri + β11 Ri
2, (1)

where β0, β1 and β11 are the regression coefficients. The matrix notation corresponding to
this model is:

T = R β, (2)

where T is the (44 × 1) vector of observations, i.e., the measured transmission value; R is
the (44 × 3) design matrix; and β is the (3 × 1) vector of the regression coefficients.

For the test procedure, only one design factor (independent variable) was considered,
i.e., the type of material (factor A), which was varied among four different levels (a = 4).
The a = 4 levels correspond to NOA88, NOA160, NOA1665, and NOA170. The measured
transmission value for each selected material was considered as the response variable.
The number of replications was equal to n = 11, for a total of N = a · n = 44 runs. The
experimental plan is summarized in Table 3.

Table 3. Experimental plan: factors and levels.

Factor Symbol Type Unit Levels (a = 4)

Material A Categorical [-] NOA88 NOA160 NOA1665 NOA170

An analysis of variance (ANOVA) study was run to validate model assumptions
in regression.
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After developing the empirical regression model for a well-defined operative range
for the refractive index parameter, i.e., ranging between 1.56 and 1.70, Equation (1) was
properly inverted. This inversion process resulted in the derivation of an empirical equation
to predict the unknown refractive index value for the photocurable 3D printable resins,
starting from their measured transmission value:

β11 R2 + β1 R + β0 − T = 0, (3)

The roots of the second-order equation have been determined by exploiting the
roots function in MATLAB (MathWorks®), which allows calculating the roots of a single-
variable polynomial represented by a vector of coefficients. In detail, three acquisitions
for the measured transmission value T were run for the two selected photocurable 3D
printable resins (i.e., HTL and BIO). Using Equation (3), the estimated refractive index
value R was determined for each acquisition. Finally, its estimate was expressed as its
mean ± st. deviation.

2.4. Application: Micro-Optofluidic Device for Slug-Flow Detection

Once the estimated refractive index value was determined for the two novel photocur-
able 3D printable resins (BIO and HTL resins), this information was used to assess their
suitability for micro-optofluidic device fabrication. For this purpose, a micro-optofluidic
(MoF) device for two-phase fluid detection, which had been previously designed by the
authors in earlier works [9–11], was manufactured through a direct 3D printing process
using the two different investigated resins.

Two-phase flow refers to two immiscible fluids, such as gas–liquid, immiscible liquid–
liquid, or liquid and microparticles, one dispersed in the other and circulating into the same
micro-system [8,65]. Within this context, the optical method is worthy of consideration
since it is very strategic for carrying out many less invasive measurements. The MoF
device’s working principle relies on the absorption phenomenon. This means that when
the incident laser beam interacts with the two different phases present in the device, which
are characterized by two different refractive index values, the transmission of light exhibits
different characteristics. The nature of light transmission strongly depends on the fluid
with which it interacts at a precise instant.

The optical properties of the two yellow-grade novel photocurable resins (BIO and
HTL), related to their estimated refractive index values, were then compared with the
PDMS ones. It is justified by the fact that the latter is the most commonly used polymeric
material for optical applications since its refractive index is close to the glass one (1.4118 for
PDMS versus 1.52 for glass), which is considered the gold standard material.

In detail, three different devices were fabricated, with variations in the manufacturing
technique and the material used for their construction. Their optical performances were
compared and tested according to the procedure described in Section 2.4.1. under the same
operative conditions. Device 1, made of PDMS, was fabricated through an ad hoc master-
slave fabrication approach relying on 3D printing, as previously explained elsewhere by the
authors [1–3]. Both Device 2 and Device 3 were realized by exploiting the highly innovative
micro-precision 3D printing technique, PµSL. The three fabricated devices are shown
in Figure 4.
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Figure 4. Manufactured micro-optofluidic devices made of PDMS (Device 1), HTL (Device 2), and BIO
(Device 3) resins.

The detailed workflow followed for the three devices’ manufacturing has already been
explained elsewhere by the authors [9,10].

2.4.1. Optical Detection: Experimental Setup and Signals Processing

To assess the optical properties of the investigated photocurable 3D printable resins se-
lected for the realization of the MoF devices, the optical signals were acquired by pumping
either deionized water (characterized by a refractive index nWater = 1.3) or air (character-
ized by a refractive index nAir = 1.0), into the micro-channel. The micro-channels were
composed of three different materials: PDMS (Device 1), HTL resin (Device 2), and BIO resin
(Device 3). Both air and water were injected within the micro-optofluidic device’s micro-
channel through a syringe pump system (neMESYS low-pressure module, Cetoni, GmbH,
Korbussen, Germany). A laser system (NovaPro 660–125, RGB Lasersystems, Kelhein,
Germany) with an emission wavelength of 660 nm was used as a light source to detect the
static fluid inside the micro-channel by exploiting three levels of input power, i.e., 1 mW,
3 mW, and 5 mW. The micro-optofluidic device was coupled with two 365 µm diameter
optical fibers. The former was connected to the laser system for optical actuation. While,
the latter, which was connected to a photodiode (PDA100A, Thorlabs, Newton, NJ, USA)
with a gain of 40 dB, was used for the detection,. A PC oscilloscope (Picoscope 2204A,
Pico Technology, Cambridgeshire, UK) with a sampling frequency of 1.5 kHz was used to
acquire the detected signals. Figure 5 reports the blocking scheme and the real picture of
the experimental setup for detecting optical signals.
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For each investigated scenario, the optical signal was acquired for a period of 30 s.
Next, the acquired signals were post-processed in MATLAB (MathWorks®). In particular,
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a low-pass filter with a 40 Hz cut-off frequency was applied to eliminate high-frequency
components. Then, a smoothing procedure was applied to remove the noise from the
signal and reveal the main pattern. In this way, a single sample of V(i) observations was
obtained for each voltage-acquired signal for i = 1, . . . , Nv, and Nv = 45,000. After this, the
corresponding sample mean values (VWater and VAir) and the sample standard deviations
were evaluated for each sample V(i). In the end, the voltage range (∆V), defined as the
difference between the average of the water signal (VWater) and the average of the air
signal (VAir), was evaluated to prove that the optical part of the device is really able to
discriminate between two different fluids (air and water). In fact, due to the difference
between their refractive index values (1.3 for water versus 1.0 for air), the signals were
detected at two different voltage values using the same laser input power: a higher voltage
value for water and a lower voltage value for air.

3. Results and Discussion
3.1. Transmission Measurements Results

The average acquired transmission spectra for the four investigated materials are
reported in Figure 6 in correspondence with the whole wavelength range of interest (i.e.,
200–1100 nm).
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Figure 6. Average acquired transmission spectra for the analyzed Norland Optical Adhesives
(NOA) adhesives.

The transmission value at a wavelength of 589 nm was extracted for each acquired
spectrum, as reported in Figure 6 with the vertically dashed black line.

The collected measures for each investigated material are reported in the scatter plot
in Figure 7a. The calculated average values and standard errors for the photocurable
NOA resins are summarized in the bar plot shown in Figure 7b. According to the re-
sults, the NOA88 (in green in Figure 7) showed the highest average transmission value,
346.68 ± 7.44. The NOA160 (in blue in Figure 7) presented a decreased value for the
transmission (328.57 ± 15.01) of about 5%. Next, for the NOA1665 (in orange in Figure 7),
an average transmission value of 183.76 ± 28.93 was measured, reduced by about 44%
and 47% compared to the NOA88 and the NOA160, respectively. In the end, the lowest
average transmission value was recorded for the NOA170 (in yellow in Figure 7), equal
to 122.65 ± 12.75, thus having a lower value of about 65% than the NOA88. The obtained
decreasing trend is justified by the photocurable NOAs’ refractive index values. The higher
the refractive index value of the investigated material, the lower the measured transmission
value. Indeed, starting from NOA88, which is fully transparent, the other considered resins
became more matt and yellow-like.
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Furthermore, it must be highlighted that a lower standard error affects the measured
transmission value of the NOA88 material sample. This is due to its greater homogeneity
and full transparency, as shown in Figure 1.

3.2. Quadratic Polynomial Regression Model for Refractive Index Value Determination

The regression equation unveiling the true functional relationship existing between the
known refractive index value (R) and the measured transmission value (T) of the fully-cured
photocurable adhesives (NOA resins) is equal to:

T = −15,382 + 20,903 R − 6933 R2, (4)

An ANOVA study was performed to investigate the statistical significance of each
term, i.e., both the linear and quadratic ones. The regression model is significant from the
ANOVA study shown in Table 4 (p-value < 0.05). Moreover, since the values for R2 (80.28%)
and R2-adj (79.31%) are quite high, it is possible to assume that the model is adequate since
the noise level is very low. As a result, the model fits well with the collected observations.
In accordance with the ANOVA results (Table 4), it is possible to notice that the linear term
of the model is absolutely significant (p-value < 0.05). On the other hand, the quadratic
term is slightly less significant (p-value = 0.074 > 0.05). However, it was added to the model
since it allows a better fitting of the observations related to the lowest value (R = 1.56) of
the operative range selected for the refractive index parameter. Figure 8 shows the fitting
quadratic regression line. Figure 9 shows the model adequacy check by plotting residuals
from the regression model versus fitted values and their normal probability plot. The two
plots reveal no anomaly.

Table 4. ANOVA table for the selected quadratic polynomial regression model.

Source DF SS MS F p

Regression Linear 1 379,065 - 154.76 0.000
Quadratic 1 7815 - 3.37 0.074

Error 41 95,059 2319
Total 43 481,939

S 48.1508
R2 80.28%

R2-adj 79.31%
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Next, by inverting the regression model Equation (4), an expression is derived to
predict the unknown refractive index value for the photocurable 3D printable resins, starting
from their measured transmission value:

6933 R2 − 20,902 R + (15,382 + T) = 0, (5)

Three observations of the transmission value were collected for the BIO and HTL resins,
respectively. The collected observations for the two considered photocurable 3D printable
resins are reported in Table 5. Next, the roots of Equation (5) were calculated to determine
the estimated refractive index value (R̂) for each replication. In detail, two roots were
determined for each considered resin; their values are reported in Table 6. The first root (R̂1)
was never considered since it is broadly lower than the inferior limit of the operative range
for the refractive index value (equal to 1.56). Conversely, the obtained values for R̂2 are
strictly close to the upper limit (1.70). Moreover, since the investigated resins BIO and HTL
are yellow-like (see Figure 2), as well as the NOA170 resin (see Figure 1), it is reasonable to
consider the root R̂2, which is close in value to the refractive index of NOA170 resin.
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Table 5. Collected transmission measurements for the photocurable 3D printable BIO and HTL resins
for each replication (n = 1, 2, 3).

Resin Replication
(n)

T
[%]

BIO 1 151.564
BIO 2 150.701
BIO 3 151.564
HTL 1 104.113
HTL 2 102.558
HTL 3 103.515

Table 6. Estimated refractive index value for BIO and HTL 3D printable resins for each replication
(n = 1, 2, 3) of the transmission value measurements (T). Two roots for the second-order Equation (5)
were determined for each measured T.

Resin Replication
(n) R̂1 R̂2

BIO 1 1.3108 1.7040
BIO 2 1.3103 1.7046
BIO 3 1.3106 1.7043
HTL 1 1.3291 1.6858
HTL 2 1.3287 1.6861
HTL 3 1.3291 1.6858

The means of estimated refractive index values for the 3D printable BIO and HTL
resins are shown in Figure 10, where they are also compared with the true value for the
refractive index of PDMS (provided by its TDS).
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3.3. MoF Devices Optical Signals

The acquired optical signals by varying the fluid—air and water—injected within the
MoF device’s channels and the selected input laser power, 1, 3, and 5 mW, are reported in
Figure 11a–f. Based on the obtained results, it was assessed that the estimated refractive
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index values for the two novel photocurable and 3D printable resins, BIO (nBIO = 1.6859)
and HTL (nHTL = 1.7043), are higher than those of PDMS by approximately 19% and 21%,
respectively. However, despite this difference, it was concluded that both resins are still
suitable for the intended purpose. Using these two polymer resins for manufacturing
the MoF devices for two-phase flow detection, it was still possible to acquire valuable
optical signals while detecting both air and water in correspondence with the three levels
of laser input power, according to the sample mean values reported in Table 7 for each
investigated scenario.

Polymers 2023, 15, x FOR PEER REVIEW 15 of 21 
 

 

3.3. MoF Devices Optical Signals 
The acquired optical signals by varying the fluid—air and water—injected within the 

MoF device’s channels and the selected input laser power, 1, 3, and 5 mW, are reported in 
Figure 11a–f. Based on the obtained results, it was assessed that the estimated refractive 
index values for the two novel photocurable and 3D printable resins, BIO (nBIO = 1.6859) 
and HTL (nHTL = 1.7043), are higher than those of PDMS by approximately 19% and 21%, 
respectively. However, despite this difference, it was concluded that both resins are still 
suitable for the intended purpose. Using these two polymer resins for manufacturing the 
MoF devices for two-phase flow detection, it was still possible to acquire valuable optical 
signals while detecting both air and water in correspondence with the three levels of laser 
input power, according to the sample mean values reported in Table 7 for each 
investigated scenario. 

 
Figure 11. Acquired optical signals by means of the three MoF devices made of PDMS, BIO, and 
HTL resins: air detection at a laser power of 1 mW (a), 3 mW (c), and 5 mW (e); water detection at a 
laser power of 1 mW (b), 3 mW (d), and 5 mW (f). 

  

Figure 11. Acquired optical signals by means of the three MoF devices made of PDMS, BIO, and HTL
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Table 7. Sample mean value ± st. deviation observations [V] and calculated range (∆V) [V] for all
the investigated scenarios. Factors: Fluids = {Air, Water}; Input Laser Power = {1, 5} mW.

PDMS BIO HTL

1
[mW]

3
[mW]

5
[mW]

1
[mW]

3
[mW]

5
[mW]

1
[mW]

3
[mW]

5
[mW]

Air
3.3743
±

1.30 × 10−3

6.1505
±

1.10 × 10−3

7.0920
±

7.91 × 10−2

2.4298
±

1.90 × 10−4

4.1666
±

3.30 × 10−3

6.0996
±

7.02 × 10−2

2.4279
±

5.30 × 10−2

4.1544
±

2.10 × 10−3

6.1471
±

2.5 × 10−3

Water
10.8127

±
2.15 × 10−6

10.8127
±

2.15 × 10−6

10.8127
±

2.15 × 10−6

4.3378
±

2.5 × 10−3

7.3244
±

2.8 × 10−3

10.8494
±

8.26 × 10−4

4.1809
±

4.44 × 10−2

7.4159
±

2.4 × 10−3

10.8487
±

6.28 × 10−4

Range 7.4 3.7 3.8 1.9 3.2 4.7 1.8 3.3 4.7

As shown in Figure 11a, the air voltage value at an input laser power of 1 mW is about
28% lower for the MoF devices made of BIO and HTL resins compared to the one detected
from the PDMS device under the same conditions. By increasing the laser power to a value
of 3 mW (Figure 11c), the difference in the air voltage value between the PDMS device
and those made of BIO and HTL resins is reduced by approximately 32% for both of them.
Moving to the water voltage values, those detected at a laser power of 1 mW (Figure 11b)
for the MoF devices made of BIO and HTL resins are lower than 60% and 61%, respectively,
compared to those of the PDMS device. Focusing on the collected voltage values for water
detection at 3 mW (Figure 11d), for the BIO and HTL MoF devices, they are lower by 31%
and 32%, respectively, than the PDMS one. When the input laser power is set at the highest
considered value, i.e., 5 mW (Figure 11e), the difference in the air voltage value between
the PDMS device and those made of BIO and HTL resins is reduced by approximately 14%
and 13%, respectively.

Moving on to the last operative condition, {Fluid, Input Laser Power} = {water;
5 mW}, the voltage signals are practically equally recognized for the three different selected
materials. In fact, the associated curves are almost overlapped, as shown in Figure 11f. This
outcome is justified by the 10 V output voltage limit specified in the photodiode TDS. As
a result, the saturation value is reached in correspondence with this operative condition
(about 11 V), leading to the same water voltage value detected from the three different
MoF devices. At this operative condition, it would seem that an optimum operating point
has been reached for the two investigated 3D printable resins since it looks like the three
devices can discriminate the two investigated fluids similarly. However, the photodiode
output voltage limit must be taken into account, which, when the PDMS MoF is used for
the detection, takes the detected water voltage signal at the saturation value even when
the input laser power is set at 1 mW. Thus, by setting the laser power at 5 mW, it is highly
probable that the actual water voltage signal detected from the PDMS device would be
higher, providing a higher voltage range value than the resins’ ones. This expected result
would be consistent with the PDMS better discrimination capability, supported by its
optical properties previously discussed.

The discussed signals were obtained through post-processing of the optical signal
acquisition, which was conducted for 30 s, following the procedures outlined in Section 2.4.1.
Both the calculated average values for a 30 s acquisition time window and the calculated
voltage range (∆V) are reported in Table 7.

The mean values of the acquired optical signals, related to the three devices and
calculated in correspondence to an input laser power of 1 mW and 3 mW, are reported in
Figure 12. In the operative condition with the laser power at 1 mW, the difference between
the water and air signals was higher for the PDMS, being ∆V = 7.4 V, compared to the BIO
and HTL devices, which have range values equal to ∆V = 1.9 V and ∆V = 1.8 V, respectively.
This result shows that the PDMS device better discriminates the two investigated fluids
since the gap between the water and the air values is larger. As illustrated in Figure 4,
the full transparency of PDMS compared to BIO and HTL’s yellow-like resins justifies
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this outcome. Raising the laser input power to a value of 3 mW makes the range values
comparable for the three devices: ∆V = 3.7 V for PDMS, ∆V = 3.2 V for BIO, and ∆V = 3.3 V
for HTL resins. Once again, this result is justified by the fact that, even though the PDMS is
projected to have higher voltage values than yellow resins due to its higher transparency
(see Figure 4) and lower refractive index value (n = 1.4118), it must be taken into account
the photodiode output voltage limit. Indeed, saturation for the water voltage signal is
already achieved at the lowest value set for the input laser power (1 mW), which does not
increase proportionally with the laser power rise. Contrarily, similar voltage values for the
BIO and HTL resins, which result in almost totally overlapped curves, are driven by their
nearly identical estimated refractive index values (1.6859 for BIO versus 1.7043 for HTL).
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4. Conclusions

This experimental work proposed a novel method to estimate the refractive index
value within an operative range of (nmin = 1.56; nmax = 1.70) of photocurable 3D printable
resins characterized by a smooth surface. It relies on developing a quadratic polynomial
regression model showing good performance, i.e., R2 = 80%. Furthermore, to the best of our
knowledge, a novel, simple, cost-effective, and efficient experimental setup is presented in
this study for the first time.

The method was implemented to determine the refractive index value for two novel
3D printable resins (commercially named BIO and HTL) compatible with the innova-
tive PµSTL 3D printing technique. The same was further used to manufacture MoF
devices, which were first optically characterized to assess their suitability to run two-
phase flow detection and control. Next, their optical performances were compared to
the PDMS one, which was used as the material to realize the same device. Based on the
obtained results, it was demonstrated that the investigated materials were suitable for the
intended purpose. They were able to discriminate between two different fluids charac-
terized by different refractive index values (air and water). However, it should be noted
that their discrimination capability was lower than that of PDMS polymer, which is con-
sidered the gold standard polymer in the LOC application fields with a refractive index of
nPDMS = 1.4118. This result is justified because the estimated refractive index values for
the BIO and HTL resins (nBIO = 1.6859 and nHTL = 1.7043, respectively) are higher than the
PDMS one.

The obtained results paved the way for the opportunity to rapidly assess if novel
resins developed for VA 3D printing techniques may be suitable for MoF devices where the
optical method for non-invasive detection of biological and chemical fluids is exploited.
Indeed, the two tested resins (BIO and HTL) were characterized by estimated refractive
index values located near the upper limit of the operative range for the refractive index
value, corresponding to the worst condition in terms of an optical property. All the novel
3D printable resins that will be developed in the near future can be considered suitable
for MoF device manufacturing (relying on the same working principle) if their estimated
refractive index value is lower than 1.70.

In this sense, Equation (5) provided in this paper has twofold utility. First, it represents
a useful tool for unknown refractive index estimation of solid, transparent samples showing
a smooth surface. Second, it provides a quick method to evaluate the suitability of novel
developed 3D printable resins for the fabrication of MoF devices.

In the end, the proposed method for transmission value measurements can be used in
future works to design and develop MoF devices with integrated surface plasmon resonance
(SPR) sensors [66,67]. The perfect combination of refractive index values between the core
and cladding elements is of utmost importance in such applications. Indeed, according to
the waveguide working principle, to obtain a performing waveguide, the core must have
a higher refractive index value than the cladding [24]. This class of MoF devices would
represent a breakthrough in diagnostic technology, allowing for simultaneous specific and
non-specific information collection from biological and chemical samples.
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Abstract: The purpose of this work was to obtain an elastic composite material from polymer powders
(polyurethane and polypropylene) with the addition of BaTiO3 until 35% with tailored dielectric
and piezoelectric features. The filament extruded from the composite material was very elastic but
had good features to be used for 3D printing applications. It was technically demonstrated that
the 3D thermal deposition of composite filament with 35% BaTiO3 was a convenient process for
achieving tailored architectures to be used as devices with functionality as piezoelectric sensors.
Finally, the functionality of such 3D printable flexible piezoelectric devices with energy harvesting
features was demonstrated, which can be used in various biomedical devices (as wearable electronics
or intelligent prosthesis), generating enough energy to make such devices completely autonomous
only by exploiting body movements at variable low frequencies.

Keywords: flexible composites with piezoelectric features; 3D printable flexible piezoelectric devices;
energy harvesting

1. Introduction

The past 10 years have witnessed enormous interest in the efficient capture of envi-
ronmental energy through the development of energy-harvesting devices that transform
mechanical energy into electricity and greatly reduce our dependence on fossil fuels and
CO2 emissions. The application segments for piezoelectric energy harvesters based on
ferroelectrics have dramatically expanded during the past 5 years. For several appli-
cations, ferroelectric micro- and nano-crystals with a defined one- (1D), two- (2D), and
three-dimensional (3D) shape are of great scientific and technological interest because of
their spontaneous polarization as well as their shape- and size-dependent properties. The
subject of moldable piezoelectric sensors with energy harvesting features is very actual;
research in this area extensively reports mainly thermo-rigid devices based on epoxy, PVDF,
or other composite structures, mainly with PZT powders, such as [1–13].

Regarding the analysis of costs vs. benefits of adapted technology and the life cycle of
such devices, we note that the basic literature largely supports piezoelectric energy as being
applicable in special-purpose niches with high market impact, such as wireless sensor
networks (IoT). The harvesting of piezoelectric energy must be interpreted through direct
indicators: the power required for the real purpose and the surplus power, which is unused
and stored over time. A decision model for analyzing costs vs. benefits would include
aspects such as power consumption (both active and stored), physical size/energy density
requirements, storage battery technology, and working circuit technology. For example,
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the CC2630 Zigbee TI controller uses 1.0 µA in passive mode, whereas the CC2538 uses
between 1.3 and 600 µA. In “sleep mode”, consumption is 0.1 vs. 0.4 µA.

The overall cost is also given by the relevant and precise characterization of the
physical conditions that contribute to energy harvesting: the occurrence of dynamic force,
vibration frequency, temperature range over time, etc. Depending on the complexity of
the equipment, evaluations are made of potential improvements in energy efficiency, price,
normalized price, and lifetime. As for the lifetime, the energy harvesting technologies
are guaranteed for a minimum of 10 years, being made on the basis of robust materials, a
sufficient element to make them very competitive on the renewable energy market, and for
the technological design according to the forecasts of microelectronic applications.

From the point of view of technological feasibility, the advantages of piezoelectric
generators are mentioned as being simple structures, easy to manufacture on a large scale
(mass production), on the one hand, and easy to implement in electronic systems of the
‘energy harvesting’ type.

The new trend is defined by flexible energy-harvesting devices, which are yet more
difficult to manufacture. Some achievements are presented as [14–28], but they are practi-
cally never combined with 3D printing technology, which is the interest of our research
and the subject of the actual paper. In general, a wide range of composites made of ceramic
powders and polymers can be processed by 3D printing technology; however, the receipt
at the nanoscale is a key factor in successful part fabrication. The main unmet need is
related to the difficulty of adapting any new variant of composite with individual thermo-
mechanical characteristics on any 3D printing machine, and there is a must—achieved only
by an extended R&D activity—the technological balance between the desired features of
filament material, on the one side, and 3D printing capabilities, on the other side, in order
to create the best characteristics of the obtained component. The values of material density,
viscosity, and surface tension must be correlated. When the ratio is too small, viscous forces
predominate, which implies high pressure for ejection; inversely, if this ratio is too large,
a continuous column is ejected, which can lead to the formation of satellite drops behind
the main drop. The rheology of thermoplastic nano-composite and its behavior at different
processing temperatures are problems related to compound melting temperature, stability
in the quasi-liquid phase, and final product isotropy. If mixed dissimilar materials are
used for nano-composites, e.g., ceramic powder/CNT with a polymer matrix, even if the
product is homogenous and stable after extruding—when the filament is generated—it
may suffer important physical modifications during the subsequent stage of 3D printing
technology. The flowability of powders in quasi-liquid phases is an essential parameter for
3D processing. Sufficient flowability allows the building of high 3D resolution [29–31].

The 3D architectural design of printable piezoelectric components involved a good
knowledge of the adsorption of thermoplastic polymers on the surface of ceramic nanoparti-
cles. In the stages prior to the realization of the 3D printable flexible piezoelectric composites
with energy harvesting features, the following results were reported by the authors [32–34]
as preliminary methods of preparing films containing thermoplastic polymers and their
composites with BaTiO3, along with some optical and structural properties.

Our study presents an example of good practice under the circumstances that it
is obvious that by an extruding process pellets from thermoplastic composites may be
manufactured, even if the inorganic powder content goes towards 80–90%, but it is also
well known that the manufacture of rigorous filament in terms of diameter tolerance
and reasonable length from thermoplastic composites with more than 10–15% inorganic
powders is extremely difficult, mainly due to the fragility of the filament, which in many
cases breaks itself under the reeling operation. That is why a tailored compounding of
thermoplastic olefin with thermoplastic polyurethane was used. On the other hand, at
higher powder contents, the filament homogeneity can suffer important changes under
cooling operations due to dilatation, exfoliation, or delamination processes. Another major
difficulty noticed by many practitioners refers to the thermal printer adaptation for such
composites with a high content of inorganic powders, which makes the actual commercial
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printers useless for such applications, mainly when higher printing precision (micrometer
scale) is compulsory.

The innovation presented by the present study includes a clear demonstration of the
conditions imposed on such composites to become 3D printable, i.e., starting from the
compounding and filamentation stage, through the 3D thermal deposition of composite
filament with no clogging of the nozzle, no problems with multilayer deposition, and no
3D printing defects, to generating structures of rectangular network type with micro-meter
precision, along with innovative tests to demonstrate their use as piezoelectric sensors
within a dedicated signal processing circuit and the use of virtual instruments to assess
their energy harvesting features.

2. Materials and Preparation Methods
2.1. Materials

In order to obtain the composite structures, the following raw materials were used:
a thermoplastic olefin TPO (for the presented study, polypropylene TIPPLEN H 318), a
thermoplastic polyurethane TPU (Estane 58,887 TPU), and BaTiO3 powder of a maximum
2 micron dimension from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). The present
study completes and particularizes the previous research presented in [34] and refers
only to TPO:TPU 2:1 type composites with BaTiO3 powder content up to 35% in order to
emphasize their piezoelectric features.

2.2. Processing Equipment

The polymers as powders (TPU and TPO—herein polypropylene) and the BaTiO3
powder were homogenized by mixing for one hour in a cylindrical mixer with a 1.3 L
capacity TURBULA T2F type with a rubber ring holding device, and the rotation speed
was 40 rpm. In this way, we sought to obtain a uniform distribution of the components of
the mixtures throughout the structure without using specific additives or adhesives for
compatibility. Processing conditions involved a rotation speed (in counter-rotation) of the
extruder of 95 rpm and a feed speed from the feed hopper of 450 rpm.

The injection of composite was performed on a Dr. Boy 35A injection machine
(Dr. Boy GmbH & Co. KG, Neustadt-Fernthal Germany) with the following characteristics:
a screw diameter of 28 mm, an L/D ratio of 18.6 mm, a calculated injection capacity of
58.5 cm3, a maximum material pressure of 2200 bar, and a real injection capacity minimum
of 500 mm. The interface of the injection machine for obtaining the composite materials
and the temperature regime on the areas of the cylinders of the injection machine are briefly
presented in Figure 1.
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2.3. Characterization Equipment

The characterization of the composite materials was carried out with the use of the
following equipment:

- The photoluminescence (PL) spectra of composites were recorded with a Fluorolog-3
spectrophotometer, FL3-2.2.1 model, from Horiba Jobin Yvon (Palaiseau, France), with
some expertise related in [35].

- SEM optical scanning microscopy was performed with a field emission and fo-
cused ion beam scanning electron microscope (SEM) model Tescan Lyra III XMU
(Brno—Kohoutovice, Czech Republic).

- The AFM analysis was performed with a WIKO NT 1100 type interferometric micro-
scope in accordance with ISO 10109-7:2001 [36].

- Dielectric features were determined by using the Broadband Dielectric Spectrometer
(Novocontrol GMBH), which encompasses an Alpha frequency response analyzer and
Quattro temperature controller with tailored measurement cells. The manufactured
samples were sandwiched between two copper electrodes of 20 mm diameter and
placed inside the temperature-controlled cell [37].

- The piezoelectric features were measured using an Aixact TF Analyzer 2000-Electric
Hysteresis Curve Lift System (static and dynamic hysteresis); the voltage that can be
applied to the sample is +/− 100 V to +/− 10 kV). The device measures bulk samples
(maximum diameter of 20 mm and a maximum thickness of 1.8 mm). The hysteresis
curves were raised starting with a frequency of 0.1 Hz at an electric voltage 20% lower
than the breakdown voltage of the samples. Simultaneously, the displacement of the
sample can be measured with a laser interferometry system.

- TG/DSC thermal analysis, performed on a STA 449 F3 Jupiter TG-DSC simultaneous
thermal analyzer, Netzsch (Selb, Germany), working in the temperature range up to
1550 ◦C, in an inert, oxidizing, reducing, static, or dynamic working atmosphere. The
device is provided with a vacuum system with a maximum of 10−2 mbar.

3. Results and Discussion at the Composite Level
3.1. Photoluminescence Spectrum

The photoluminescence spectrum of thermoplastic composites exhibits a maximum at
462 nm when the excitation wavelength used to record the photoluminescence spectrum is
350 nm. Anisotropy (r) and bond angle (φ) of macromolecular compounds, adsorbed on
the surface of inorganic particles, can be calculated using anisotropic photoluminescence
with the following formulas:

r = (Ivv − GIvH)/(Ivv + 2GIvH)
r = 0.4[(3cos2φ − 1)/2],

where IvH corresponds to the photoluminescence intensity when the polarizer is posi-
tioned vertically for excitation and horizontally for emission in the spectrophotometer;
G = IHV/IHH, where IHV corresponds to the light intensity measured when the polarizer is
positioned horizontally for excitation and the polarizer is positioned vertically for emission.

The photoluminescence spectra in polarized light of composites with BaTiO3 nanopar-
ticles having concentrations of 12 wt.%, 25 wt.%, and 35 wt.%, respectively, are presented
in Figure 2. In Table 1, the values of the intensity of the photoluminescence spectra (PL)
are presented, taking into account the way of mounting the polarizers for excitation and
emission. According to Table 1, the gradual decrease in the intensity of the PL spectra of
TPU:TPO, regardless of the way of mounting the polarizers, as the concentration of inor-
ganic nanoparticles increases, indicates the role of BaTiO3 as quenching agent of polymeric
matrix’s PL. This result is in agreement with our previous paper [34]. Considering the IVV,
IVH, IHV, and IVV values experimentally obtained, which are presented in Table 1, the r
and φ values in the case of: (i) TPU:TPO 2:1 are equal to 0.302 and 23.70; (ii) TPU:TPO
2:1 + 12% BaTiO3 are equal to 0.0862 and 46.30; (iii) TPU:TPO 2:1 + 25% BaTiO3 equal to
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0.078 and 47.10; and (iv) TPU:TPO 2:1 + 35% BaTiO3 equal to 0.029 and 51.80, respectively.
In regard to the anisotropy, the composite with 12% BaTiO3 presents the maximum value
and is explained by a more homogenous dispersion of particles with different spatial orien-
tations, which is a phenomenon expected for homogenous dispersions with low quantities
of particles. In regard to the bond angle, the maximum value is reached by the composite
with 35% BaTiO3, which is explained by the composite architecture and will be further
analyzed by SEM optical scanning microscopy. The value of r is less than 0.4, a fact that
indicates that the excitation and emission transition dipoles are not aligned, which explains
the complex dielectric polarization presented further in the paper. This aspect originates
in the exchange reaction of the repeating units of the TPU-type polymer with BaTiO3 [33]
because it is expected for the dipole of TPU to make the main contribution to both interfacial
and dipolar polarizations.
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Figure 2. Photoluminescence spectra in polarized light of the following: (a) TPU:TPO
2:1; (b) TPU:TPO 2:1 + 12% BaTiO3, (c) TPU:TPO 2:1 + 25% BaTiO3, and (d) TPU:TPO 2:1 + 35%
BaTiO3.
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Table 1. IHH, IHV, IVH, and IVV values of the PL spectra of the TPO:TPU 2:1 compound and its
composites with BaTiO3 nanoparticles.

Compound IHH (counts/s) IHV (counts/s) IVH (counts/s) IVV (counts/s)

TPO:TPU 2:1 1.72 × 106 1.8 × 106 1.78 × 106 2.17 × 106

TPO:TPU 2:1 + 12% BaTiO3 1.22 × 105 1.17 × 105 1.13 × 105 1.39 × 105

TPO:TPU 2:1 + 25% BaTiO3 5.96 × 105 6.08 × 105 5.38 × 105 6.87 × 105

TPO:TPU 2:1 + 35% BaTiO3 6.99 × 104 8.22 × 104 7.73 × 104 9.91 × 104

3.2. SEM Structural Analyses

SEM structural analyses were performed to highlight the degree of homogeneity
of the obtained materials. These analyses were performed on the field emission source
and focused ion beam scanning electron microscope. The average dimension of BaTiO3
parti-cles was about 1 µm, (Figure 3 a,b).
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sented as above. In Figure 4, an AFM microscopy image is presented for the composite 
with 35% BaTiO3, which is considered more relevant due to the higher content of powder, 
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Figure 3. Micrograph of BaTiO3 with 50,000× magnification (a), and related BaTiO3 particle
histogram (b); Micrographs of composite with 35% BaTiO3 with magnifications (c) 1000×, (d) 5000×,
(e) 20,000× and (f) 50,000×.

It can be generally seen that the filler is well homogenized within the polymer structure
with a uniform dispersion, Figure 3c–f. Though slight agglomerations of the filler particles
may appear, which may induce a slight inhomogeneity; however, in small, negligible areas,
this aspect can be remediated by a longer mixing time and homogenizing the BaTiO3
powder at a higher powder content.
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3.3. Atomic Force Microscopy (AFM) Analysis

Basically, the experimental models made of polymer composite materials are very
difficult to withstand atomic force microscopy tests because, for the AFM microscopy tests,
a surface with nanometric roughness (preferably approx. 50 nm) is required. The roughness
was determined as the average value between three measurements performed on the same
sample in its central area at a focal distance of 90 µm. Roughness was obtained in the range
of 75–450 nm, which gives some minor errors under the circumstances presented as above.
In Figure 4, an AFM microscopy image is presented for the composite with 35% BaTiO3,
which is considered more relevant due to the higher content of powder, and the resulted
roughness was below 100 nm. The roughness of such composites may be relevant in the
case of producing filaments for 3D printing purposes, and the obtained value is in line with
the requirements for such applications.
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Figure 4. AFM microscopy image of the composite with 30% BaTiO3.

A quasi-uniform distribution of the particles on the surface of the composite material
can be observed as a whole, eventually depending on the size of the particle and its
concentration. In the case of inorganic powders (BaTiO3), the effect appears more blurred,
but there is also a subjective cause given by the optical contract of such powders. These
preliminary conclusions from the AFM analysis can be clearly correlated with those from
the SEM analysis.

3.4. Dielectric Tests

The dielectric characteristics of the composite materials are presented in Figures 5 and 6,
for the blended matrix the thermoplastic composite with 12% BaTiO3, and the thermoplastic
composite with 35% BaTiO3.

It is obvious that the addition of BaTiO3 dramatically increases the dielectric permittiv-
ity, from about 3.5 of the matrix towards about 13 for an addition of 12% BaTiO3 and finally
towards about 28 for an addition of 35% BaTiO3 at 10 Hz frequency. With the increase in
frequency, all permittivity values are decreasing, with the largest decrease being for the
composite with the higher content of BaTiO3.
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In regard to the dielectric loss, at lower frequencies, the effect of interfacial polarization
is detrimental, with a very significant value for an addition of 35% BaTiO3. Herewith, we
speak about three types of complex interfaces: one related to blended matrix and the others
related to polymers and BaTiO3. That is why we can notice an increased value at low
frequencies for blended matrixes as well. At medium frequencies in the kHz domain,
the difference is not so relevant, but at higher frequencies, over 50 kHz, the dielectric
polarization effect is obvious, with relevant higher values for the highest content of BaTiO3.

On the other hand, when analyzing the dielectric loss characteristics of the samples
with BaTiO3, an interesting variation effect with frequency may be noticed in the vicinity of
the 100 kHz frequency domain. Here we can speak about a saltation of the tgδ characteristic,
correlated with the architecture of composites, which induces an additional ionic-dipolar
conjugated polarization, e.g., a displacement due to the balance between the resonance
and anti-resonance frequencies. Such phenomena explain the use of such composites with
piezoelectric powders as resonators/filters for tailored applications in the radiofrequency
electronic field. In our case, even if such phenomena occur, the low quantity of BaTiO3
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powder cannot make the respective composites relevant candidates for such electronic
applications. But this phenomenon can be further exploited in relation to 3D printing in
order to achieve a quasi-4D effect with frequency. Such an effect may become useful when
collecting electrical signals from 3D printable flexible piezoelectric devices to be obtained
from such composites for energy harvesting purposes, mainly when they are used for
biomedical applications—communications at MHz frequencies.

As long as for reasonable piezoelectric effects the concordance of the highest value of
three parameters is needed, i.e., the content of BaTiO3, dielectric permittivity, and dielectric
loss at lower frequencies, we may admit that the most relevant sample is the one with 35%
BaTiO3, which will be analyzed with priority as follows.

3.5. Piezoelectric Characteristics

The piezoelectric characteristics for the composite with 35% BaTiO3 without prelimi-
nary activation under a tailored electric field are presented in Figure 7 at three different
frequencies. The respective frequencies were chosen taking into account the potential use
of such composites for 3D printable flexible piezoelectric devices with energy harvest-
ing features for biomedical applications, i.e., in conjunction with wearable electronics or
intelligent prosthesis.

The values in each table are specific for the hysteresis curve obtained at different
frequencies and clearly indicate an alternating current ferroelectricity of the composite.

The values expressed as positive Pmax and negative Pmax show the symmetry of
the curve at the maximum polarization level. The values expressed as negative Pr and
positive Pr show a small difference due to the fact that the hysteresis curves do not fully
close, but this aspect is characteristic of BaTiO3. Vc values depend on applied voltage
and can be further correlated with the size of the granules, but this is not relevant in our
case. Depending on the voltage applied to the samples, different hysteresis curves are
obtained, and the maximum polarization is correlated with the applied voltage values. By
increasing the frequency value of the applied voltage, a flatter curve is obtained. The angle
of inclination of the curve depends on the concentration of the inorganic powder; e.g., an
angle of about 45◦ is observed at 10 Hz for the addition of 35% BaTiO3.

The hysteresis losses, the most relevant parameters for piezoelectric analysis, are
correlated with the volume of the hysteresis curve and expressed by Wloss. The ideal curve
for analyzing the piezoelectric features of the composite is the one at 0.1 Hz, where the
Wloss value reaches 2556.79 µJ/cm2.

The results are remarkable for a material without preliminary activation under a
tailored electric field, and the relatively high polarization at low frequencies is in line with
body reactions, which can be used as a source of energy harvesting via the piezoelectric
effect. Further, the features of such composites with activation under a tailored electric
field will be presented after the related piezoelectric devices are obtained by 3D printing
technology from the filaments achieved with composites with BaTiO3.
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3.6. Thermal Stability

TG-DSC (Differential Scanning Calorimetry) independently measures the heat flow
rates between a sample and a reference subjected to the same temperature program (isother-
mal or dynamic). The difference in heat flow between the sample and the reference, which
are heated (or cooled) over a certain temperature range, is then determined, and this differ-
ence is plotted as a function of temperature. The direction of the thermal flow towards the
DSC sensor is well defined and reproducible [38]. The results for the composite with 35%
BaTiO3 are presented in Figure 8.
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truding process pellets from thermoplastic composites may be manufactured, even if the 
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Figure 8. TG and DSC variation curves for the sample with 35% BaTiO3.

For such composite material, in addition to glass transition processes and chemical
oxidation processes, there is also a first-order phase transformation process (melting) due
to the TPO (PP) melting process. The maximum melting temperature is around 170 ◦C.

4. Development of 3D Printed Flexible Piezoelectric Structures

The development of flexible and elastic piezoelectric energy capture devices based
on customized composite elastomers and 3D printing technology involved modeling by
fused deposition of composite materials in the form of filaments. The preliminary tests
for making specific filaments for 3D printing with a diameter of 1.75 mm were carried
out on a small laboratory extruder (Figure 9) from extruded pellets. It is obvious that by
an extruding process pellets from thermoplastic composites may be manufactured, even
if the inorganic powder content goes towards 80–90%, but it is also well known that the
manufacture of rigorous filament in terms of dimeter tolerance and reasonable length
from thermoplastic composites with more than 10–15% inorganic powders is extremely
difficult, mainly due to the fragility of the filament, which in many cases breaks itself
under the reeling operation. On the other hand, at higher powder contents, the filament
homogeneity can suffer important changes under cooling operations due to dilatation,
exfoliation, or delamination processes. The purpose of the experiment was to develop the
optimal extrusion technology, i.e., to account for the optimal temperatures and the speed
of pulling the filament to make filaments with rigorously constant dimensions at higher
quantities of inorganic powders.
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with 35% BaTiO3; (a) pellets; (b) laboratory extruder; (c) temperature control; (d) filament generation
through the extruder head; (e) filament reel.

In this context, adequate thermal control of the extruder was important, with the used
temperature being between 180 and 190 ◦C and more composite recipes being tested [34].
Finally, the filament from the composite material with 35% BaTiO3 resulting from the
extrusion operation was elastic, mainly due to the innovative addition of TPO, even close to
the elasticity of rubber, but it provided good features to be used for 3D printing applications
as well and presented a reasonable variation in a maximum diameter of 10%. The optimal
temperatures were around 190 ◦C with a pulling speed of 15 cm/min. The filament
was homogenous, with a smooth surface and no mechanical defects, and had reasonable
winding features (Figure 9).

The preliminary 3D printing tests for the realization of structural models were per-
formed using an adapted laboratory 3D thermal printer with a maximum working surface
of 120 × 120 mm2. Other parameters taken into account for printing the models were
the viscosity and density of the topical filament. Preliminary testing of the 3D printing
parameters is listed in Table 2. A comparison was made between the experimental filaments
and the commercial ScotchBlue™ Original Painter’s Tape-type PLA filaments and revealed
similarities and compatibility by testing the successive depositions of the two filaments;
hence, the base deposition support can be made with the commercial one (Figure 10).
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Table 2. Setting the parameters of the laboratory 3D thermal printer.

Parameter Grid

Layer height 0.2 mm

Angle of deposition 90

Deposit density 100%

Print speed 15 mm/s

Nozzle diameter 0.4 mm

Base temperature 60 ◦C

Extrusion temperature 190 ◦C

Turns 2

MULTIPLIER 1.2
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Figure 10. Three-dimensional printed experimental structural model and the dedicated printer;
(a) rectangular parallelepiped mesh; (b,c) images of the tailored printer (face and side view).

Using the Solid Works CAD program or other specialized CAD software, 3D models
can be designed, e.g., one of the rectangular parallelepiped network types, which are in fact
a 25 × 25 × 1 mm mesh type. After the creation of the CAD model, it is transferred to the
laboratory 3D thermal printer software. The experimental structural model is presented in
Figure 10.

It was shown that the deposition of composite filament with 35% BaTiO3 was a conve-
nient process with no clogging of the nozzle, no problems with multilayer deposition, and
no 3D printing defects. In the end, very good precision structures were obtained experimen-
tally by adjusting the deposition parameters. Even precision mesh structures were made
at an angle of 90 compared to the initially planned one of 45 and at deposition densities
higher than 50% (Figure 11), to be further tested as basic devices for energy harvesting. As
a final comment on this chapter, we can estimate that the mesh structures manufactured
by thermal printing provide similar features as homologue structures described in the
literature, e.g., in [39], but these are achieved by less productive and more complicated and
expensive processes, i.e., stereolithography. Therefore, the advantages of the composite
recipe and technology for 3D printing described in this paper are obvious.
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For the development and integration of the signal processing circuits and the demon-
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cial test stand was developed, as in Figure 12, to produce tailored vibrations to activate 
the devices—here with functionality as piezoelectric sensors. To realize sensorial features, 
the mesh structures are covered on both sides with self-adhesive copper strips in order to 
collect the electrical charges obtained by piezoelectric phenomena. 

Figure 11. Three-dimensional printed devices for energy harvesting as precision mesh structures;
(a,b) tests with progressive deposition of filament with different angles; (c,d) final mesh structures
with different densities.

5. Testing the Energy Harvesting Features of 3D Printed Devices

For the development and integration of the signal processing circuits and the demon-
stration of the functionality of the energy harvesting features of 3D printed devices, a
special test stand was developed, as in Figure 12, to produce tailored vibrations to activate
the devices—here with functionality as piezoelectric sensors. To realize sensorial features,
the mesh structures are covered on both sides with self-adhesive copper strips in order to
collect the electrical charges obtained by piezoelectric phenomena.

To generate the vibrations, specialized equipment (2) with two windings was used
(composed of a fixed part and a mobile part, the mobile part being connected to the fixed
one by means of an elastic mechanical suspension), supplied with a constant voltage of
24 V dc from the direct voltage source (5) and also with alternating voltage from the
autotransformer (6). The vibration force is proportional to the currents absorbed by the
two windings, according to Equation (1):

Fdin = kIccIca (1)

The vibration frequency was up to 50 Hz, and their amplitude was proportional to
Fdin. When the position of the cursor of the autotransformer is changed, the increase in the
alternating voltage applied to the device (2) is achieved, and the mobile part (on which
the sensor (1) is placed) will start to vibrate, and thus a signal will be generated at the two
terminals of the self-adhesive copper strips of the sensor. Further, this signal is used to
charge a capacitor with the role of an energy harvester, and if a resistor R is connected to
the output of the sensor, the effective value U of the voltage of the oscillations generated by
the sensor can be measured, with the power value to be determined with Equation (2):

P = U2/R (2)
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Figure 12 as 3—capacitor charging circuit. 

Figure 12. The test stand used for the production and acquisition of the signal includes the following:
1—device/sensor; 2—vibration creation equipment; 3—capacitor charging circuit; 4—NI USB acquisi-
tion board—6001; 5—direct current source (constant voltage 24 V); 6—autotransformer (alternating
voltage supply)—for vibration increase/decrease regime.

In our case, a very common electronic processing module, as presented in Figure 13,
was used to collect the energy of the oscillations generated by the sensor and identified in
Figure 12 as 3—capacitor charging circuit.
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The analog signals when increasing the voltage of the vibration device, i.e., the vibra-
tion amplitude level increases, are presented in Figure 14. The signal on the sensor is rep-
resented by red oscillations, and the signal on the charging capacitor by white oscillations. 
The scale is related to signal period, and so the interpretation of the results is difficult 
without analyzing the real charging phenomenon. 
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That is why intelligent signal processing was embedded by using a virtual instru-
ment (VI) developed under the LabVIEW graphical programming environment [40], 

Figure 13. The circuit for acquiring and rectifying the voltage from the sensor.

The output from the sensor is applied to a rectifier bridge made with 4 Shottky diodes
of type 1N5818 in order to achieve a continuous charge process only and avoid the reverse
bias effect.

The time variation of the voltage u(t) on the capacitor is given by Equation (3), where U
is the voltage applied to the capacitor resulting from the rectification and R is the equivalent
load resistance of the capacitor.

u(t) = U
(

1 − e−
t

RCH

)
(3)

The maximum energy E accumulated in the capacitor to which the voltage U is applied
is given by Equation (4).

E =
CHU2

2
(4)
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The analog signals when increasing the voltage of the vibration device, i.e., the vi-
bration amplitude level increases, are presented in Figure 14. The signal on the sensor is
represented by red oscillations, and the signal on the charging capacitor by white oscilla-
tions. The scale is related to signal period, and so the interpretation of the results is difficult
without analyzing the real charging phenomenon.
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Figure 14. The analog signals by increasing the voltage/vibration level: sensor (red); charging
capacitor (white).

That is why intelligent signal processing was embedded by using a virtual instrument
(VI) developed under the LabVIEW graphical programming environment [40], briefly
presented in Figure 15. After the signal has been acquired with the acquisition board, it is
digitized and then transferred to the PC via the USB port. From the USB port, the acquired
signal is then processed and displayed using the VI. Block 1 is the data acquisition board
setup in subVI. The measured quantity will be set; in our case, it will be “AI Voltage”, i.e.,
the analog voltage. Block 2 is a block used to open a signal acquisition “task”. If this subVI
is not used, it is possible for the application to start an unsynchronized signal acquisition
by itself. If the “DAQmx Start Task VI” subVI and the “DAQmx Stop Task VI” subVI are
not used when the “DAQmx Read VI” subVI or the “DAQmx Write VI” subVI are used
multiple times (how it would be in a loop) and the acquisition starts and stops repeatedly,
starting and stopping a purchase repeatedly reduces app performance. For a continuous
acquisition of the signal, the acquisition block (3) is inserted into a “WHILE” loop (9) that
will run until an event occurs that will interrupt the running of this loop, either an error or
pressing the “STOP” button.
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Figure 15. Block diagram of the instrument.

Block 3 is the actual signal acquisition block and has been configured for the acqui-
sition of analog signals. Because we are acquiring signals on several channels, “Multiple
Channels” will be selected. Block (4) is a timer used to synchronize the acquisition with
the display. After acquiring the signals, these vectors in which the values are stored are
displayed value by value on display 5, after which these values are interpolated. These
values will be presented on the Y-axis vs. the X-axis, which will show the effective time.

SubVI (6) is used to close the “task” and is opened by block (2). Blocks (2) and (6) will
always be used together. The SubVI (7) will clear all values stored in the 1D-type variables
to prepare the VI for the next acquisition. The SubVI (8) will display an error message if
errors occur. A sample count of 100 has been set, so we will store the values in a 1D vector
variable.

The front panel of the signal acquisition instrument was designed to simulate different
functional regimes of the energy harvester, i.e., the resistor value, the time, the range (limits)
of the input voltage, and the number of signal samples to be processed vs. time.

Two signals are acquired, one directly from the sensor on channel A1 (the waveform is
red) and the signal from the capacitors on channel A0 (the waveform is white), the latter
being displayed separately for an analysis vs. charging time and charging regime.

The first experiments are performed with the sensor without a preliminary activation
with an electric field.

The signals from the sensor output and the charging voltage of the capacitor are
shown in Figure 16, where the increase in the amplitude of the signals and the energy
of the capacitor according to the value of the applied alternating voltage are presented.
The charging of the capacitor starts after the vibrations reach a minimum level, i.e., after
a voltage of min. 145 V (case 2) is applied. That is why, in case 1, at 100 V, no charge is
noticed. When the voltage exceeds 145 V (case 3), the amplitude of charge on the capacitor
increases.
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In Figure 17, this process is more explicitly explained, where in Figure 17b, 1–repre-
sents the individual charging voltage levels, and 2–represents the average charging char-
acteristic of the capacitor. When associating the digital signal on the capacitor with the 
charging characteristic. Here, 1 represents the instant charging values from the sensor 
(green), and 2 represents the cumulative charging of the capacitor (red curve). 
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Figure 16. Increasing vibration level at the test equipment (a) and the voltage/the energy level of the
capacitor (b), for: (1) 100 V; (2) 145 V; (3) 210 V—voltages applied to the test equipment.

In Figure 17, this process is more explicitly explained, where in Figure 17b, 1–represents
the individual charging voltage levels, and 2–represents the average charging characteristic
of the capacitor. When associating the digital signal on the capacitor with the charging
characteristic. Here, 1 represents the instant charging values from the sensor (green), and 2
represents the cumulative charging of the capacitor (red curve).

Polymers 2023, 15, 2548 19 of 25 
 

 

The first experiments are performed with the sensor without a preliminary activation 
with an electric field. 

The signals from the sensor output and the charging voltage of the capacitor are 
shown in Figure 16, where the increase in the amplitude of the signals and the energy of 
the capacitor according to the value of the applied alternating voltage are presented. The 
charging of the capacitor starts after the vibrations reach a minimum level, i.e., after a 
voltage of min. 145 V (case 2) is applied. That is why, in case 1, at 100 V, no charge is 
noticed. When the voltage exceeds 145 V (case 3), the amplitude of charge on the capacitor 
increases. 

 

                    (a)                                                        (b) 

Figure 16. Increasing vibration level at the test equipment (a) and the voltage/the energy level of the 
capacitor (b), for: (1) 100 V; (2) 145 V; (3) 210 V—voltages applied to the test equipment. 

In Figure 17, this process is more explicitly explained, where in Figure 17b, 1–repre-
sents the individual charging voltage levels, and 2–represents the average charging char-
acteristic of the capacitor. When associating the digital signal on the capacitor with the 
charging characteristic. Here, 1 represents the instant charging values from the sensor 
(green), and 2 represents the cumulative charging of the capacitor (red curve). 

 
(a) 

Figure 17. Cont.

425



Polymers 2023, 15, 2548Polymers 2023, 15, 2548 20 of 25 
 

 

 
(b) 

Figure 17. Digital signal on the capacitor (a) and charging characteristic (b), for the sensor without 
activation. 

As seen in Figure 17, a minimum charging voltage is needed for the process to start, 
associated with the amplitude of the vibrations corresponding to 145 V, as explained 
above. The transient regime depends on the signal applied to the capacitor, and so the 
capacitor charges exponentially until it is theoretically close to full charge, then it will 
charge more and more slowly until it is fully charged. The charging characteristic shows 
the relatively long period of transient regime of capacitor charge, in this case 11 s for the 
sensor without electrical activation. 

The following experiments are made with the sensor after the activation by the elec-
tric field. The sensor was activated by applying to its surfaces a continuous voltage of 31.6 
V for 72 h to ensure saturation of the hysteresis effect. 

Figure 16 shows the evolution of the signal on the capacitor when the vibrations in-
crease. 

Here also, the charging of the capacitor starts after the vibrations reach a minimum 
level, but much earlier compared to a non-activated sensor, i.e., after a voltage of min. 85 
V is applied (Figure 18). In this case, even the transient regime is minimal, and the re-
sponse to the increase in voltage in steps is immediate, as shown by the charging charac-
teristic in Figure 19, where the voltage on the capacitor immediately increases to 5.5 V. In 
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Figure 17. Digital signal on the capacitor (a) and charging characteristic (b), for the sensor without
activation.

As seen in Figure 17, a minimum charging voltage is needed for the process to start,
associated with the amplitude of the vibrations corresponding to 145 V, as explained above.
The transient regime depends on the signal applied to the capacitor, and so the capacitor
charges exponentially until it is theoretically close to full charge, then it will charge more
and more slowly until it is fully charged. The charging characteristic shows the relatively
long period of transient regime of capacitor charge, in this case 11 s for the sensor without
electrical activation.

The following experiments are made with the sensor after the activation by the electric
field. The sensor was activated by applying to its surfaces a continuous voltage of 31.6 V
for 72 h to ensure saturation of the hysteresis effect.

Figure 16 shows the evolution of the signal on the capacitor when the vibrations
increase.

Here also, the charging of the capacitor starts after the vibrations reach a minimum
level, but much earlier compared to a non-activated sensor, i.e., after a voltage of min. 85 V
is applied (Figure 18). In this case, even the transient regime is minimal, and the response
to the increase in voltage in steps is immediate, as shown by the charging characteristic
in Figure 19, where the voltage on the capacitor immediately increases to 5.5 V. In this
specified case of excitation in 4 steps, the capacitor reaches a state close to full charge after
about 13 s, e.g., 9 V.

At this point in the studies, the feature of ‘energy harvesting’ mode was demonstrated.
By preliminary activating the sensor in the electric field, the value of the electric signal
generated by the sensor increases, the efficiency of the sensor is higher, and the charging of
the capacitor is faster.

An interesting aspect occurs when comparing the non-activated and activated sensors
when the vibrations decrease.

In the case of a non-activated sensor, when the applied voltage goes below 140 V, the
sensor becomes passive, and the capacitor is not charged any more. However, in the case of
an activated sensor, the charging of the capacitor continues even if the voltage is decreased
to 70 V, until saturation (Figure 20) (when the black area becomes compact). In such cases,
we can also speak about a mechanical hysteresis in the behavior of electrically activated
matrix sensors. The conclusion is also sustained by analyzing the charging characteristic
when vibrations decrease (Figure 21), where the charging of the capacitor continues until
saturation. Here we practically reached the saturation charge of the capacitor, e.g., 11 V,
even under the conditions when the vibrations decreased up to the limit of 1 V on the
sensor.
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Figure 18. Vibration variation of the test equipment (a) and its influence upon the voltage on the 
capacitor (b), when the vibration increases on the activated sensor. 
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Figure 18. Vibration variation of the test equipment (a) and its influence upon the voltage on the
capacitor (b), when the vibration increases on the activated sensor.
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Figure 19. Digital signal on the capacitor (a) and charging characteristic (b) for the activated sensor.
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6. Conclusions

The overall picture based on the actual literature shows that many researchers are
carrying out research with the aim of testing piezoelectricity as the main source for energy
harvesting, and the applications are very innovative, especially in the case of flexible
piezoelectric systems.

Composite materials from polymer powders (TPU and TPO—herein polypropylene)
with the addition of BaTiO3 until 35% were manufactured and interdisciplinary tested,
and it was proved that the filler is well homogenized within the polymer structure with a
uniform dispersion. For such composite material, in addition to glass transition processes
and chemical oxidation processes, there is also a first-order phase transformation process—
melting, due to the TPO (PP) melting process.

The addition of BaTiO3 dramatically increases the relative dielectric permittivity, from
about 3 for pure polymers to about 10 for an addition of 12% BaTiO3, and finally to about 30
for an addition of 35% BaTiO3. In regard to the dielectric loss, at lower frequencies the effect
of interfacial polarization is detrimental, with a very significant increase for an addition of
35% BaTiO3. The piezoelectric characteristics of the composite with 35% BaTiO3, without
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preliminary activation under a tailored electric field, are remarkable, especially at lower
frequencies.

The filament extruded from the composite material with 35% BaTiO3 was very elastic,
close to the elasticity of rubber, but it provided good features to be used for 3D printing
applications and presented a variation in a maximum diameter of 10%.

The importance and degree of novelty of our study consist in the demonstration of the
operation in energy harvesting mode of the new concept of sensors made by 3D printing
technology, made in the form of thermoplastic composites deposited in various forms;
here, the testing was performed on a structure of rectangular network type, acting as a
piezoelectric sensor in a dedicated signal processing circuit.

It was technically demonstrated that the 3D thermal deposition of composite filament
with 35% BaTiO3 was a convenient process with no clogging of the nozzle, no problems
with multilayer deposition, and no 3D printing defects.

For the development and integration of the signal processing circuits and the demon-
stration of the functionality of the energy harvesting features of 3D printed devices, an
innovative test stand was developed and is assisted by a virtual instrument to produce
and analyze the tailored vibrations to activate devices with functionality as piezoelectric
sensors. As brief conclusions upon the electronic tests performed with non-activated and
electrically activated devices:

- The electrically activated device has superior performance in terms of the generated
electrical signal; the device with 35% BaTiO3 has an immediate and proportional
response to periodic mechanical excitation.

- The device, with a higher concentration of BaTiO3 and a quasi-4D effect with frequency,
responds better at lower frequencies to the variation of mechanical oscillations and
achieves a quasi-uniform charging of the capacitor of the energy harvesting circuit,
even if the mechanical oscillations become reduced in intensity.

- The higher the concentration of BaTiO3, the lower the minimum response threshold
at low levels of mechanical oscillations, with an induced mechanical hysteresis effect
when the mechanical oscillations decrease.

Such flexible piezoelectric systems can be used in various biomedical devices (as
wearable electronics or intelligent prosthesis), generating enough energy to make such
devices completely autonomous only by exploiting body movements at variable low
frequencies.
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Abstract: The scientific literature regarding additive manufacturing, mainly the material extrusion
method, suggests that the mechanical characteristics of the parts obtained by this technology depend
on a number of the input factors specific to the printing process, such as printing temperature, printing
trajectory, layer height, etc., and also on the post-process operations for parts, which, unfortunately,
requires supplementary setups, equipment, and multiple steps that raise the overall costs. Therefore,
this paper aims to investigate the influence of the printing direction, the thickness of the deposited
material layer, and the temperature of the previously deposited material layer on the part tensile
strength, hardness by means of Shore D and Martens hardness, and surface finish by using an
in-process annealing method. A Taguchi L9 DOE plan was developed for this purpose, where the test
specimens, with dimensions according to ISO 527-2 type B, were analysed. The results showed that
the presented in-process treatment method is possible and could lead to sustainable and cost-effective
manufacturing processes. The varied input factors influenced all the studied parameters. Tensile
strength tended to increase, up to 12.5%, when the in-process heat treatment was applied, showed
a positive linear variation with nozzle diameter, and presented considerable variations with the
printing direction. Shore D and Martens hardness had similar variations, and it could be observed
that by applying the mentioned in-process heat treatment, the overall values tended to decrease.
Printing direction had a negligible impact on the additively manufactured parts’ hardness. At the
same time, the nozzle diameter presented considerable variations, up to 36% for Martens hardness
and 4% for Shore D, when higher diameter nozzles were used. The ANOVA analysis highlighted that
the statistically significant factors were the nozzle diameter for the part’s hardness and the printing
direction for the tensile strength.

Keywords: additive manufacturing; PLA; annealing; surface quality; mechanical proprieties

1. Introduction

Recently, additive manufacturing technology has been gaining momentum both in
industry, with applications in the automotive, medical, aerospace, etc. industries [1], and in
academia, due to the possibility of manufacturing parts with complex surfaces [2] at low
costs, especially when using FDM (fused deposition modelling) [3].

In the FDM process, also known as the MEX (material extrusion) process [4], one
of the most widely used materials, at the expense of petroleum-based polymers [5,6], is
polylactic acid (PLA), a polymer that has a semi-crystalline structure, is biodegradable, and
has good physical properties. Since the manufacturing process results in parts with low
mechanical and thermal properties [6–9], the literature also presents different methods to
improve these properties by reinforcing the polymer with other materials such as carbon
fibre [10], glass fibre [11], and natural fibre [12], and post-processing methods, such as heat
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treatment [13–15] or chemical treatment [16,17], which involve additional steps and costs,
thus also increasing the manufacturing time. Regarding the application of heat treatment
on parts made of PLA by the FDM method, several research studies have been carried
out [14,18–22], and it has been proven that the mechanical properties of the tested specimens
improved drastically when the obtained parts were subjected to heat treatment post-
processing. The results obtained by the authors showed that the mechanical properties are
enhanced by applying a heat treatment at an optimal temperature between the polymer’s
glass transition temperature and the cold crystallisation temperature [20], in the range
of 80–120 ◦C. The literature published on these issues [14] highlights that by applying
heat treatment, the material’s crystallinity level increases, which leads to an increase in
mechanical properties, by up to 49%, and thermal resistance, consequently raising the glass
transition point. In addition, in the case of parts made of PLA polymers, the influence of
heat treatment at a temperature in the range of 65–95 ◦C leads to an improvement in the
mechanical properties by 11–17% and in the crystallinity level by about 25% [19].

Other research [23] addresses the problem of interlayer adhesion. When using a
pre-deposition heating method such as near-layer laser heating to increase the interlayer
interface temperature above the critical interpenetrating diffusion temperature, the inter-
layer bond strength is enhanced. Results obtained by the authors showed an increase of up
to 50% in the mechanical properties; the fracture behaviour of these interlayer interfaces
becomes ductile, and plastic deformation is observed.

Regarding the surface hardness of additively manufactured parts, the literature presents
several investigations for different types of materials used in the MEX process [24–27], in-
cluding Martens-type micro-hardness [28–30]. Several research studies have been carried
out on the influence of heat treatment on the hardness of PLA additively manufactured
parts [31,32]. Following the experimental determinations in [31], the results obtained by the
authors showed that by applying heat treatment, the tensile strength increased considerably,
by up to 35%, while the hardness of the parts subjected to heat treatment decreased, with
the values fluctuating depending on the printing direction of the specimens. Furthermore,
the parts did not show plastic deformation when applying a heat treatment at a temperature
in the range of 55–80 ◦C. Still, at a temperature of 95 ◦C, the parts showed a degree of
dimensional deviations and were not analysed further. However, regardless of the printing
direction, applying a heat treatment with temperature values in the above-mentioned
range increases the ultimate tensile strength (UTS). The same trend was also observed
in [32], where, by applying heat treatment in the range 70 ◦C−90 ◦C, authors observed
a considerable improvement in UTS values. However, the values for surface hardness
showed an increased variability, which requires further studies on the influence of heat
treatment on hardness, as present in this paper.

Furthermore, in the research domain, the tendency to replace post-processing with
in-processing technologies was observed. The speciality literature offers a series of research
studies based on in-process applications meant to improve the mechanical properties,
surface quality, or even colourisation of the parts [33–35]. However, related to the influence
of in-process heat treatment, the literature provides limited information, especially on
Martens hardness, which represents a research opportunity and provides this study the
novelty of this research.

In this paper, the possibility of applying heat treatment with a hot air jet, at tempera-
tures of 80 ◦C, locally, throughout the actual printing process is explored, reducing working
time, manufacturing space, and the effects on the adhesion between the deposited layers.
In order to solve these objectives, a Taguchi DOE L9 design was developed, which allowed
the study of the influence of temperature, printing direction, and nozzle size on the tensile
strength, roughness, and surface micro-hardness of the printed parts. The tests were carried
out in accordance with the ISO 527 standard: Plastics—Determination of tensile properties,
Parts 1 and 2 [36,37].

In Section 2, the experimental design and equipment used to achieve the proposed
objectives are presented in detail, and in Section 3, the results are analysed and discussed.
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The experimental values obtained and included in the experimental design were analysed
using Minitab software, which allowed for the plotting of variation graphs of the mean
effects and Pareto graphs representing the degree of influence of each factor. At the same
time, by applying the Taguchi experimental design, it was possible to apply ANOVA-
type (analysis of variance) analyses to determine the statistically significant factors. The
experimental results revealed that when using the in-process local heat treatment method,
the values for UTS increased, and the values for hardness and surface roughness decreased.
However, as observed in the literature [26], the values obtained vary depending on the
printing direction and nozzle size.

2. Experimental Setup

To achieve the proposed objectives, a research plan shown in Figure 1 was created,
which graphically illustrates the steps of this article. The ISO 527 type 1B specimens were
printed according to the description in Section 2.1. They were then tested in terms of tensile
strength, hardness, micro-hardness, and surface roughness with the equipment described
in Section 2.2. The values obtained after the testing made in accordance with the Taguchi
L9 DOE plan are analysed and discussed in Section 3.
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Figure 1. The experimental program.

The proposed Taguchi design of experiments (DOE) is shown in Table 1. In order to
study the influence of the above-mentioned factors, three levels of variation were considered
for the three factors (nozzle diameter, part temperature, and printing direction), noted with
1, 2 and 3 in Table 1 and corresponding with the values presented in Table 2.
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Table 1. Taguchi L27 DOE.

Test Number Nozzle Size Heat Temperature Printing Direction

1
1

1 1
2 2 2
3 3 3

4
2

1 2
5 2 3
6 3 1

7
3

1 3
8 2 1
9 3 2

Table 2. Levels of variation for the factors used in the Taguchi DOE design.

Levels
A B C
Nozzle Size [mm] Part Temperature [◦C] Printing Direction

1 0.5 mm No heat X
2 0.6 mm Heated build platform at 50 ◦C Y
3 0.8 mm Local heating at 80 ◦C Z

2.1. Sample Preparation and Materials

The specimens made according to ISO 527-2 type B [36] have the geometry shown
in Figure 2a. They were fabricated in all three directions (Figure 2b) using a Creality
3D printer, type CR6-Se; a SUNLU filament dryer, where the filament was dried before
and during use at 40 ◦C; and a Wagner Furno 750 hot air gun, with the possibility of
adjusting the temperature by 10 ◦C, in the range 50–630 ◦C (Figure 3). Furthermore, in the
printing process, the Z seam position was selected to be placed in the corners of the parts
to remove the influence of layer height shifting on the UTS of the specimens, as seen in the
literature [13,38].
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The tested material is PLA (polylactic acid) (produced by eSUN—Shenzhen Esun
Industrial Co., Ltd., based in Shenzhen, China), a biodegradable and bioactive thermoplastic
polymer that is commonly used in additive manufacturing due to its ease of use, low toxicity,
and availability. The tested material’s chemical composition and properties according to
the technical and material safety data sheets [39,40] are shown in Table 3. The printing
parameters that were kept constant have the values shown in Table 4.

Table 3. Material properties.

Material Density
(g/cm3)

Heat Distortion Temp
(°C, 0.45 MPa)

Melt Flow Index
(g/10 min)

Tensile
Strength [MPa]

Flexural
Modulus [MPa] Polylactic Acid

PLA 1.2 53 3.5 75 1915 99.8%

Table 4. Additive manufacturing constant parameters.

Parameter Values Parameter Values

Layer height 0.3 [mm] Print speed 50 [mm/s]
Infill 20% Travel speed 150 [mm/s]
Infill type Cubic Retraction distance 6.5 [mm]
Printing temperature 215 [◦C] Cooling ON

A FLIR X6540sc thermal imaging camera was used to study the temperature of the
printing area. It was found that the temperature of the printing area shows significant
variations during the printing process, with considerable decreases when new material is
deposited (Figure 4).
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In order to eliminate this problem, the deposition process was assisted by a hot air
heating system using a Wagner blower, which maintains a constant temperature (Figure 5)
throughout the deposition process (80 ◦C).
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2.2. Testing Equipment

To determine the tensile strength, a GUNT testing machine was used (Figure 6a),
assisted by a computer equipped with software for data processing. The values obtained
experimentally were analysed, and variation graphs were made.
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ation of heights, which uses a predefined 0.8 mm robust Gaussian L-filter. Furthermore, 
the surface roughness measurements were made in a 2 × 1.5 mm2 area, and both directions 
of the roughness were taken into consideration. 

Figure 6. GUNT universal testing unit: (a) testing machine; (b) obtained tensile strength result image.

The surface roughness study was carried out with a Mahr CWM 100 confocal mi-
croscope and interferometer, without contact, and with NC positioning of the samples
in the central region of the specimen (Figure 7). The obtained surface topography was
analysed using the related MountainsLab 8.1 software, where it was possible to obtain the
surface texture parameter (Sq). This parameter is an (ISO 25178) equivalent to the standard
deviation of heights, which uses a predefined 0.8 mm robust Gaussian L-filter. Furthermore,
the surface roughness measurements were made in a 2 × 1.5 mm2 area, and both directions
of the roughness were taken into consideration.
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The hardness of the tested parts was considered from multiple points of view. Firstly,
the microhardness of test specimens was investigated and evaluated using the Shimadzu
DUH-211S microhardness tester (Figure 8 to obtain the Martens hardness (Figure 9), as
well as using a digital Shore D durometer to obtain the Shore hardness.
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Figure 8. Hardness testing: (a) Shimadzu DUH-211S microhardness tester (1), sample manual
positioning system (2), footprint optical viewing system (3), image pickup video system CCD (4),
hardness measurement and footprint inspection software (5); (b) test specimen; (c) Shore D durometer.
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Secondly, the tests were carried out according to ISO 868:2003 [41], where the inden-
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part wall is created and can be considered 100% infill. The measuring tests were repeated 
five times, and the average value was considered. 

In this study, the surface on the build platform was not taken into consideration, 
given that the part was printed on a tempered glass build platform and, therefore, the 
surface roughness is much lower than that of the rest of the part surfaces. Even more, on 
that specific surface, the hardness is higher. Usually, the first layers that coincide with that 
surface have different printing conditions, of which the most relevant are lower layer 
height and lower printing speeds. Therefore, the testing was made on the surfaces that 
differed from the build platform, and the indentation point was at least 9 mm farther from 
that specific surface.  
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Figure 9. Hardness testing results: (a) optical image; (b) resulted graph; (c) indentation point.

Secondly, the tests were carried out according to ISO 868:2003 [41], where the indenta-
tion position and specimen size parameters were repeated (Figure 10a) and the Shore D
tests were also repeated at the edge of the specimens (Figure 10b), in the area where the
part wall is created and can be considered 100% infill. The measuring tests were repeated
five times, and the average value was considered.
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Figure 10. Indentation position: (a) in accordance with ISO 969:2003; (b) on walls.

In this study, the surface on the build platform was not taken into consideration, given
that the part was printed on a tempered glass build platform and, therefore, the surface
roughness is much lower than that of the rest of the part surfaces. Even more, on that
specific surface, the hardness is higher. Usually, the first layers that coincide with that
surface have different printing conditions, of which the most relevant are lower layer height
and lower printing speeds. Therefore, the testing was made on the surfaces that differed
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from the build platform, and the indentation point was at least 9 mm farther from that
specific surface.

3. Results and Discussions

Following the experimental determinations, the values obtained have been included
in Table 5, which coincides with the Taguchi L9 plan presented in Section 2, Table 1.

Table 5. Experimental values.

Test Number Tensile
Strength [MPa]

Shore D
Hardness [HD]

Martens
Hardness,

HMV [N/mm2]

Printing Duration
[min]

Surface Roughness,
Sq [µm]

1 35.0 84.0 160.765 32 49.237
2 37.5 83.0 156.843 38 57.613
3 12.5 81.7 153.672 61 37.431
4 45.0 81.5 150.406 33 56.215
5 15.0 81.2 133.415 64 49.923
6 42.5 81.0 132.185 28 38.683
7 20.0 80.3 119.970 59 65.826
8 45.0 79.2 113.623 24 53.660
9 57.5 79.7 111.014 29 28.857

3.1. Tensile Strength

Obtained values for tensile strength ranged between 12.5 MPa and 57.5 MPa, which is
also observed in other research studies [20,24,42]. Compared with the values offered by the
manufacturer (Table 3), it can be seen that the results for the tensile strength from this study
are lower. However, this phenomenon can be explained by the manufacturer providing the
tensile strength for parts with 100% infill.

The experimental results obtained for the tensile strength allowed for drawing of
dependence curves for the mean effects of the three factors considered (Figure 11). It can be
seen that the tensile strength of the specimen increases substantially with increasing nozzle
diameter (20.56% for 0.6 mm nozzle and 44.13% for 0.8 mm nozzle), decreases by 2.5% with
increasing build platform temperature and increases by 12.5% if the temperature is kept
constant at 80 ◦C during the printing process.
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By analysing the values obtained and the graphical representation in the above graph,
it was possible to draw up Table 6, where the symbols ↑ and ↓ represent growth and
decline, respectively.
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Table 6. Obtained results’ percentage variation for tensile strength.

Level Nozzle Size Part Temperature Printing Direction
Value Variation Value Variation Value Variation

1 0.5 - 0 - X -
2 0.6 ↑ 20.56% 50 ↓ 2.5% Y ↑ 14.11%
3 0.8 ↑ 44.13% 80 ↑ 12.5% Z ↓ 61.35%

The results obtained confirm the conclusions presented in the works [19,43] concerning
the tensile strength and the influence of the nozzle size. An increase of 20.5% in the
tensile strength can be observed when using the 0.6 mm nozzle and 19.5% when using the
0.8 mm nozzle. These values are explained by the reduction in the number of layers used
for printing the walls, but also in the interlayer contact dimension. Other explanations
for this phenomenon may be due to the increased adhesion between the layers due to the
density changes of the test specimens, proven in the literature [43,44], where the authors
concluded that by increasing the nozzle size, the density of the specimens also increases.
Another explanation may be the fact that the wider the nozzle diameter, the longer the
layers stay at a maintenance temperature that allows the material to settle better due to
thermal convection [34].

Regarding the influence of the printing direction on the tensile strength, the experi-
mental tests showed an increase of 14.11% in the case of the Y-direction and 61.35% in the
case of the Z-direction, variations similar to those found in the literature [18].

However, compared to the X-direction, higher values for the tensile strength were
obtained when parts were printed in the Y-direction. This may also be due to changes in
the cross-section of the specimens. Due to the positioning and orientation of the lines of
the layers, the tensile strength varies considerably. Figure 12 shows the settings used for
printing in the X and Y directions.
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Figure 12. Test specimens: (a) flat specimen, printed in the X-direction; (b) specimen printed in
Y-direction.

The lines of the outer walls are different from one printing direction to another, which
influences the area of occurrence of the bottleneck where the material breaks and the
morphology of the apparent section of the specimen, and, therefore, the tensile strength.
In the present case, the high results of tensile strength for parts printed in the Y-direction
are due to the fact that the total volume of the upper and lower surfaces of the specimen is
kept constant by depositing material in the form of continuous, straight lines at 0–90◦.
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By applying the experimental design presented in subchapter 2.1, it was possible to em-
ploy an ANOVA analysis (Table 7), from which resulted the level of statistical significance
(Figure 13).

Table 7. ANOVA analysis for tensile strength.

Source DF Adj SS Adj MS F-Value p-Value

Regression 6 1887.50 314.583 64.71 0.015
Nozzle size 2 234.72 117.361 24.14 0.040
Part
temperature 2 43.06 21.528 4.43 0.184

Printing
direction 2 1609.72 804.861 165.57 0.006

Error 2 9.72 4.861
Total 8 1897.22
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Figure 13. Graphical illustration of the degree of influence of studied factors on tensile strength.

The results obtained from the ANOVA analysis showed an almost insignificant varia-
tion in the tensile strength when only the temperature of the printing platform was used,
whereas when the heating method described in Section 2.1 was used, the values showed
an improvement of up to 12.5% in tensile strength. Given this, it can be concluded that
by applying local heating, the tensile strength increases, confirming other research studies
from the literature related to the application of heat treatment [31,32,45]. However, the
values obtained for the tensile strength have a smaller variation than those obtained by
other researchers between parts without annealing and parts with annealing. This may
be due to the duration of the treatment application. In most of the research studies, the
experiments involved increased treatment application times, whereas in this case, the expo-
sure time of the parts to local heat treatment depends on the part size and printing speed.
In this case, the duration of local heat treatment on the parts coincides with the printing
duration, calculated in the slicing software Cura 5.2.2, shown in Table 5. Of the factors
studied, the ANOVA analysis revealed that the statistically significant factors influencing
the tensile strength variation were printing direction with 65.2% influence, followed by
nozzle diameter with 24.68% influence, and finally, temperature with 10.12% influence.

3.2. Hardness

The surface hardness results gave similar values regardless of indentation position.
For this reason, only the results of tests performed according to ISO 969:2003 were con-
sidered. Similarly, the variations in the type of test show the same trends. The graphs
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in Figures 14 and 15 represent the variation in the mean effects of Shore D hardness and
Martens, respectively.
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Following the variation graphs shown above, it can be considered that the values
obtained for hardness are opposite to those for tensile strength. Comparing the results
obtained with those found in the literature, it is found that they fall within the range of
79–84 HD, values also obtained by other researchers [26,31], raising the degree of confidence
in the accuracy of the values obtained in this study.

The level of variation and direction of hardness trends for both types of tests are
presented in Table 8.

Table 8. The level of variation and direction of hardness trends for both types of tests.

Level Nozzle Size Part Temperature Printing Direction
Value Variation Value Variation Value Variation

Shore D
1 0.5 - 0 - X -
2 0.6 ↓ 2.05% 50 ↓ 1.03% Y - 0%
3 0.8 ↓ 3.97% 80 ↓ 1.44% Z ↓ 0.41%

Value Variation Value Variation Value Variation

Martens
1 0.5 - 0 - X -
2 0.6 ↓ 13.29% 50 ↓ 6.75% Y ↑ 2.88%
3 0.8 ↓ 36.76% 80 ↓ 8.64% Z ↑ 0.08%
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Contrary to the trends observed for the tensile tests, it can be seen that surface hardness
decreases with increasing nozzle diameter by up to 3.97% for Shore D hardness and 36.76%
for Martens hardness when nozzles larger than 0.5 mm in diameter were used. Research
in the field [43] has shown that in MEX fabrication, even when 100% infill was used, air
voids occur between the deposited layers due to improper adhesion. It was observed that
by increasing the nozzle diameter, the apparent density of the specimens changes, and
significant voids appear in the internal structure of the specimens with sizes up to 254 µm
when using 0.8 mm diameter nozzles. Moreover, in some cases, the material shows air
pores due to nozzle wear or gas evacuation produced by filament moisture [34], leading to
morphological changes in the material and, consequently, to the size and homogeneity of
the specimen’s apparent section (Figure 16).
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Figure 16. Surface analysis: (a) microscopical view; (b) surface topography [34].

In this sense, it can be concluded that the variation for hardness obtained with the
nozzle diameter is due to the thickness of the deposited material layer’s lines, which
implicitly leads to a larger volume of air pores between the layers, thus resulting in lower
values for the hardness of the material studied.

By using the local heating method, the hardness trend is decreasing, an aspect also
observed by other researchers [31] who used conventional post-processing annealing
methods. The recorded values showed up to 1.44% variation for Shore hardness and
8.64% for Martens hardness when 80 ◦C temperature was used. This trend, in addition to
the morphological changes of the semi-crystalline structure material, may also be due to
the reduction in the internal stresses of the heat-treated material, as concluded by other
researchers [15,18].

The hardness values as a function of printing direction have slight variations. However,
their trend has also been observed in the literature [45], where it was deduced that the
highest hardness was obtained when the horizontal printing direction was used, and the
lowest values were recorded when the parts were printed in the Z-direction.

The ANOVA analysis revealed that, of all the factors studied for both types of hardness,
the statistically significant factor (p-value < 0.05) was nozzle diameter (Table 9 for Shore
hardness and Table 10 for Martens hardness).
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Table 9. ANOVA analysis for Shore D hardness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 16.6474 5.5491 14.13 0.007
Nozzle size 1 14.3353 14.3353 36.50 0.002
Part
temperature 1 2.1454 2.1454 5.46 0.067

Printing
direction 1 0.1667 0.1667 0.42 0.544

Error 5 1.9637 0.3927
Total 8 18.6111

Table 10. ANOVA analysis for Martens hardness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 6 2936.47 489.41 35.72 0.027
Nozzle size 2 2688.79 1344.39 98.12 0.010
Part
temperature 2 218.52 109.26 7.97 0.111

Printing
direction 2 29.16 14.58 1.06 0.484

Error 2 27.40 13.70
Total 8 2963.87

However, considering the Pareto charts in Figures 17 and 18, it can be seen that the
local heating application also has a high degree of influence. The significance levels for
both types of hardness have been listed in Table 10.
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From Table 11, it can be seen that temperature influences Martens hardness by about
20% and Shore hardness by 20%, showing that the application of this type of local heating
has an influence on the mechanical characteristics of the resulting parts. Moreover, the vari-
ations presented in this paper in both the hardness of the parts and the tensile strength have
the same trends as those found in the literature, raising the confidence in the application of
the in-process local heat treatment method.
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Table 11. Obtained results’ percentage variation for hardness.

Factor Shore D Martens

Nozzle size 66.90% 73.35%
Temperature 25.88% 20.34%
Printing direction 7.210% 6.320%

3.3. Surface Roughness

Surface roughness measurements were made on the surfaces coinciding with the layer
height, in this case, as shown in Figure 19, on the red surfaces. However, the values for the
surfaces parallel to the build platform were also compared as a function of nozzle diameter.
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As specified in Section 2 for hardness, the surface roughness tests also did not take
into account the surface on the printer platform. However, Table 12 shows comparative
results between a surface on the build platform and an opposing surface. Moreover, the
table also shows a comparison between a simple tempered glass build platform and a
build platform covered by microporous coating. It can be seen that due to the different
manufacturing conditions for the first layers and the use of tempered glass as the build
platform, the values showed a big difference, with the lowest roughness being obtained for
the surface on the build platform.

Table 12. Roughness values for surfaces on the build platform and opposite.

Surface on Simple Tempered
Glass Build Platform

Surface on Coated Tempered
Glass Build Platform

Surface Opposite to
Build Platform

3D image

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

2D image

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Profile

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Polymers 2023, 15, 2367 16 of 21 
 

 

build platform). The microporous coating used for the build platform was a carborundum 
(SiC) produced by Creality 3D, which is specific for the 3D printer used in the 3D experi-
ments. However, the surface opposite from the build platform presented up to 38× higher 
surface roughness values compared to those obtained for the two types of build platforms. 

Table 12. Roughness values for surfaces on the build platform and opposite. 

 Surface on Simple Tempered Glass 
Build Platform 

Surface on Coated Tempered 
Glass Build Platform 

Surface Opposite to Build Platform 

3D 
image 

   

2D 
image 

    

Profile 
 

 
 

 
 

 
Sq 2.63 µm 5.10 µm 99.3 µm 

On the basis of the experimental results for surface roughness, it was possible to gen-
erate the mean effect plots (Figure 20) and significance plots of the factors studied, result-
ing from an ANOVA analysis (Table 13, Figure 21). 

 
Figure 20. Variation in mean effects for surface roughness.  

Sq 2.63 µm 5.10 µm 99.3 µm

The results from Table 12 show a major difference between the surface roughness on
the build platform and the surface roughness of the surfaces opposite to the build platform.
In this case, the simple tempered glass build platform corresponded to the best surface
roughness values (Sq = 2.63 µm, compared to Sq = 5.10 µm obtained for the coated build
platform). The microporous coating used for the build platform was a carborundum (SiC)
produced by Creality 3D, which is specific for the 3D printer used in the 3D experiments.
However, the surface opposite from the build platform presented up to 38× higher surface
roughness values compared to those obtained for the two types of build platforms.

On the basis of the experimental results for surface roughness, it was possible to
generate the mean effect plots (Figure 20) and significance plots of the factors studied,
resulting from an ANOVA analysis (Table 13, Figure 21).
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Table 13. ANOVA analysis for surface roughness.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 639.94 213.313 2.55 0.169
Nozzle size 1 2.80 2.796 0.03 0.862
Part
temperature 1 618.42 618.416 7.40 0.042

Printing
direction 1 18.73 18.727 0.22 0.656

Error 5 417.70 83.541
Total 8 1057.64
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In the case of parts printed in any direction, and regardless of the heat treatment,
due to the fact that the layer height was kept constant, the results for surface roughness
as a function of nozzle diameter showed very small variations, up to 2.81%, with the
values falling within the range of 48–49.5 µm. However, the presented analysis shows an
increasing trend for surface roughness values with increasing nozzle diameter, an aspect
also observed in other studies [46,47].

The analysis highlighted that the in-process heat treatment had the most impact on the
resulting surface roughness. A small variation of 6.25% was obtained when only the build
platform temperature was used, followed by a considerable improvement in the surface
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roughness by 63.17% when the in-process heat treatment was used, compared with no heat.
Additionally, an ANOVA analysis showed that the statistically significant factor, on surface
roughness, with 79.53% significance, was temperature.

Printing direction shows neglectable variation for the X and Y directions, while an
8.19% increase in surface roughness was observed for parts manufactured in the Z direction.
This aspect may be explained by the parts’ dimensions and the used 3D printer type. The
used 3D printer was a bed slinger type, which uses the build platform to move in the
Y-direction, influencing the stability of thin and tall parts.

Table 14 presents the overall variation percentage and the degree of influence resulting
from the analysis. An ANOVA analysis shows the degree of influence of all the studied
factors. In this study, the statistically significant factor (p-value < 0.5) was the part tem-
perature with 79.53% influence, followed by printing direction with 14.92% influence, and
finally, the nozzle size with 5.55% influence.

Table 14. Obtained results’ percentage variation and degree of influence for surface roughness.

Level Nozzle Size Part Temperature Printing Direction
Value Variation Value Variation Value Variation

1 0.5 - 0 - X -
2 0.6 ↑ 0.37% 50 ↓ 6.25% Y ↑ 0.78%
3 0.8 ↑ 2.81% 80 ↓ 63.17% Z ↑ 8.19%

Degree of variation according to the ANOVA analysis
Percentage 5.55% 79.53% 14.92%

Another important aspect was observed when the results for surface roughness were
compared with the values obtained for the flat surfaces, perpendicular with the nozzle
(Figure 19). Figure 22 shows the results for surface roughness as a function of nozzle
diameter, for the surfaces of the part parallel and opposite to the build platform.
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From Figure 22, it can be seen that, contrary to the results for surface roughness
for surfaces that coincide with layer height (Figure 20), the values tend to decrease with
increasing nozzle size. This aspect is justified by the fact that with increasing nozzle di-
ameter, the interlayer adhesions are fewer and depend on the extrusion width. With
increasing nozzle diameter, extrusion width also increases, requiring fewer layers to
print a surface.
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4. Conclusions

The analysis of the results obtained in this paper, related to the factors of influence
considered, shows that the direction of printing and the nozzle diameter have the most
significant influence on the tensile strength. In this case, given the input factors used, the
temperature of the part does not have a major influence on the tensile strength, but it is
not negligible. With the results obtained, it can be considered that the application of heat
treatment during the process is possible. Keeping the temperature constant has influences
on the tensile strength up to the critical melting temperature (the temperature at which the
material plasticises massively), after which the deposition process cannot be continued.

The experimental values and trends are in agreement with the results obtained by
other researchers in the literature [18,31,32,47,48]. This convergence of results from multiple
sources significantly bolsters the confidence level associated with the outcomes presented
in this paper, further confirms the possibility of applying in-process annealing during
additive manufacturing, and also strengthens the reliability and significance of the multiple
research studies from the literature.

For this study, the presented in-process heat treatment was applied on small parts
with flat surfaces, with the heat being blown in one direction. Following the previous
conclusion and the results from this study, the in-process heat treatment methodology will
be optimised in the future, which offers the opportunity for more studies regarding the
in-process heat treatment impact on larger parts with complex shapes.

The in-process heat treatment helps with the adhesion of the layers, resulting in an
improvement in tensile strength by about 12.5% and an improved roughness by 12%, which
demonstrates that the application of in-process heat treatment is feasible and can provide
opportunities for further research by optimising the process. Regarding the hardness of the
material, the results obtained confirmed the results of other research [28] and showed that
by applying in-process heat treatment, due to morphological changes of the semi-crystalline
material, the hardness decreases.

Nozzle diameter positively influences tensile strength, leading to an increase of about
44% when using a 0.8 mm diameter nozzle. At the same time, air voids in the material, as
demonstrated in the literature [43], lead to a significant decrease in material hardness, with
nozzle diameter being the factor with the highest statistical significance (p-value < 0.05).

Surface texture is an important factor for part functionality. In MEX processes the
surface roughness is determined by the specific way in which melted material flows
through the extruding nozzle and is deposited in the part as layers. The extruded material’s
proprieties are also strongly influenced by the printing temperature and cooling speed.
The in-process heat treatment technique reheats the deposited material layers and slows
the cooling of the new material layers that are being deposited. The experimental data
showed that, for parts with higher surface quality demands, if in-process heat treatment
is considered, the previous layer temperature should be one of the main parameters
that needs careful selection. The surface roughness Sq parameter improves by 63.17%
when in-process heat treatment is used and is approximately constant over the entire
printed part. For the specific printing conditions considered in this study, the nozzle
diameter and the printing direction parameter did not exhibit a significant influence on the
surface roughness.

The printing direction greatly impacted the tensile strength, where the lowest values
were obtained when the parts were printed in the Z-direction and the highest when printed
in the Y-direction. Upon hardness, the printing direction had a low influence.
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Abstract: The effect of short carbon fiber (SCF) filler on the mechanical properties of 3D-printed
acrylonitrile butadiene styrene (ABS) was investigated. The fused filament fabrication (FFF) method
was used for the manufacturing of samples. Elastic properties and strength characteristics of samples
made of conventional ABS and SCF-reinforced ABS were compared in tensile and bending tests.
Fracture toughness and critical strain energy release rate were also determined. In addition, 3D-
printed monofilament SCF-reinforced samples were fabricated, the internal structure of which was
analyzed using microcomputed tomography (micro-CT). Based on the tomography data, finite-
element (FE) models of representative volume elements (RVEs) of the reinforced material were created
and used for the numerical calculation of effective characteristics. Numerical and experimental results
for the effective elastic properties were compared with the Mori-Tanaka homogenization technique.
The ABS samples filled with SCF showed considerably higher mechanical characteristics than those
of the conventional ABS. Finally, the dependence between the strength characteristics and elastic
properties of the samples on the diameter of the nozzle used for 3D printing was established. 3D-
printed ABS reinforced with SCF demonstrated a gain in tensile strength and fracture toughness by
30% and 20%, respectively. Interlayer adhesion strength in flexure tests showed an increase of 28%
compared to pure ABS samples.

Keywords: 3D printing; ABS; short carbon fiber; mechanical tests; FE model; elastic characteristics;
strength; fracture toughness

1. Introduction

Additive manufacturing in the form of 3D printing based on layer-by-layer material
deposition is currently used for manufacturing parts with complex geometry [1]. One of
the most accessible methods of 3D printing is fused filament fabrication (FFF), which works
with polymeric materials in the form of a filament [2,3]. A large variety of thermoplastic
polymers were adapted to be used with this method. In addition to the initial material
properties, the effective mechanical characteristics of the manufactured products are in-
fluenced by printing parameters, such as nozzle diameter, infill pattern and angle, infill
density, printing speed and others [4], as well as different types of postprocessing treat-
ment [5,6]. Additive composites with a polymer matrix and natural or synthetic microscale
additives were developed to improve stiffness, elastic modulus and strength of 3D-printed
polymers [7–9]. In particular, short carbon fibers [10–15], as well as continuous carbon
fibers Field [16,17], are widely used as the most promising reinforcing agents.

Various issues related to thermoplastic polymers with randomly distributed SCF were
addressed in many papers. For example, according to the latest studies, short carbon fibers
were introduced into the designed 3D orthogonal preforms, which compressive behavior
was characterized in [18]. The tensile strength, elastic modulus and fracture toughness of
3D-printed samples of SCF-reinforced ABS were studied in [19–21]. The interlayer mode-I
fracture toughness of FFF-printed SCF-reinforced ABS materials was examined in [20] using
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a modified double cantilever beam (DCB) test. Paper [22] presents results of the interfacial
bonding strength between printed wires of ABS, carbon nanotube-reinforced ABS and
SCF-reinforced ABS specimens. The overheat FFF printing was used in [23] to fabricate ABS
composite specimens with enhanced mechanical performance. The effect of carbon fiber
concentration and type, infill pattern and environmental temperatures on the mechanical
properties of the printed polyamide samples were investigated in [24]. The results of [25]
indicated that the gradual change in fiber reinforcement reduced the stress concentrations
at the interface zone and increased the strength of ABS. The numerical methods were also
applied to predict mechanical properties and analyze the effect of various compositions
and manufacturing parameters. Mechanical properties of SCF-reinforced PLA specimens
were predicted using three-scale asymptotic homogenization for both random and aligned
fiber distributions [26]. In [27], attention was given to the impact of process parameters
from the micro- to macro-level by integrating image-based statistical analysis with physics-
based modeling.

Although additive composites with SCF have been successfully fabricated and are
commercially available, understanding their deformation and fracture mechanisms is a
relevant subject of research because of the complexities of the microstructural morphology.
In particular, the presence of microscale defects in the form of matrix voids, fiber damage
and irregular fiber orientation can alter the targeted properties of these composites.

The aim of this work is to investigate the effect of manufacturing parameters and
resulting microstructural characteristics on the elastic and fracture properties of 3D-printed
SCF-reinforced ABS samples by comparing the results of experimental and numerical
studies. The mechanical properties of samples were evaluated through a series of tensile
and bending tests. The internal microstructure was examined using micro-CT scans and
images from scanning electronic microscopy (SEM). Finite element simulations were per-
formed to assess the effective response of RVEs based on the internal structure of the real
monofilament samples. Some novel testing procedures and methods were suggested and
implemented. New results on stiffness and strength properties of SCF-reinforced printed
samples were obtained and compared with those made of standard ABS material.

2. Materials and Methods
2.1. Samples Manufacturing

A commercial ABS filament, as well as a filament with ABS matrix and SCF filler from
REC (Russia) with a diameter of 1.75 mm, was used for the experiments. A Raise3D Pro2
Plus 3D printer was used for sample manufacturing. Standard samples for tensile and
three-point bending tests, as well as monofilament samples for tensile tests, were produced
with nozzle diameters of 0.4 mm and 0.8 mm. The tensile samples (Figure 1a) were made
according to ISO 527-2:2012, with two infill angles: 0 and 90 degrees. The three-point
flexural testing method was used to investigate the interlayer adhesion. The samples for
bending tests were rods (length 100 mm, width 20 mm, height 10 mm) with an inner hole
(length 100 mm, width 15.2 mm, height 5.2 mm). The size of the hole was chosen so that the
wall thickness was divided by integer parts of the line widths when printing with different
nozzles (Figure 1b). Single-layer monofilament samples were produced in such a way that
the thickness of the working area of the sample corresponded to the thickness of the nozzle
(Figure 1c).

The samples were printed with the infill angle of 0◦ and 90◦, as shown in Figure 2a,b.
For SCF-reinforced samples, the following printing parameters were taken: layer thickness
0.2 mm, table temperature 110 ◦C, nozzle temperature 290 ◦C, infill/drawing ratio 100%
straight, printing speed 30 mm/s. In the case of pure ABS, the table temperature (100 ◦C)
and nozzle temperature (255 ◦C) were different. All samples were printed in a closed
chamber and cooled to room temperature naturally.
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2.2. Mechanical Characterization

Tensile tests were performed at a constant displacement rate of 0.5 mm/min and
ambient temperature (~20 ◦C) on an Instron 68SC-5 universal testing machine with a 5 kN
load cell. The accuracy of load measurement is 0.5% of the measured value in the range from
5 N to 5 kN, and the resolution of the movement is 0.0095 µm. An AVE2 video extensometer
was used to measure displacements. Two points were marked on each sample surface at
an equal distance from the sample middle plane, and the video extensometer was used to
track the movement of these points to measure the elongation of the sample. The elastic
tensile properties of the samples were obtained from the analysis of the elastic section of
the stress-strain curve. In order to collect statistics, each of the sample configurations was
tested at least 15 times to assess repeatability.

Bending tests were performed at a constant displacement rate of 0.1 mm/min with a
500 N load cell. The ratio used was:

σ =
6Flh

4
(
bh3 − b1h3

1
) (1)

where h is sample height, b is sample width, h1 is the height of the interior part of a sample
and b1 is interior sample width.

The tensile fracture properties were evaluated according to the ASTM D5045-14 stan-
dard for measuring the fracture toughness of polymers under plane strain state. Compact
tension (CT) samples (Figure 3) were used. Their infill pattern and slicing parameters were
chosen in a way that the crack propagated perpendicular to the printing layers stacking.
The such configuration ensures the highest achievable fracture toughness value.
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After manufacturing of CT samples, the supports in the crack area were removed
using a table-top drilling and milling machine. A razor blade with a thickness of 0.08 mm
was used to form a sharp notch marking the initial position of the crack. The crosshead
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speed of an Instron 68SC-5 universal testing machine during the tests was 1 mm/min. A
VIC-3D Micro-DIC system (Correlated Solutions, Irmo, SC, USA) was used to measure
the displacement field near the opening crack. Before the test, a white background and a
black pattern were applied to the samples using an airbrush. Sequential speckle images
were obtained using two 5.0-megapixel cameras to evaluate the displacement field. The
average strain in the crack opening zone was estimated using Vic-3D 9 software (Correlated
Solutions, Irmo, SC, USA). The fracture properties of the samples were obtained from the
stress-strain curve.

2.3. Analysis of Microstructure

The surface of the samples was analyzed using an EM-30+ scanning electron mi-
croscope (COXEM, Daejeon, Korea) at magnifications of 100×, 200×, 500×, and 1000×.
Before the morphological analysis, a thin layer of gold was disposed of on the samples. An
accelerating voltage of 15 kV was used, and the analysis was performed using a secondary
electron detector.

To study the internal microstructural features of additive composites, tomographic
imaging of samples of the monofilament 3D printed samples was performed on a SkyScan
1272 Bruker micro-CT with the following parameters: X-ray tube voltage 37 kV, current
57 µA, resolution (voxel edge size) 1 µm, exposure time 3000 µs, sample rotation step 0.1◦

with 360◦ imaging with averaging over 4 frames. The duration of the sample scanning was
16 h and 45 min.

2.4. Numerical Methods

For numerical analysis of the elastic properties of an SCF-reinforced material, it is
necessary to create a representative volume element (RVE)—a small material sample
containing a sufficient statistical description number of microstructural elements of each
component. These RVEs, together with information on geometry, volume fraction, fiber
orientation, and fiber length distribution, were obtained from the micro-CT data. Each
RVE was discretized using tetrahedral elements and subjected to uniaxial tensile loading.
Calculations were performed in SIMULIA Abaqus 2022 (Dassault Systemes, Montréal, QC,
Canada) with the C3D4 element type.

In addition to numerical calculations, analytical estimation of the effective elastic
properties was performed with the Mori-Tanaka homogenization scheme [28], which gives
estimates based only on the volume fraction and elastic properties of individual constituents.

3. Results
3.1. Strength and Stiffness
3.1.1. Tensile Properties

The tensile strength and Young’s modulus values grouped by material, nozzle diameter
and sample type are shown in Table 1. The stress-strain curves obtained from the tensile
tests are shown in Figure 4, and the corresponding block diagram is shown in Figure 5. The
results are grouped according to the nozzle diameter and infill angle parameter. Hereinafter
in tables and figures, ABS + CF, stands for SCF-reinforced ABS material. The accepted short
notation also includes the used nozzle diameter and infill angle. E.g., “ABS + CF_04_90”
means a sample of SCF-reinforced ABS, printed using a nozzle with a diameter of 0.4 mm
and with a 90◦ infill angle.

The highest tensile strength (79.12 ± 1.6 MPa) was observed for ABS + CF samples
printed with a 0.8 mm nozzle and 0◦ infill angle. The use of a 0.4 mm nozzle resulted in
the highest tensile modulus value (9242.48 MPa) for the ABS + CF samples with a 0◦ infill
angle (Table 1, Figure 5). The strength of pure ABS samples printed with a 0.4 mm nozzle
and 0◦ infill angle was 67% higher than that of samples with a 90◦ infill angle. For pure
ABS samples printed with a 0.8 mm nozzle, the difference between the strength of samples
with different infill angles is 52%.
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Table 1. Results of tensile tests.

Nozzle Diameter, mm Infill Angle Tensile Strength (MPa) Tensile Elastic Modulus (MPa)

ABS

0.4

0
◦

49.22 ± 1.66 5260.62 ± 101.45

90
◦

29.43 ± 2.14 3819.44 ± 171.18

Monofilament 26.94 ± 8.58 7648.32 ± 1077.95

0.8

0
◦

58.14 ± 3.38 4978.21 ± 296.14

90
◦

38.32 ± 4.41 4459.64 ± 427.69

Monofilament 9.59 ± 7.41 6042.31 ± 119.20

ABS + CF

0.4

0
◦

70.14 ± 2.61 9242.44 ± 155.99

90
◦

27.36 ± 2.87 4229.15 ± 248.56

Monofilament 28.35 ± 4.32 11,709.16 ± 889.50

0.8

0
◦

79.12 ± 1.65 9137.99 ± 197.26

90
◦

44.62 ± 3.12 6023.59 ± 403.70

Monofilament 12.51 ± 7.25 8704.72 ± 510.52
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Figure 4. Tensile tests stress-strain diagrams for a series of samples: (a) ABS + CF monofilament
printed with different nozzles; (b) ABS monofilament printed with different nozzles, (c) ABS + CF
and ABS dog-bone samples printed with different nozzles and infill angles.

458



Polymers 2023, 15, 2011Polymers 2023, 15, x FOR PEER REVIEW 7 of 17 
 

 

  
(а) (b) 

Figure 5. Tensile strength values and elastic moduli of samples printed with different nozzle diam-
eters: (a) 0.4 mm; (b) 0.8 mm. 

The highest tensile strength (79.12 ± 1.6 MPa) was observed for ABS + CF samples 
printed with a 0.8 mm nozzle and 0° infill angle. The use of a 0.4 mm nozzle resulted in 
the highest tensile modulus value (9242.48 MPa) for the ABS + CF samples with a 0° infill 
angle (Table 1, Figure 5). The strength of pure ABS samples printed with a 0.4 mm nozzle 
and 0° infill angle was 67% higher than that of samples with a 90° infill angle. For pure 
ABS samples printed with a 0.8 mm nozzle, the difference between the strength of samples 
with different infill angles is 52%. 

For ABS + CF, the strength upon change of an infill angle differs by 150% for samples 
manufactured with a 0.4 mm nozzle and by 77% for samples manufactured with a 0.8 mm 
nozzle. The maximum strength of the ABS + CF samples is 42.5% higher than that of pure 
ABS samples when printed with a 0.4 mm nozzle and 36% higher when printed with a 0.8 
mm nozzle. 

Similar trends were observed for the modulus of elasticity: samples with 0° infill an-
gle exhibited stiffer behavior in all cases. However, in contrast to the strength characteris-
tics, the samples printed using a nozzle with a smaller diameter have a higher (by 1–5%) 
stiffness at a 0° infill angle. For 90° infill samples, the elastic properties are significantly 
lower than those of 0° infill samples for both pure ABS and reinforced ABS. 

Tensile tests of the monofilament samples showed ambiguous results—the strength 
characteristics of the samples printed with the 0.8 mm nozzle are significantly lower than 
those of the samples printed with the 0.4 mm nozzle (Figure 4). This is observed for both 
pure and reinforced materials. At the same time, on average, the elastic modulus of the 
monofilament exceeds that of the tested standard samples but has a large scatter of values. 

Figure 6 shows SEM images of a surface of a fractured 3D printed ABS + CF monofil-
ament sample after a tensile test at a magnification of 100×, 200×, 500× and 1000× times. 
Gaps are observed between the matrix and short fibers at the location of the fracture, in-
dicating possible imperfect adhesion of the short fiber in the filament. The presence of 
defects in the form of free cavities can be related to the pullout of short fibers. Pulled short 
fibers in the field of vision have a smooth surfaces without any residual polymer material 
on them. 
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For ABS + CF, the strength upon change of an infill angle differs by 150% for samples
manufactured with a 0.4 mm nozzle and by 77% for samples manufactured with a 0.8 mm
nozzle. The maximum strength of the ABS + CF samples is 42.5% higher than that of pure
ABS samples when printed with a 0.4 mm nozzle and 36% higher when printed with a
0.8 mm nozzle.

Similar trends were observed for the modulus of elasticity: samples with 0◦ infill angle
exhibited stiffer behavior in all cases. However, in contrast to the strength characteristics,
the samples printed using a nozzle with a smaller diameter have a higher (by 1–5%) stiffness
at a 0◦ infill angle. For 90◦ infill samples, the elastic properties are significantly lower than
those of 0◦ infill samples for both pure ABS and reinforced ABS.

Tensile tests of the monofilament samples showed ambiguous results—the strength
characteristics of the samples printed with the 0.8 mm nozzle are significantly lower than
those of the samples printed with the 0.4 mm nozzle (Figure 4). This is observed for both
pure and reinforced materials. At the same time, on average, the elastic modulus of the
monofilament exceeds that of the tested standard samples but has a large scatter of values.

Figure 6 shows SEM images of a surface of a fractured 3D printed ABS + CF monofila-
ment sample after a tensile test at a magnification of 100×, 200×, 500× and 1000× times.
Gaps are observed between the matrix and short fibers at the location of the fracture,
indicating possible imperfect adhesion of the short fiber in the filament. The presence of
defects in the form of free cavities can be related to the pullout of short fibers. Pulled short
fibers in the field of vision have a smooth surfaces without any residual polymer material
on them.

3.1.2. Flexural Properties

Bending strength and bending modulus values grouped by material type and nozzle
diameter are shown in Table 2. The stress-strain curves obtained from the flexural tests
are shown in Figure 7, and the corresponding block diagram is presented in Figure 8.
The highest bending strength was observed for samples printed using a 0.8 mm nozzle
with a printing speed of 30 mm/s and a nozzle temperature of 290 ◦C. In the three-point
bending test, all printed samples first showed linear elastic deformation and then reached
the maximum bending stress. Samples printed with the 0.8 mm nozzle showed higher
deformation than samples printed with the 0.4 mm nozzle while maintaining a linear
behavior. SCF reinforcement does not solve the problem of the influence of nozzle diameter
on the interlayer sintering and strength of the samples: in the case of pure ABS, the
difference between the 0.4 mm and 0.8 mm nozzle samples was 32%, and 42% in the case
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of ABS + CF. The flexural modulus is 12% higher for ABS samples made with a 0.8 mm
nozzle and 4% higher for ABS + CF samples.
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Table 2. Results of bending tests.

Nozzle Diameter,
mm

Bending Strength
(MPa)

Bending Modulus
(MPa)

ABS
0.4 15.30 ± 1.77 1321.25 ± 27.95

0.8 20.23 ± 1.47 1481.46 ± 12.24

ABS + CF
0.4 20.80 ± 1.72 1556.99 ± 34.49

0.8 29.47 ± 1.16 1621.77 ± 45.67
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3.1.3. Fracture Toughness and Critical Strain Energy Release Rate

Fracture toughness (critical stress intensity factor) KIc of the first fracture mode was
determined by formula according to the method given in ASTM D5045 [29,30]:

KIc =
PQ

BW
1
2

f (x) (2)

where PQ is load, B is sample thickness, W is sample width, a is crack length, x = a/W,

f (x) =
(2 + x)

(
0.886 + 4.64x − 13.32x2 + 14.72x3 − 5.6x4)

(1 − x)
3
2

(3)

The critical strain energy release rate then can be determined as [29,30]:

GIc =

(
1 − ν2)KIc

2

E
(4)

where E is elastic modulus, obtained during fracture toughness tests, ν is Poisson’s ratio,
KIc is critical stress intensity factor. The adopted scheme assumes linear elastic fracture.

The criterion described in Section 9.1.1 of the ASTM D5045 [29] was used to ensure the
reliability of KIc. In addition, the sample size was chosen according to this criterion, which
ensured a flat deformed state at the apex of the crack.
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The ABS + CF sample made with a 0.4 mm nozzle showed better fracture tough-
ness (by 28%) and critical strain energy release rate (by 48%) characteristics compared to
conventional ABS (see Table 3). Crack propagation in the samples was sequential, with
delamination along the layers. The crack tip in samples with compact tension has a higher
probability of advancing across the layer-layer interface, where the interfacial zone between
the layers acted as the weakest link, contributing to softening. This effect was stronger for
pure ABS samples.

Table 3. Fracture toughness and critical strain energy release rate.

KIc MPa∗m1/2 GIc kJ/m2 Strength (MPa)

ABS 1.28 0.031 0.62

ABS + CF 1.65 0.046 0.77

Figure 9a demonstrates SEM images of the fractured ABS + CF CT-sample surface.
A number of randomly oriented short fibers imprinted in the matrix, as well as fibers
pulled out from the matrix, are clearly visible on the surface. Although the crack plane is
perpendicular to the printing layers stacking, there were no abrupt changes in the direction
of crack propagation. Force-displacement diagrams in Figure 9b show differences in the
mechanical behavior of 3D-printed CT samples made of pure ABS and SCF-reinforced ABS.
The latter is able to withstand a tensile load of about 20% higher than the former.
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3.2. Internal Structure Characterization

Computed tomography data was used for the generation of finite-element models of
the material’s RVEs, which can be used for the investigation of mechanical properties and
microscale mechanical behavior. This paper compares the effective elastic characteristics of
these RVEs with the results of experimental studies of the samples, as well as with analytical
estimates based on the mean-field method with a Mori-Tanaka homogenization technique.

The obtained stacks of micro-CT X-ray images were used for stereological reconstruc-
tions and visualization of 3D models of the two-phase structure of 3D printed ABS + CF
monofilament samples. Figure 10 shows a reconstructed model of a monofilament sample
printed with a 0.4 mm nozzle. The average volumetric content of the short fiber in the
sample, estimated from the 3D model, is 2.92%. The average diameter of the carbon fibers
is 12 µm. The quantitative analysis of individual fibers was implemented to evaluate their
parameters. The predominant number of fibers in the sample is less than 100 µm in length,
which agrees with the results from [18], while there are single fibers longer than 400 µm
also present. The fibers are predominantly oriented along with the printing direction,
with single fibers located transversely. Deviation from the axis aligned with the printing
direction in most cases does not exceed 15–20 degrees. Spatial distribution of fibers in the
volume of the sample after the 3D-printing process remains uniform.
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Figure 10. 3D model of the fiber structure of a single-layer monofilament sample (general view and
enlarged fragment) obtained from micro-CT data.

Figure 11 shows histograms of fiber distribution by length, as well as by the angle of
their deviation from the axis coinciding with the printing direction in 3D-printed monofila-
ment SCF-reinforced samples. Most of the fibers have lengths in a range between 0.01 mm
and 0.2 mm, while their orientation angle is predominantly between 0 and 20 degrees.
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3.3. Numerical Results

Based on the micro-CT images, RVEs with dimensions X = 300 µm, Y = 160 µm, and
Z = 600 µm were created. The dimensions were chosen in relation to the average fiber
length: three fibers with maximal length fit in the Z dimension, which coincides with
the printing direction, and, accordingly, is axial to the primary orientation of short fibers.
According to the fiber length distribution analysis (Figure 6a), any RVE with the selected
size will accommodate even the longest fiber from the distribution. The X and Y RVE
dimensions were equal to 80% of the full monofilament sample size. Three areas were
selected from the three-dimensional micro-CT model as RVEs, as shown in Figure 12.
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The initial elastic characteristics of the matrix and SCF are presented in Table 4. The
properties of the ABS matrix were obtained experimentally for samples printed with 0.4 mm
and 0.8 mm nozzle and, in both cases, with 0◦ infill angle. The elastic properties and density
of the carbon fiber were determined from other authors’ works [31,32].

Table 4. Elastic mechanical properties of components.

Component Density
kg/m3

Young’s Modulus,
MPa

Poisson’s
Ratio

ABS matrix—sample printed with a
0.4 mm nozzle 1.05 5235.75 0.392

ABS matrix—sample printed with a
0.8 mm nozzle 1.05 5841.26 0.392

Carbon fiber 1.72 220,000 0.15

To obtain the effective characteristics, RVEs were subjected to tensile loading with
lower face fixed. Displacements of the upper face were restricted in the XY plane, and the
load directed along Z axis was applied to the upper face. The effective Young’s modulus
was determined by Hooke’s law:

E =
Fl

S∆l
=

F
ε × S

, (5)

where ε is the percentage of elongation, F is force, S is surface area.
Table 5 presents the results of the FE analysis and their comparison with the experi-

mental data and with the results of the Mori-Tanaka homogenization.

Table 5. Effective elastic characteristics of SCF-reinforced ABS monofilament sample obtained with
different methods.

Nozzle Diameter
0.4 mm

Nozzle Diameter
0.8 mm

FE analysis

Young’s
modulus, MPa

RVE 1 8290 9035

RVE 2 7955 8675

RVE 3 7816 8540

Tensile test 11,709 ± 890 8704 ± 511

Mori-Tanaka
estimation 7730 8414

The volume fraction of SCF in three investigated representative volumes of 3D-printed
monofilament samples varied within the range from 2.81% to 2.96%. The Young’s moduli
values obtained on the basis of FE-models for different RVEs from the same sample have
shown insignificant deviation (up to 1.26%). The difference between Young’s moduli of the
monofilament samples printed with different nozzle diameters is about 9%. Numerically
calculated values of Young’s modulus differ from the experimental tension test values
for monofilament printed samples on average by 46% in the case of a 0.4 mm nozzle and
practically coincide in the case of a 0.8 mm nozzle. When comparing the numerically
calculated values of the modulus with the properties of the standard tensile samples with
0◦ infill angle (see Table 1), 0.4 mm nozzle gives a 15.23% difference, while for 0.8 mm
nozzle, it decreases to 4.43%. The Young’s modulus values obtained with the Mori-Tanaka
homogenization technique differ downwards from the experimental values by 12% and
from the results of the FE analysis by 3.5%. With different matrix properties defined by the
samples printed with different nozzle diameters, the Mori-Tanaka model gives estimations
with an 8% difference.
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4. Discussion

An experimental study of the elastic moduli, tensile strength, and fracture toughness
of samples of 3D printed SCF-reinforced was performed and compared to pure ABS. The
dependence of the results on the nozzle diameter and infill angle was established. The
obtained characteristics were compared to analytical predictions and the numerical results
of the FE modeling of RVEs created using micro-CT three-dimensional data.

According to the tensile and flexural tests, the nozzle diameter was the most important
parameter affecting the final mechanical properties of the printed samples. SCF reinforce-
ment significantly increased the uniaxial tensile strength in samples with 0◦ infill angle
(lines printed along load application). In the cases of transversal printing (90◦ infill angle,
interlayer interaction between extrusion lines), SCF reinforcement does not give a clear
increase in the tensile strength compared to pure ABS.

The numerical results from RVE models with morphology based on the micro-CT
data predicts the effective elastic modulus better than the Mori-Tanaka homogenization
technique, which, by definition, depends only on volume fraction, form, and properties
of inclusions. This confirms that the parameters of short fibers, such as their length and
alignment, have an effect on the elastic mechanical response of the additively manufactured
composite material. However, in this particular case, results for Young’s modulus based on
FE simulation and Mori-Tanaka estimations were quite close. On the contrary, experimental
results for the monofilament samples were much higher than theoretically predicted. This
means that not only microstructural parameters and distribution of SCF play a significant
role, but also manufacturing process parameters and quality of the printed samples.

The diameter of the nozzle affects the printing process of the samples and, conse-
quently, their effective mechanical properties. The width of the extruded filaments is
indirectly determined by a nozzle diameter, but slicers allow some adjustments to these
configurations [33]. Depending on the nozzle diameter, the number of printed lines re-
quired to fill the same area changes. Hence, the number of contact interfaces between
printing lines changes as well. The surface area of these interfaces, as well as adhesion
quality, play an important role and affect the resulting mechanical properties. Besides, in
the case of short fiber reinforced polymers, some minor effects could be added by changing
fiber orientation during the transition of the thermoplastic polymer through the nozzle.
The less the nozzle diameter, the more pronounced this dependence.

The layer height of all samples was set to 50% of the nozzle diameter. The width of
the contour lines and infill lines in the cross-sectional plane was set to 100% of the nozzle
diameter. The tensile strength of samples printed with the 0.8 mm nozzle was generally
higher than those of the 0.4 mm nozzle samples. This may be due to the larger sintering
area of the layers printed with the 0.8 mm nozzle along the Y axis, which lead to an even
distribution of stress along each line of the structure and prevents stress concentration.
However, Young’s moduli were higher for samples printed with a 0.4 mm nozzle. This
can be explained by the fact that samples printed with the smaller nozzle accommodate a
greater number of material lines in the same volume. Oriented in the direction of the load,
they redistribute this load better but have a lesser area of contact between printing lines
which results in lower strength. In addition, other factors, such as temperature fluctuations
of the layers due to the heater, fan, etc., during the experiment were not considered in this
study but could also potentially have an effect on the resulting mechanical response.

5. Conclusions

The mechanical properties of 3D-printed samples made of pure ABS and SCF-reinforced
ABS were compared. Tensile, flexural, and compact tension tests were performed. The
standard, monofilament, and compact tension samples that were investigated in these
tests were manufactured using nozzles of different diameters, as well as with two different
infill angle patterns. The experimental results on the effective elastic properties were com-
pared to the results of finite-element simulations and Mori-Tanaka analytical estimations,
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which showed sufficient agreement. FE models were created using the data from micro-CT
characterization of the monofilament samples.

According to the results, adding short carbon fibers to the ABS matrix increased the
tensile strength of the printed samples by 29.8%, that, combined with high-performance
characteristics, such as surface quality and post-processability, opens up a wide range of
possibilities for the solution of various engineering tasks using such material. Fracture and
bending tests showed that the SCF-reinforced ABS performed well. However, the interlayer
adhesion, as with the standard material, could be further improved. By selecting numerical
simulation parameters, it is possible to create models that exploit the positive properties of
short fiber reinforced polymer to the greatest extent possible.
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Abstract: During the initial stages of the COVID-19 pandemic, healthcare facilities experienced severe
shortages of personal protective equipment (PPE) and other medical supplies. Employing 3D printing
to rapidly fabricate functional parts and equipment was one of the emergency solutions used to
tackle these shortages. Using ultraviolet light in the UV-C band (wavelengths of 200 nm to 280 nm)
might prove useful in sterilizing 3D printed parts, enabling their reusability. Most polymers, however,
degrade under UV-C radiation, so it becomes necessary to determine what 3D printing materials
can withstand the conditions found during medical equipment sterilization with UV-C. This paper
analyzes the effect of accelerated aging through prolonged exposure to UV-C on the mechanical
properties of parts 3D printed from a polycarbonate and acrylonitrile butadiene styrene polymer
(ABS-PC). Samples 3D printed using a material extrusion process (MEX) went through a 24-h UV-C
exposure aging cycle and then were tested versus a control group for changes in tensile strength,
compressive strength and some selected material creep characteristics. Testing showed minimal
mechanical property degradation following the irradiation procedure, with tensile strength being
statistically the same for irradiated parts as those in the control group. Irradiated parts showed small
losses in stiffness (5.2%) and compressive strength (6.5%). Scanning electron microscopy (SEM) was
employed in order to assess if any changes occurred in the material structure.

Keywords: 3D-printing polymers; ABS-PC; PCABS; accelerated aging; ultraviolet; UV-C

1. Introduction

In the early weeks of the COVID-19 pandemic, healthcare facilities were overwhelmed
by the influx of people requiring medical assistance, leading to problems with personal pro-
tective equipment supply and availability, as stated by the World Health Organization [1].
These shortages were widespread and happened at all levels of medical care, from nursing
homes, local hospitals and clinics to emergency rooms at some of the world’s biggest
hospitals [2–4]. The distribution of locations that needed equipment and the diversity of
items needed made resupplying extremely difficult, both from a manufacturing perspec-
tive and from a logistical one [5–8]. The necessary equipment had to be manufactured
quickly and had to be distributed widely, which led to even more problems occurring
because of resource misallocation [9,10]. Additive manufacturing (AM), also known as 3D
printing, has a decentralized aspect and a unique ability to adapt to producing new part
designs without additional capital investment [11–14]. With AM, parts can be produced
on-site and on-demand, lowering the delay between necessity and availability. For this
reason, 3D printing saw increased use during the initial responses to the medical equipment
shortages [15–17]. Hospital technicians, small businesses and even private citizens who
owned hobby-grade 3D printers began creating, distributing and manufacturing designs of
protective equipment [18–20].

While the majority of the manufactured products meant to replace medical equipment
in case of critical and urgent supply issues were designed for single use (e.g., swabs for
nasopharyngeal testing [21–23]), other products could be used multiple times if sterilized
under inadequate conditions. Examples of such products are face shields [24,25].
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Material Extrusion 3D Printing (MEX) is an additive manufacturing process [26] that
uses thermoplastic material feedstock. MEX 3D printing enables several advantages over
more traditional manufacturing.

Studies performed on N95 respirators during the COVID-19 pandemic showed that
filtering efficiency and infection prevention increase when the respirator is properly
fitted [27–29]. The fact that 3D printing can be used to rapidly manufacture bespoke
products for each healthcare worker can be leveraged to provide better and tighter seals for
respirators. Ballard et al. produced respirators using real 3D data obtained using computer
tomography that successfully passed OSHA-certified testing [30], while McAvoy et al.
produced polymer frames that improve the fit of available N95 respirators [31].

In the medical field, the sterilization of medical equipment is performed through
various methods, such as autoclaving, dry heating, ultrasonic sterilization [32–35], or
chemical sterilization using various chemicals, such as hydrogen peroxide or ethylene
oxide [36]. However, some of these methods are not applicable to certain polymers. For
example, acrylonitrile butadiene styrene (ABS) parts deform when going through repeated
autoclaving treatments [37] and suffer from a degradation of mechanical properties when
sterilized using alcohol or other disinfectants [38,39].

In recent years, researchers have paid increasing attention to the sterilizing action of
ultraviolet radiation, specifically UV-C radiation [40–43]. The International Commission on
Illumination (in French: Commission Internationale de l’Eclairage, CIE) uses a wavelength
of 280 nm to separate UV-C and UV-B bands, 315 nm to separate UV-B and UV-A bands,
and 400 nm to separate UV-A and photosynthetically active radiation. The effects of UV-
B/UV-A radiation have been studied extensively, as radiation of these wavelengths reaches
Earth’s troposphere naturally. However, UV-C radiation is entirely filtered by the Earth’s
atmosphere and has to be produced artificially. For this reason, there is no accelerated
aging testing standard for the action of UV-C on materials, unlike that for radiation of
longer wavelengths [44]. A workshop organized by the United States National Institute of
Standards and Technology (NIST) and the International UV Association (IUVA) [45] aimed
to gather information about applications, new certifications and new guidelines regarding
UV-C disinfection and sterilization [46]. This workshop also highlighted the need to study
the effects of UV-C radiation on materials. Standards for UV-C applications and testing
are currently under development as a cooperation between NIST and the Illuminating
Engineering Society (IES.org).

To get ahead of this trend, materials testing is important in determining their applica-
bility and compatibility with novel sterilization methods. In the case of UV-C sterilization,
materials testing is also crucial to the standardization efforts.

Acrylonitrile Butadiene Styrene (ABS) is a 3D printing material with widespread
use [47] due to its good mechanical characteristics [48,49] and low cost. The material is
known for its weak ultraviolet resistance [50]. Through the addition of polycarbonate
fibers (PC) to an ABS base, manufacturers have successfully created a copolymer blend
with enhanced mechanical properties and ultraviolet resistance [51] while still maintaining
its ease of processing through MEX 3D printing [52]. This copolymer has high strength
and stiffness, high heat resistance [53,54], and good impact resistance [55]. The newly
created acrylonitrile butadiene styrene and polycarbonate polymer blends (ABS-PC) are
being marketed for use in industrial applications, prototyping, toolmaking or end-use parts
manufacturing [56].

Given this context, this work investigates the changes in the mechanical behavior of
3D-printed parts made from ABS-PC after exposure to artificial UV-C radiation. This work
pursues one of the research directions raised by the NIST-IUVA workshop highlighted
previously related to identifying and studying suitable materials. Unlike more common
polymers, such as ABS, polylactic acid (PLA), or modified polyethylene terephthalate-glycol
(PETG), literature on 3D printed ABS-PC blends is scarce and does not include mechanical
behavior after exposure to artificial radiation in the UV-C spectrum. Additionally, the
study of 3D printed materials is necessary for the implementation and approval of 3D
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printing techniques and 3D printed devices for medical applications, including those
produced at the point of care (3DPOC) [57,58]. By using a controlled irradiation treatment
in an irradiation chamber, an accelerated effect that simulates many cycles of ultraviolet
sterilization can be observed. The mechanical properties assessed in this work are tensile
and compression strength, material stiffness, as well as changes in creep behavior of ABS-PC
samples subjected to prolonged tensile loads.

2. Materials and Methods

Accelerated aging of materials under UV-C radiation does not have well-defined
testing standards. Testing parameters and procedures should be determined based on
existing literature. An appendix of the ISO 4892-2 standard [59] mentions modifying testing
conditions to use a mercury lamp that generates 10 W/m2 of 254 nm wavelength radiation,
a wavelength that falls in the UV-C band. A testing protocol for the assessment of material
behavior under UV-C radiation is defined by the Business and Institutional Furniture
Manufacturers Association (BIFMA, Grand Rapids, MI, USA) [60]. These guidelines were
created for healthcare furniture design and specify that materials should be tested with
291 kJ/m2 of UV-C radiation for a period of 12 to 24 h.

The material analyzed in this study is a copolymer made from ABS (Acrylonitrile
Butadiene Styrene) and PC (PolyCarbonate). The tested material is commercially available
under the brand name Z-PCABS, manufactured by Zortrax (Olsztyn, Poland). According
to the manufacturer, this Z-PCABS blend contains 55–60% ABS, 30–35% PC and up to
10% additives and colorants. The material has a glass transition temperature of 104 ◦C
and melts at a temperature of 260 ◦C (manufacturer specifications). The rated tensile
strength is 36.89 MPa (ISO 527:1998 [61]), and the material’s specific density is 1.14 g/cm3.
The material was sourced as a 1 kg spool of 1.75 mm diameter filament, opaque, ivory
color. The spool of material was provided in a sealed reflective bag that included silica
desiccant and was unsealed only prior to printing. Decisive in material selection was the
fact that many filament manufacturers have settled on this composition based on process-
specific requirements. When used for 3D printing, ABS should be extruded at temperatures
between 230 ◦C and 260 ◦C while PC requires a higher temperature, 260 ◦C to 300 ◦C. As PC
content in the blend increases, so does the temperature needed to process the material. The
selected ABS/PC ratio places this material at the upper end of what common 3D printers
can process in terms of extrusion temperature. Above this temperature, MEX 3D printers
need to be equipped with high-temperature resistant components, higher-power ceramic
heaters, temperature sensors for high-temperature applications and heated enclosures.

All specimens were 3D printed on a Zortrax M200 3D printer equipped with a 0.4 mm
diameter nozzle. Z-Suite software, produced by the same company, was used to section
the virtual model into layers. Printing parameters were selected based on what is known
to provide consistent printing results [62–65] in order to minimize potential errors related
to the manufacturing process. Layer settings used for slicing are layer height = 0.19 mm
and layer width = 0.4 mm, with 2 outside perimeters and solid infill using a grid pattern
(45◦ raster angle, alternating each layer [66]). The extrusion temperature was set at 265 ◦C,
and the build platform temperature was set at 85 ◦C. Parts were printed horizontally [67].
Table 1 shows some of the process parameters used for 3D printing test samples.

Table 1. Main parameters used in the 3D-printing process for sample manufacturing.

Material Layer Height Perimeters Infill Infill Pattern Extrusion
Temperature

Bed
Temperature

Z-PCABS 0.19 mm 2 100% “Grid”
45◦/−45◦ 265 ◦C 85 ◦C

Considering the aspects mentioned above, the 3D-printed test samples (Figure 1a)
were subjected to ultraviolet radiation in an Opsytec Dr. Grobel BS-02 irradiation chamber
(Ettlingen, Germany) (Figure 1b). The irradiation chamber comes equipped with two
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groups of fluorescent lamps, one group emitting UV-C, λ = 254 nm, and the second group
emitting UV-B λ = 315 nm. The radiation dose is measured with calibrated sensors and
controlled using a UV-MAT controller produced by the same manufacturer [68].
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A group of 3D-printed samples was exposed to 254 nm radiation for 24 h. During the
irradiation cycle, a back panel temperature of 50 ◦C was maintained in the chamber, and
the samples were hit with 10 W/m2 radiating power. After 24 h, the lamps were turned off,
and the test samples were left in the chamber for an additional 4 h to cool down to room
temperature. In order to have another reference point for determining radiation effects
on the material, a second set of sample parts were exposed to UV-B radiation in the same
irradiation chamber.

The effects of UV-B and UV-C radiation were analyzed according to ISO 4892-1:2016,
which indicates how data from accelerated aging using light radiation exposure [69] should
be analyzed. Tensile and compressive strength tests were designed according to ISO
4582:2017 [70].

For tensile strength determination, 15 specimens were 3D printed from Z-PCABS
according to ASTM type I dimensions [71].

For compressive strength tests, 15 test samples measuring 15 mm × 15 mm × 15 mm
were 3D printed from the same material.

For each mechanical property test, the samples were split into 3 groups, forming
groups of 5 randomly selected samples.

For strength testing (tensile strength, compressive strength), accelerated aging using
UV-B radiation using the parameters highlighted previously was performed on the first
group of samples. The second group was exposed to UV-C radiation. The third group did
not undergo any radiation exposure and represented the control group. Before and after
the accelerated aging treatment, all samples were measured using electronic calipers and
were visually inspected.

In total, 15 3D-printed samples (dog bone-shaped) were tested for tensile strength
on an Instron 8872 machine (Norwood, MA, USA) (Figure 2a). Tests were performed
starting with a preload force of 5 N with 1 mm/minute loading speed. Elongation of the
test part under tensile load was measured using an electronic extensometer and was used
to determine part stiffness. Fifteen 3D-printed cubic samples were tested for compressive
strength on an Instron 8801 machine (Norwood, MA, USA) (Figure 2b). The compressive
force is applied along the sample Z-axis, perpendicular to the horizontal 3D-printed layers.
Preload for this test was 5 N. All strength tests were in controlled conditions of 50% RH at
24 ◦C.
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Figure 2. Mechanical strength tests: (a) Tensile strength testing of 3D printed dog-bone ABS-PC
samples; (b) Compression strength testing of 3D printed cubic ABS-PC samples.

Section 3.1 details the results of tensile tests (strength, stiffness), while Section 3.2
discusses the results of compressive tests (strength).

Polymers and fibers have a known tendency to deform plastically when subjected
to loads for long periods of time, a characteristic commonly referred to as cold flow or
creep. For certain polymers, creep-inducing stress can occur even at a small fraction of
the material’s ultimate strength. ABS-PC blends experience creep, with creep resistance
increasing with increased PC content [72,73]. Thus, the effects of radiation on the creep
behavior of ABS-PC parts was also investigated. Tensile creep testing was performed on
10 3D-printed specimens with a narrow section of 5.2 mm × 3 mm (Figure 3a). Testing was
performed in compliance with standard ASTM D2990-17 [74]. The creep behavior of parts
exposed to UV-C radiation was compared to that of parts in a control group.
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for determining tensile creep.

For finding creep under tensile load, parts were loaded in tension in a purposefully de-
signed rig (Figure 3b). Creep was determined by applying a load that produces mechanical
stress of 25% of the ultimate tensile strength measured previously for parts in the control
group. Sample elongation under this tensile load was measured after 2 h, 6 h, 21 h, 24 h,
then once every 24 h for a total of 168 h (7 days). The distance between the ends of the
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samples was measured using a micrometer on each side of the narrow section (left and
right sides). The average change in these two distances was considered as elongation. The
results of creep testing are discussed in Section 3.3.

The exterior surfaces and internal structure of the samples were analyzed using
Scanning Electron Microscopy analysis (SEM). One sample each was selected from the
group exposed to 254 nm radiation and from the control group. The analysis was performed
using a Quanta Inspect F50 scanning electron microscope from Thermo Fisher Scientific
(Eindhoven, The Netherlands) at a resolution of 1.2 nm. A layer of Au was sputter-coated
on the samples (coverage time 90 s) using a Quorum Technologies Q150 PlusSeries coater
(Lewes, UK). Section 3.4 discusses SEM results.

3. Results

Dimensional and visual checks were performed on the parts before and after acceler-
ated aging under 254 nm radiation. Dimensions of the UV-C exposed parts were measured
using electronic calipers before and after irradiation, revealing no statistically relevant
changes in dimensions after UV-C exposure. Table 2 shows the average dimensions of
samples in the aged group vs. the control group.

Table 2. Sample dimensions were measured using electronic calipers.

Tensile Strength Sample Compression Strength Sample

Width Height X Z

3D model [mm] 13.00 4.20 15.00 15.00
Control samples [mm] 13.07 ± 0.012 4.15 ± 0.016 15.00 ± 0.016 15.16 ± 0.010
UV-C samples [mm] 13.09 ± 0.010 4.14 ± 0.010 15.01 ± 0.010 15.18 ± 0.012

3.1. Tensile Strength and Young’s Modulus

Visual analysis of the failure mechanism found that the ABS-PC samples fractured
along the deposited polymer filaments, creating a zig-zag failure pattern. The same pattern
was observed in the control group and both groups exposed to radiation (UV-B/UV-C)
(Figure 4). This fracture pattern can be explained by considering the anisotropic mechanical
properties of parts produced through MEX 3D printing [75]. The anisotropy is caused by
higher tensile strength along the filaments than the tensile strength of the adhesion between
adjacent filaments [76] and is influenced by print orientation, infill type and amount, raster
angle, and layer height [77–79]. The similar failure modes for all tested groups also indicate
that changes generated by the irradiation treatments were uniform throughout the parts.
The parts displayed a slight browning of the ivory-colored material following irradiation.
A similar amount of browning is found in both UV-B and UV-C groups.
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Experimental data from tensile testing of PC-ABS are shown in Figure 5 as stress-
strain graphs.
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Dog bone-shaped samples made from ABS-PC subjected to the previously described
dose of UV-B radiation had no statistically significant difference in tensile strength (39.51 MPa
vs. 39.26 MPa; F = 0.23, p = 0.65) and stiffness (2238.06 MPa vs. 2196 MPa; F = 1.57, p = 0.24)
compared to the parts in the control group.

Parts made from ABS-PC aged under UV-C exhibited 1.86% lower tensile strength
compared to control samples (38.53 MPa vs. 39.26 MPa), a result that is not statistically
significant (F = 1.91, p = 0.20). On average, the Young’s Modulus of aged samples decreased
by 5.51% vs. control samples (2075 MPa vs. 2196 MPa), a result that was determined to be
statistically significant (F = 5.70, p = 0.04).

Results for average tensile strength after calculating the standard error can be found
in Table 3. The same table shows the average Young’s Modulus.

Table 3. Experimental results—average tensile strength and Young’s Modulus.

Property ABS-PC (no UV) ABS-PC (UV-B) ABS-PC (UV-C)

Tensile strength [MPa] 39.26 ± 0.47 39.51 ± 0.27 38.53 ± 0.24
Young’s Modulus [MPa] 2196.4 ± 31.7 2238.1 ± 9.78 2074.9 ± 39.8

3.2. Compressive Strength

Compressive loads applied during compressive strength testing deformed the parts
plastically without visible material rupture at their surface. Compared to parts in the control
group (no UV exposure), all samples in the accelerated aging groups performed worse.
Overall, ABS-PC samples have 5.2% lower compressive strength after UV-B irradiation
(58.60 MPa vs. 61.81 MPa; F = 33.8, p = 4 × 10−4) while samples subjected to UV-C radiation
have 6.5% lower compressive strength than those in the control group (57.82 MPa vs.
61.81 MPa; F = 36.3, p = 3 × 10−4). Stress-strain diagrams for ABS-PC are shown in Figure 6.

Results for average compressive strength after calculating standard error are shown in
Table 4.
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Table 4. Experimental results—average compressive strength.

Property ABS-PC (no UV) ABS-PC (UV-B) ABS-PC (UV-C)

Compressive str. [MPa] 61.81 ± 0.41 58.60 ± 0.37 57.82 ± 0.52

3.3. Creep Characteristics of the Analyzed Material

Tensile creep testing was performed with loads appropriate to the tested material
based on the tensile strength value identified previously (σZ-PCABS = 39.26 MPa). The parts
are placed in a testing rig that uses mechanical advantage to amplify the load applied to
one of its ends. The cross-section area of the tested parts is 15.6 mm2 (5.2 mm × 3 mm).
Table 5 shows the main parameters (loads) used in this experiment.

Table 5. Creep testing parameters.

Material
Test Parameter

Strength [MPa] Creep Test Stress
[MPa]

Targeted Tensile Force
on Sample [N]

Test Rig Load
Configuration

ABS-PC 39.26 9.82 154 22 N × 7

Figure 7 shows the tensile creep of ABS-PC samples while being loaded (9.82 MPa)
over a period of 168 h. The majority of the elongation took place right after the load was
applied, and the rate of creep continued to slow down with the rise in strain. Despite the
fact that the parts from the UV-C exposed group experienced more deformation under
prolonged tensile stress, they exhibited very similar creep curves.

3.4. Scanning Electron Microscopy (SEM)

To gain insight into how the samples failed under tensile stress and to spot any poten-
tial changes in the internal structure following exposure to UV-C radiation, a fractographic
analysis was performed using SEM. In Figure 8a, an SEM image is presented, depicting an
ABS-PC sample from the control group. Figure 8b displays an SEM image of a sample from
the irradiated group (UV-C).
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Compressive strength testing showed a weakening of ABS-PC following radiation 
exposure, with aged parts (UV-C) having 6.5% less compressive strength. 

Tensile creep testing resulted in similar elongation-time curves for the control group 
and the irradiated group, mirroring the findings regarding material stiffness. Mohamed 
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parameter sets. The amount of creep and the creep rate should only be associated with the 
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Figure 8. SEM imaging of fractured ABS-PC sample with the left column showing rupture surfaces
in part infill; right column showing rupture surface in part contour: (a) Z-PCABS sample from the
control group; (b) Z-PCABS sample exposed to UV-C λ = 254 nm; I—fracture parallel with filaments;
II—microvoids; III—interlayer fusion; IV—extensive flaking at the fractured surface; V—reduced
necking of the ruptured filaments.

The ABS-PC samples fractured along the deposited filament lines (Figure 8a,b-I),
as previously described in Section 3.1. Overlap of the deposited filaments, along with
flattening following deposition, can be observed, giving the filaments a characteristic
oblong shape. The MEX process introduces in the manufactured parts specific gaps usually
referred to as “microvoids”. These voids are triangular in shape due to the angled raster
used with infill deposition and the oblong shape of deposited filaments and form weak
points in the material structure [80]. The formation of microvoids is generally associated
with the lack of pressure applied to the molten filament while it is being deposited, unlike
other manufacturing processes, such as injection molding [81]. Microvoids can be observed
in both SEM-analyzed samples, with or without radiation exposure (Figure 8a,b-II).

Interlayer adhesion is distinctly noticeable in both the control sample (Figure 8a-III)
and the radiation-aged sample (Figure 8b-III). Samples from both groups present flaking
at the rupture surface with small areas of smooth fracture surface (Figure 8a,b-IV), with
the control part also showing reduced necking of ruptured filaments (Figure 8a-V). This
indicates the parts do not display increased brittleness after 24 h of UV-C exposure.
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4. Discussion

This work investigated how sterilizing UV-C radiation λ = 254 nm affects the me-
chanical properties of ABS-PC components after 24 h of exposure. This is particularly
significant when considering the growing use of 3D printing for functional parts. The study
evaluated the tensile and compressive strength of samples that were 3D printed using the
same process parameters and then exposed to 2 different radiation wavelengths (UV-B
λ = 315 nm, UV-C λ = 254 nm). The group of parts exposed to a UV-C accelerated aging
cycle was compared to a control group.

Following exposure to UV-C radiation ABS-PC parts produced a change in color at their
surface, consistent with the degradation of the ABS component [82]. The changes were only
visual, with no dimensional differences between parts from both groups. This is true for both
bulky parts like the compressive strength tested specimens (15 mm × 15 mm × 15 mm cubes)
and for high length-to-width ratio parts like the samples used for tensile strength testing
(115 mm × 13 mm dog bone shape).

Laureto et al. [83] found that a difference exists between ASTM D638-14 Type I and
Type IV dimensions when testing 3D printed parts, with the type I test specimens pro-
ducing slightly better results tensile strength results. However, the difference in specimen
performance is not expected to influence the conclusions drawn in this paper.

Following tensile strength testing, there was no statistically significant difference
between unexposed samples and samples exposed to 24 h of 10 W/m2. UV-C radiation. A
decrease in stiffness was observed after irradiation which can be attributed to the scission
of molecular bonds.

Compressive strength testing showed a weakening of ABS-PC following radiation
exposure, with aged parts (UV-C) having 6.5% less compressive strength.

Tensile creep testing resulted in similar elongation-time curves for the control group
and the irradiated group, mirroring the findings regarding material stiffness. Mohamed
et al. found that different printing parameters influence the creep resistance of PC-ABS 3D
printed parts [84], a fact that highlights the need for further testing with other parameter
sets. The amount of creep and the creep rate should only be associated with the particular
use of a 45◦/−45◦ infill raster angle. As Zhang et al. have found, the creep resistance
of MEX 3D-printed parts is anisotropic and is influenced by infill orientation, with parts
printed using 90◦ infill having the highest creep resistance [85]. However, infill orientation
is not expected to produce different relative results (unexposed parts vs UV-C exposed).

SEM imaging was used to investigate whether any changes in the material occurred.
Samples from both groups presented features common to the manufacturing process, such
as microvoids and interlayer fusion regions. Key aspects commonly used to determine
material behavior, such as fracture appearance and fracture surface smoothness, were also
similar, mirroring the small differences observed following destructive testing.

UV radiation can cause polymers to age by breaking down their molecular chains,
weakening their physical properties. This is because UV radiation contains high-energy
photons that are capable of breaking chemical bonds in the polymer chains. When this
happens, the polymer molecules become shorter, and the polymer chains become weaker,
which can lead to the degradation of the material over time. This process is often referred
to as photo-oxidation. One of the primary ways photo-oxidation degrades the material is
by initiating the formation of free radicals—highly reactive molecules that can cause chain
reactions in the polymer—leading to the formation of new chemical bonds and altering the
polymer’s structure. In the presence of oxygen, free radicals can also react with oxygen
molecules to form peroxides. Peroxides can then react with other polymer molecules to
form more free radicals, perpetuating the chain reaction and causing further degradation
of the polymer. With short wavelength radiation, such as UV-C, another important effect
occurs, namely Fries rearrangement. When high-energy photons are absorbed by the
polymer, primarily free radicals can form by breaking carbonate bonds in a process that
does not need the presence of oxygen [86].
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It is known that PC has better UV resistance compared to non-oxygen polymers, such
as ABS [87,88]. We can hypothesize that the good behavior of ABS-PC is not only due to
the PC component being more UV resistant, but its presence could aid the ABS component
as well. It is known that at low wavelengths, ultraviolet radiation consists of photons with
sufficient energy to break molecular bonds, creating cross-linking and scission effects on
polymers [89,90]. It is, thus, possible for the radicals formed in the PC component to have
a scavenging effect on other free radicals formed during the cleavage of molecules in the
ABS component. This hypothesis requires further investigation.

In addition to causing physical changes in the polymer, UV radiation can also affect
its optical properties. Polymers that are exposed to UV radiation can become discol-
ored or yellowed (as was observed in these experiments), as photons can break down
chromophores, which are chemical groups responsible for a polymer’s color. This is an
important aspect to consider when designing parts where functionality depends on the
material’s optical properties.

A large compilation of 431 studies on the UV dose (fluence) needed to inactivate
common pathogens reveals that most pathogens see a 1-log reduction in numbers (90%
pathogen inactivation) at UV doses lower than 20 mJ/cm2 [91,92]. This is equivalent to 20 s
of exposure to the UV-C radiation source used in this experiment. These factors indicate
that the investigated aging treatment is relevant to the common practices of sterilizing
materials and surfaces. Given the good response of ABS-PC 3D-printed parts in terms
of tensile and compressive strength, stiffness and creep behavior before and after UV
exposure, this material should be considered for applications where UV sterilizing is
employed. This study looked at the performance of a common commercially available ABS-
PC blend. As discussed previously, a higher ratio of PC would increase UV stability while
decreasing processability through MEX 3D printing. Further improvement of the material’s
performance and stability under ultraviolet radiation could be obtained through various
methods. Additives, such as organo-modified layered double hydroxides are known to
increase the photostability of polymers while providing anti-bacterial properties [93]. Other
UV absorbers and UV stabilizers can also be used [94]. Another aspect worth studying is
the replacement of ABS with acrylonitrile styrene acrylate (ASA) in a PC/ASA copolymer.
ASA has superior UV resistance compared to ABS, but a PC/ASA copolymer requires
higher processing temperatures (275 ◦C extrusion temperature, 110 ◦C bed temperature). It
is important to note that the presence of MEX process-specific features, such as layer lines,
microvoids, etc., may play a role in determining the sterilization efficiency of 3D-printed
parts, and future studies need to address this fact.

5. Conclusions

The objective of this paper was to examine the impact of UV-C exposure-induced
accelerated aging on the mechanical characteristics of ABS-PC copolymer samples manufac-
tured through MEX 3D printing. Mechanical testing found minor tensile and compressive
strength decreases following irradiation. The same tests found that UV-C radiation has
slightly decreased part stiffness.

After conducting a tensile creep test, it was observed that the creep behavior remained
unchanged even after exposure to UV-C radiation, and both exposed and unexposed
materials exhibited comparable creep curves.

The results overall suggest a minor reduction in mechanical properties of 3D printed
ABS-PC parts following an irradiation treatment. These minor changes in mechanical
properties, coupled with the proven long-term stability of ABS-PC blends, suggest that
these materials are suitable for use in the presented scenarios. This is also true for parts
subjected to continuous tensile stress and vulnerable to polymer creep. SEM investigation
mirrored the findings of destructive testing,

Testing is needed to assess the medical efficiency of ultraviolet UV-C sterilization
on such parts, given the inherent characteristics of MEX 3D printed materials. Elements,
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such as surface porosity, hygroscopy, etc., may represent a hurdle in the adoption of
these materials.

It is important to mention that variations in feedstock material compositions, 3D
printing equipment and software, and different printing parameters may yield slightly
different outcomes for MEX 3D printed parts, as emphasized by Popescu et al. in a review
of mechanical property testing [95]. In-house assessment of material properties, 3D-printing
machine characteristics and parameter sets is recommended before producing end-use
polymer parts.
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Abstract: The selection of process parameters is crucial in 3D printing for product manufacturing.
These parameters govern the operation of production machinery and influence the mechanical
properties, production time, and other aspects of the final product. The optimal process parameter
settings vary depending on the product and printing application. This study identifies the most
suitable cluster of process parameters for producing rotating components, specifically impellers,
using carbon-reinforced Polyether Ether Ketone (CF-PEEK) thermoplastic filament. A mathematical
programming technique using a rating method was employed to select the appropriate process
parameters. The research concludes that an infill density of 70%, a layer height of 0.15 mm, a
printing speed of 60 mm/s, a platform temperature of 195 ◦C, an extruder temperature of 445 ◦C,
and an extruder travel speed of 95 mm/s are optimal process parameters for manufacturing rotating
components using carbon-reinforced PEEK material.

Keywords: additive manufacturing; Material Extrusion; carbon-reinforced Polyether Ether Ketone;
MCDM; Fuzzy-AHP-TOPSIS; process parameter selection; optimization

1. Introduction

Additive manufacturing (AM) technology, as an alternative to subtractive techniques
within the manufacturing industry, constructs objects layer by layer and garners substan-
tial interest across various domains. Within this paradigm of 3D printing, objects are
generated by directly segmenting their geometries from digital formats and feeding this
data into the 3D printing machine. The literature has delineated seven distinct processes
within additive manufacturing, categorized based on the raw materials employed and
the printing methodologies utilized. The Material Extrusion (MEx) process is the simplest
and most prevalent 3D printing technique [1–3]. The Material Extrusion (MEx) process
involves using thermoplastic polymer filaments to manufacture the end product. Opti-
mization of MEx process parameters is deemed crucial for product printing, as it directly
influences the control of printing machine operations, printing duration, and mechanical
properties of the final product. This optimization factor fine-tunes input data for the 3D
printing machine following the feed design. Key parameters include printing speed, travel
speed, extruder temperature, and printing pattern [4–6]. Previous studies have extensively
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investigated the selection of process parameters for carbon reinforcement. This section
highlights some of the notable research papers in this area. A comprehensive explanation
is also provided regarding the reasoning behind the meticulous selection and optimization
process of carbon-reinforced polymers, coupled with using mathematical programming
techniques that previous researchers have explored or employed to select the final product
of rotating components.

Lu et al. [7] conducted a study in which they produced carbon-reinforced PEEK
composites in various ratios and examined their mechanical properties. Their findings
revealed that blending carbon fibre with PEEK at a ratio of 20 weight % significantly impacts
the mechanical properties. Therefore, in the present research, carbon was incorporated
into the PEEK material at a lower ratio of 10 weight %. Chidambaram et al. [8] studied
the process parameters of layer thickness and printing speed to optimize PEEK material’s
hardness and wear characteristics. The investigation determined that a printing speed
of 20 mm/s and a layer thickness of 0.15 mm resulted in superior hardness and wear
behaviour. Sivakumar et al. [9] explored the application of machine learning algorithms to
optimize the selection of process parameters for manufacturing final fusion cages using
PEEK material. Parameters such as layer height, printing temperature, printing speed, infill
density, built orientation, and line width were carefully considered in the investigation.
The research determined that an optimal range for layer thickness falls between 0.1 mm
and 0.3 mm, printing temperatures range from 370 to 410 degrees Celsius, printing speeds
vary from 10 mm/s to 50 mm/s, infill densities range from 40 percent to 100 percent, the
optimal built orientation spans from 0 degrees to 90 degrees, and line widths range from
0.1 mm to 0.3 mm.

Kechagias et al. [10] have investigated to ascertain the porosity levels of components
produced through 3D printing process parameters. This exploration involved considering
various FDM process parameters, including infill rate, infill density, built orientation,
part orientation, printing speed, bed temperature, environmental conditions, and nozzle
temperature. Ultimately, the study revealed a significant impact of printing parameters
on mechanical loading and porosity. Jiang et al. [11] have explored process parameters
employing the Taguchi method to attain high-strength products utilizing PEEK material.
The Taguchi L9 experiment encompassed crucial process variables such as printing speed,
layer thickness, printing temperature, and extruder strand width. The culmination of the
investigation revealed that for the production of high-strength final products using PEEK
material, optimal parameters include a printing speed of 5 mm/s, a layer thickness of
0.1 mm, an extrusion strand width of 0.4 mm, and a printing temperature of 395 ◦C.

Liu et al. [12] have investigated the optimization of process parameters for bone
manufacturing with PEEK material. Parameters such as layer thickness and infill density
were carefully considered in this study. The findings revealed that the optimal process
parameters for PEEK material are a layer thickness of 0.43 mm and an infill density of
55 percent. While various studies have explored process parameter selection for PEEK
material, there is limited literature on the selection of process parameters for carbon-
reinforced PEEK materials. Particularly in applications involving rotating components, no
research has yet determined the process parameters for carbon-reinforced PEEK material.

Thermoplastic Polymers in Rotating Component Application

Polymers have been increasingly utilized to manufacture rotors in various systems,
enhancing the efficiency of blowers and siphons and improving cost-effectiveness [13–15].
Industry favours these materials for their affordability, ease of manufacturing, water
resistance, and adaptability [16,17]. The extrusion process for polymer materials can
involve a variety of raw materials, including powders, granules, filaments, and resins,
depending on the manufacturing method and raw material used. Thermoplastic polymers
such as Acrylonitrile butadiene styrene (ABS) [18], Polylactic Acid (PLA) [19], Polyethylene
Terephthalate (PETG) [20], Polyether ether Ketone (PEEK) [21], and Polyphenylene sulfide
(PPS) [22] have been utilized in the production of rotating parts. For instance, in a miniature
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organic rankine cycle (mORC), Hernandez-Carrillo et al. [23] investigated using an ABS
impeller. In their study, the traditional load of the impeller was reduced to enhance the
mORC’s efficiency. Operating conditions for the impeller included an input temperature of
55 ◦C, a pressure of 4 Bar, an exit temperature of 44.9 ◦C, and a pressure of 2.5 Bar, with a
rotational speed of 36,000 rpm. After considering the operating conditions and the factor
of safety (FoS), which is the ratio of yield strength to the maximum equivalent stress, the
ABS impeller met the required performance criteria. One significant advantage of using
this polymer was its ability to enable mass production of mORCs by reducing the cost of
impeller manufacturing using ABS. The impeller’s isentropic efficiency was also estimated
to be between 76% and 86% based on their simulations for the penta-fluor propane working
fluid. However, one limitation noted was the restricted operation of ABS at temperatures
above 89.9 ◦C.

Pavlovic et al. [24] assessed the mechanical properties of ABS for use in impeller pump
construction, demonstrating its reliability for impeller manufacturing. Similarly, Polak [25]
confirmed the hydraulic qualities of an ABS impeller for a spiral diffusive siphon, noting an
efficiency increase at an alternating velocity of 2950 rpm. The remarkably smooth surface of
the ABS impeller was identified as a key factor contributing to this efficiency improvement.
A thermoplastic material called PLA, derived from renewable resources such as sugar beet
or maize starch, offers biodegradability and composability as some of its key attributes.
Compared to other polymers, PLA’s low cost, environmental friendliness, biocompatibility,
and suitable physical and mechanical properties make it a preferable choice. PLA has
been used to manufacture impellers for pumps [26,27], compressors [28], and maritime
applications [29]. Despite the availability of both PLA and ABS, these two thermoplastic
types have been extensively studied as materials for pump impellers. ABS is often chosen
due to its higher resistance to stress compared to PLA, which exhibits high fragility in
comparison [30].

Birosz et al. [31] examined PLA impellers for blowers, focusing on PLA’s tensile
strength, creep behaviour, and bending characteristics. Creep testing results indicated that
PLA behaved more like a poorly cross-linked elastomer under low loads, with the creep
curve maintaining stability over time. This study contributed to the advancement of PLA
as a potential material for long-term use. PLA is a thermoplastic that is semi-crystalline.
Pump and mORC applications have utilized PLA impellers. For the creation of pump
sharp edges, this polymer was chosen on the grounds of its brilliant water resistance and
biodegradability. The PLA impeller was concentrated by Odetti et al. [32] for a Pump Jetting
Module (PJM) application. A PLA impeller tried for this application showed satisfactory
qualities with a speed of turn of 1200 rpm and a push of 14 N.

Zywica et al. [33] conducted a study on plastics and identified them as potential
materials for ORC framework impellers. This investigation utilized two thermoplastic poly-
mers: PPS and PEEK. The impeller was subjected to 120,000 cycles per minute. The study
concluded that PEEK polymer is well-suited for impeller production based on simulation
results pertaining to heat resistance, chemical resistance, tensile strength, and thermal
expansion. Rotational components, such as gears, shafts, and impellers, are crucial parts of
various mechanical systems where durability, wear resistance, and chemical resistance are
paramount. Carbon-reinforced PEEK is a high-performance thermoplastic compared to
neat PEEK and offers exceptional mechanical properties, including high strength, stiffness,
and fatigue resistance, making it an ideal material for such applications. However, the
literature gap regarding CF-PEEK in impeller applications remains unexplored.

Mathematical Programming Technique

The three primary categories for optimization techniques in operations research are
statistical methods, stochastic techniques, and mathematical programming techniques. Us-
ing a numerical value, the statistical technique selects the best option from the experiment
data. Response surface methodology (RSM), Taguchi, and design of experiment (DOE)
are a few instances that may be used conventionally. Optimization via approximation
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theories is known as a stochastic approach. Selecting and optimizing using mathematical
programming involves building quantitative numerical models based on qualitative data
and solving them. This study employs a mathematical programming technique called
multicriteria decision-making (MCDM). Multicriteria decision-making has the structure
of selecting the best choice from multiple options based on multiple criteria for a single
objective. Also, the commonly used statistical optimization tools (Taguchi method, De-
sign of Experiment, RSM method etc.) and optimal solutions are found after multi-stage
algorithms. Optimization, maximization, or minimization is the final result, but as far
as the multicriteria decision-making technique is concerned, selection and optimization
will be available as the final result. In this, multiple choices will be analyzed using a
pair-wise matrix, depending on the objective based on each criterion. Finally, the choices
are sorted, and the ranking is given. This helps prioritize and choose choices according
to the situation, and a higher ranking indicates maximization or minimization. The ac-
companying previous research utilized MCDM approaches to select problems in additive
manufacturing. In order to choose the best additive manufacturing technology for a cus-
tomized product in Industry 4.0, Malaga et al. [34] used the hybrid MCDM method. Raja
et al. [4] applied the MCDM strategy to choose the appropriate additive manufacturing
machine from the 3D printer client’s perspective, utilizing the Fuzzy TOPSIS technique.
The neutrosophic best-worst MCDM technique was utilized by Ghuge et al. [35] to pick
the provider of additive manufacturing services. The hybrid MCDM technique was used
by Chandra et al. to choose the sustainable additive manufacturing concept for solving
environmental challenges [36].

Raja et al. [5] applied the analytical hierarchy process (AHP) MCDM technique to
choose the best Material Extrusion machine in view of the additive manufacturing ma-
chine clients’ opinions. Subramani et al. [6] explored the different MCDM strategies and
accentuated the choice examination issues in additive manufacturing. For that reason,
numerous MCDM systems are utilized to address choice challenges in additive manu-
facturing. The Fuzzy-AHP-TOPSIS strategy again utilizes a five-guide rating framework
to assess the algorithm and choices. Moreover, five similar choices were utilized in the
examination level headed, and the reason for the simple linguistic terms is that the TOPSIS
approach was applied in this research. Comprehensive details will be presented in the
forthcoming section.

This study aims to identify the optimal cluster of Material Extrusion (MEx) process pa-
rameters for producing high mechanical properties in end products using carbon-reinforced
Polyether Ether Ketone (CF-PEEK) filament. This filament is not typically employed in
the fabrication of rotating components, specifically impellers. The objective is to achieve
superior mechanical properties in a shorter production time. To address these research
gaps, this research outlines Part two describes the tests necessary for rotating component
applications, along with the material and method. Detailed results and discussions are
presented in the final section.

2. Materials and Methods

In this study, we investigate the application of carbon-reinforced polyetheretherketone
(PEEK) in additive manufacturing processes to enhance the mechanical properties of
manufactured components. The selection of the optimal material and process parameters
is crucial to achieving high-quality prints with the desired properties. To address this, we
employ the fuzzy analytical hierarchy process (AHP) in conjunction with the technique for
order of preference by similarity to the ideal solution (TOPSIS). These methods allow for a
comprehensive evaluation and selection of materials and process parameters, considering
multiple criteria such as mechanical properties, cost, and environmental impact. This
combined approach provides a systematic and effective way to optimize the additive
manufacturing process for carbon-reinforced PEEK, contributing to the advancement of
polymer-based additive manufacturing technology.
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2.1. Assumptions of the Research

This study aims to identify the optimal cluster of printing parameters for carbon-
reinforced PEEK based on the analysis of tensile, flexural, and morphology data results. To
achieve this objective, the following assumption is made:

• This study considers multiple process parameters that can affect the mechanical
properties of the final product. For instance, if the extrusion temperature decreases
while the printing speed is high during the fabrication of a product, the final result
may be compromised if the raw material does not solidify as expected. Similarly,
variations in mechanical characteristics can occur if the printing speed is high, the
extruder travel speed is slow, and the infill amount fluctuates.

• The evaluation framework is based on the results of the available data. Criteria 1
(C1) corresponds to the observation of ultimate tensile strength (UTS), Criteria 2 (C2)
corresponds to the observation of Young’s modulus, Criteria 3 (C3) corresponds to the
observation of ultimate flexural test, and Criteria 4 (C4) corresponds to the observation
of surface defects. Notably, the options mentioned are labelled explicitly as Sample 1
to Sample 5, rather than Alternative (A1, A2, A3, A4, and A5).

• As reported in previous literature, printing parameter values range from the minimum
to maximum values for both PEEK and carbon-reinforced PEEK, refer Table 1.

• Furthermore, the infill printing parameter was set to a normal “line” as per standard
practice, although it can be adjusted to accommodate other infill designs such as
hexagonal or triangular patterns. Each of the alternatives mentioned represents a
distinct set of parameters (referred to as a cluster of process parameters), as outlined
in Table 1.

2.2. Material Extrusion Printing

The MEx process transforms a product’s design from CAD models or other design
software into its physical form. Modern slicing technology (Flash Forge 6.0 Zhejiang
Flashforege 3D Technology Ltd., Zhejiang, China) is utilised. STL (Standard Triangle
Language) files are divided into layers with varying printing parameters before slicing.
This sliced data is then inputted into the MEx machine (Zortrax Endureal 3D printer,
Olsztyn, Poland) for printing. The extruder moves the carbon-reinforced PEEK filament
from the spool to the melting zone, where it is melted and deposited layer by layer on the
build platform according to the input data. Previous studies have investigated polymer
composite filaments to analyze the effects of carbon reinforcement on their properties.

Material Extrusion Process Parameter

The fused deposition method (FDM) process parameters have been significantly
enhanced, exerting a notable influence on the durability of the final products. Numerous
researchers have explored a wide array of controllable characteristics to achieve desired part
features, with many convergent on a set of critical factors. The process parameters under
scrutiny in this study are delineated below. The internal structure of the printed component
is formed using the infill pattern printing technique, offering a variety of filling patterns,
including cubic, diamond, triangle, hexagonal, honeycomb, linear, and line. Honeycomb is
the optimal inner structure material for superior mechanical qualities, albeit with longer
production times [37]. Consequently, employing the appropriate infill pattern without
altering the build time or other print quality settings is strongly recommended.

The infill density indicates how much material is printed on a specific component and
directly impacts its quality. A fully infilled density, when build delays are inconsequential,
and an optimal infill density, when material customization and build times are feasible,
yield the best mechanical strength [38]. At lower infill densities, a solid cross-section has a
minimal effect on material failure. The volume of material deposited along the machine’s
vertical axis in a single pass determines the layer height of a Material Extrusion machine.

Before commencing AM, the 3D CAD model must be sliced, as shallow slice heights
prolong the construction process, while high slice heights result in a pronounced staircase
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effect and poor surface quality. Mechanical strength increases with layer height due to
decreased void density [39]. Print speed, which influences build time and print quality,
along with material deposition quality, plays a crucial role [40]. A faster print speed
increases tensile strength due to the speed at which successive layer surfaces bond [41].

The temperature condition denotes the temperature at which the model material is
heated by the system, controlling both the amount of molten material extruded from the
nozzle and the platform temperature. Extrusion temperature refers to the temperature
maintained in the heating head nozzle of the FDM prior to filament extrusion, enhancing
fusing within and between layers as the temperature rises [42].

The speed at which an object is built also depends on the extruder’s velocity and the
parts’ orientation in the build bed relative to the X, Y, and Z axes. The Z axis moves toward a
part’s thickness or height while parallel to the build platform. Part travel speed impacts both
mechanical and surface characteristics [43]. Figure 1 presents a schematic diagram illustrat-
ing the process parameters of the Material Extrusion method in additive manufacturing.

Figure 1. Schematic of MEx Process Parameters.

Table 1. Process parameters are taken for printing CF-PEEK [7–12,21,33].

Process
Parameter Infill Pattern Layer Height

(mm)
Print Speed

(mm/s)

Platform
Temperature

(◦C)

Extruder
Temperature

(◦C)

Travel Speed
(mm/s)

Infill Density
(%)

Alternative 1

Line

0.30 30 180 430 80 55

Alternative 2 0.25 40 185 435 85 60

Alternative 3 0.20 50 190 440 90 65

Alternative 4 0.15 60 195 445 95 70

Alternative 5 0.10 70 200 450 100 75

Figure 2 illustrates the geometric standard for the ASTM D638 type V tensile test [44],
while Figure 3 portrays the geometric standard for the ISO-178 flexural test of printed
specimens produced on an FDM machine, with parameters outlined in Table 1.
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Figure 2. Experimental specimens.

Figure 3. Experimental specimens [45].

2.3. Fuzzy AHP-TOPSIS

Fuzzy-AHP-TOPSIS depends on the rule of tracking down the best option, in contrast
to the biggest mathematical separation from the negative ideal solution and the briefest
mathematical separation from the positive ideal solution. By assessing how intently the
choices look like the best response, Fuzzy-AHP-TOPSIS additionally decides the most ideal
choice. The Fuzzy-AHP-TOPSIS approach is applied as continues in this study article:

The Analytic Hierarchy Process (AHP), created by Thomas Saaty in the 1970s, is ex-
panded upon by the Fuzzy Analytic Hierarchy Process (AHP). The Analytic Hierarchy
Process (AHP) is a systematic approach to handling complex decisions using a hierarchical
structure to represent the decision criteria at various levels of abstraction. It is exten-
sively used in many business, engineering, and healthcare domains for decision-making.
Pair-wise comparisons of the alternatives and decision criteria are performed using the
Analytic Hierarchy Process (AHP) to create priority scales determining the ultimate choice.
Nonetheless, decisions made by decision-makers may not always be exact or free from
uncertainty in many real-world scenarios. The Fuzzy AHP, which uses fuzzy logic to
handle imprecise and uncertain information, was created to overcome this limitation. By
employing linguistic variables such as “very low,” “low,” “average,” “high,” and “very
high” to characterize the relationships between criteria and alternatives, fuzzy logic enables
the representation of ambiguous and subjective judgments [5,42,46]. Instead of using exact
numerical values for pair-wise comparisons, fuzzy numbers are used in the Fuzzy AHP. A
membership function that gives each linguistic variable a degree of membership defines
these fuzzy numbers. The priority scales for the criteria and alternatives are then obtained
by combining the comparisons using fuzzy arithmetic operations. Figure 4 illustrates
the fundamental concept and hierarchical structure of the research framework’s Fuzzy
Analytic Hierarchy Process (AHP) Technique for Order of Preference by Similarity to the
Ideal Solution (TOPSIS) method.

491



Polymers 2024, 16, 1443

Figure 4. Concept of this research.

In this paper, the triangle membership function is utilized. The accompanying image
(µå) is ordinarily used to address a Fuzzy value. Figure 5 depicts the triangle membership
function in this exploration.

µå (X) = Å = (1, 2, 3) (1)

Figure 5. Scale conversion using the triangular membership function.

As per Equation (1), the lowest, middle, and upper fuzzy numbers in triangle mem-
bership functions are 1, 2, and 3 separately [4].
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This study employs the linguistic terms outlined in Table 2. These terms are con-
sistent with the previously described fuzzy numbers derived from the same triangle
membership function.

Table 2. Scale conversion using Triangular Membership Function [4,5].

Saaty Parameters Saaty Scale
Fuzzified Using

Triangle Membership
Function

Equal consideration 1 1,1,1
Moderate consideration 3 2,3,4

Strong consideration 5 4,5,6
Very strong consideration 7 6,7,8

Extremely strong consideration 9 9,9,9
Intermediate consideration 2 1,2,3

4 3,4,5
6 5,6,7
8 7,8,9

This study employs various integrated decision-making methods alongside systematic
group decision-making. Specifically, linguistic terms are utilized to construct a collaborative
decision matrix encompassing alternatives and criteria. Subsequently, the corresponding
fuzzy values are adjusted accordingly, as depicted in Table 3.

Table 3. Terms related to linguistics and fuzzy numbers.

Linguistics Terms Fuzzy Numbers Based on
Triangular Membership Function Linguistics Scales

Very Low (VL) 1,1,3 1
Low (L) 1,3,5 2

Average (A) 3,5,7 3
High (H) 5,7,9 4

Very High (VH) 7,9,9 5

In the initial stage of implementing the Fuzzy Analytic Hierarchy Process (AHP) and
Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS) method, the
first step involves constructing a Pair-wise matrix using the provided data. Subsequently,
the process normalises the decision matrix, constituting the second step. Following this,
the third step involves distinguishing between beneficial and non-beneficial criteria. Using
these identified criteria, the subsequent step involves determining the fuzzy positive
ideal solution and the fuzzy negative ideal solution. Once these solutions are established,
the differences between them are computed, leading to the calculation of the closeness
coefficient. This detailed procedure is exclusively elaborated upon in the discussion section,
which focuses on the results.

2.4. Mechanical Testing

Tensile testing was conducted using the Tinius Olsen H10KL machine, employing
each set of parameters for three specimens, totalling 15 specimens across five parameter
sets. Flexural tests were employed to evaluate both the composites’ flexural strength and
the failure surface’s characteristics. Through these tests, the flexural stress of each specimen
was measured across three trials. Criteria 3 was established to evaluate the different
samples based on the average flexural test results and the flexural modulus findings. To
ensure consistent testing conditions, the span length of the specimen was multiplied by
four times its thickness, maintaining an equal distance from the bottom solid support.

2.5. Morphology Analysis

The sample prepared with revised set of printing parameter was analyzed using
FESEM (Field Emission Scanning Electron Microscopy). This analysis revealed microstruc-
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tural imperfections in the samples. Subsequently, morphology analysis was conducted to
evaluate criteria 4, assigning points on a linguistic scale ranging from 1 to 5.

3. Results and Discussion

As per prior research, ultimate tensile strength (UTS) significantly influences tensile
outcomes. The values for Young’s modulus and ultimate tensile strength (UTS) are pre-
sented in Tables 4 and 5, respectively. Trials A, B, and C were performed on each specimen,
and their average results for assessing the criteria using linguistic terms were calculated for
both Young’s modulus and UTS.

Table 4. Observation of Young’s Modulus (in GPa).

A1 A2 A3 A4 A5

A 3.61 3.25 3.71 3.05 3.17
B 3.54 3.21 3.64 2.99 3.08
C 3.49 3.11 3.69 3.01 3.01

Average 3.54 3.19 3.68 3.01 3.08

Importance H A VH VL L

Table 5. Observation of UTS (in MPa).

A1 A2 A3 A 4 A5

A 82.1 83.7 80.2 80.3 79.8
B 82.6 84.2 80.6 79.6 78.6
C 83.4 84.1 79.8 79.2 78.2

Average 82.7 84 80.2 79.7 78.8

Importance H VH A L VL

According to the observations in Table 4, A4 exhibits the lowest average Young’s
modulus value, whereas Sample 3 demonstrates the highest average value.

The observation of Table 5 indicates that A2 exhibits the highest average UTS value,
whereas A5 demonstrates the lowest value. As per the linguistic term scale, A2 was rated
very high (VH) and A5 was rated Very Low (VL).

According to Young’s modulus, based on the available data, Alternative 3 exhibits
the highest strength at 3.68 GPa, securing the top position, followed by Alternative 1
at 3.54 GPa, ranking second, Alternative 2 at 3.19 GPa, ranking third, Alternative 5 at
3.08 GPa, ranking fourth, and Alternative 4 at 3.01 GPa, ranking fifth. Consequently, the
TOPSIS Linguistics scale attributes a significance score of 5 to high-strength Alternative 3,
indicating its utmost importance, while assigning a score of 1 to low-strength Alternative 4,
reflecting its comparatively lesser significance.

Consistent with this, Alternative 2 exhibited the highest strength (84 MPa), followed by
Alternative 1 in second place (82.7 MPa), Alternative 3 in third place (80.2 MPa), Alternative
4 in fourth place (79.7 MPa), and Alternative 5 in fifth place (78.8 MPa). This indicates
that for the high-strength Alternative 2, the TOPSIS Linguistic scale assigned very high
importance (5 points), while for the low-strength Alternative 2, it assigned very low
importance (1 point).

The assessment of flexural performance heavily relies on the ultimate flexural strength.
Table 6 displays the average ultimate flexural strength values for each specimen. Addition-
ally, Table 6 includes linguistic terms corresponding to these average values. The analysis
indicates that Sample 2 exhibits superior performance in terms of ultimate flexural strength.
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Table 6. Observation of Ultimate Flexure Strength (in MPa).

A1 A2 A3 A4 A5

A 148 149.6 144.5 140.3 138.6
B 147.3 148.2 143.6 141.2 137.9
C 146.9 148.9 144.1 139.7 138.1

Average 147.4 148.9 144.06 140.4 138.2

Importance H VH A L VL

In the tested alternatives, alternatives 2 demonstrated the highest strength at 148.9 MPa,
followed by alternatives 1 at 147.4 MPa, alternatives 3 at 144.06 MPa, alternatives 4 at
140.4 MPa, and alternatives 5 at 138.2 MPa. Consequently, the Fuzzy-AHP-TOPSIS linguis-
tic scale assigned a high importance rating of 5 points to Alternative 2 for its high strength,
while Alternative 5 received a low importance rating of 1 point due to its lower strength.

In terms of morphological outcomes, this study focuses on surface roughness and
defects. Based on the morphological analysis, it was found that A5 exhibits fewer defects
and less pronounced line pattern dents, attributed to the extruder melting temperature.
Conversely, the surface of A1 shows defects and improper infill, also due to the extruder
melting temperature. Consequently, A5 has been assigned a very high (VH) priority. In
Figure 6a, the microstructure of Alternative 1 is presented, followed by the microstructures
of Alternative 2 in Figure 6b, Alternative 3 in Figure 6c, Alternative 4 in Figure 6d, and
Alternative 5 in Figure 6e. During FESEM analysis, the printed carbon-reinforced PEEK
samples were coated with gold sputter, as depicted in Figure 6f. This process enhances the
conductivity of non-conductive materials.

Figure 6. Morphology analysis of printed alternatives (a) A 1 (b) A 2 (c) A 3 (d) A 4 (e) A 5
(f) Geometric of gold-sputter-coated samples.

Alternative 5 exhibited a smooth surface finish with fewer defects compared to Al-
ternative 3. Alternative 2 showed a slightly smoother surface finish with fewer lines than
Alternative 4. However, Alternative 1 presented the roughest surface among the specimens,
ranking fifth due to numerous surface flaws such as pores, gaps, and other imperfec-
tions. These rankings are consistent with the TOPSIS Linguistic Scale, which assigns very
high importance (5 points) to Alternative 5 for its high strength and very low importance
(1 point) to Alternative 1 for its lower strength. Table 7 illustrates the pair-wise matrix
derived from observational data.

495



Polymers 2024, 16, 1443

Table 7. Linguistic Scale of Evaluation matrix.

C1 C2 C3 C4

Alternative 1 H H H VL
Alternative 2 VH A VH A
Alternative 3 A VH A H
Alternative 4 L VL L L
Alternative 5 VL L VL VH

The fuzzified values of 5, 7, and 9 in the first column and first row of Table 8 represent
Alternative 1 (Sample 1), which is deemed highly important (H) relative to Criteria 1.

Table 8. Fuzzified Evaluation Matrix.

C1 C2 C3 C4

Alternative 1 5 7 9 5 7 9 5 7 9 1 1 3
Alternative 2 7 9 9 3 5 7 7 9 9 3 5 7
Alternative 3 3 5 7 7 9 9 3 5 7 5 7 9
Alternative 4 1 3 5 1 1 3 1 3 5 1 3 5
Alternative 5 1 1 3 1 3 5 1 1 3 7 9 9

Subsequently, the total number of individual values is normalized by dividing it by
the maximum value of each column. Table 9 illustrates the FPIS (A+), which is derived by
selecting the maximum value from each column representing beneficial criteria. This study
employed useful criteria and morphological criteria to enhance mechanical properties. The
subsequent step involves minimizing each column’s cost criterion (A−) to ascertain the
fuzzy negative ideal solution.

Table 9. Compute A+ and A−.

C1 C2 C3 C4

A1
0.555 0.777 0.555 0.777 0.555 0.777 0.111 0.111 0.333

1 1 1

A2
0.777 0.333 0.555 0.777 0.777 0.333 0.555 0.777

1 1 1 1

A3
0.333 0.555 0.777 0.777 0.333 0.555 0.777 0.555 0.777

1 1 1

A 4
0.111 0.333 0.555 0.111 0.111 0.333 0.111 0.333 0.555 0.111 0.333 0.555

A 5
0.111 0.111 0.333 0.111 0.333 0.555 0.111 0.111 0.333 0.777

1 1

A+ 0.777 0.777
0.777 1 1 0.777 1 1 1 1 1 1

A− 0.111 0.111 0.333 0.111 0.111 0.333 0.111 0.111 0.333
0.111 0.333 0.111

Table 10 illustrates the distance of each alternative from the fuzzy positive ideal
solution (FPIS), while Table 11 displays the distance of each alternative from the fuzzy ideal
solution. Equation (2) below can be utilized to compute this distance [4].

d (ż,) = sq
√

((a1 − a2)2 + (b1 − b2)2+ (c1 − c2)2)) (2)
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Table 10. Compute the FPIS (A+).

C1 C2 C3 C4 di+

Alternative 1 0 0.181 0 0.748 0.929
Alternative 2 0 0.384 0 0.384 0.769
Alternative 3 0.384 0 0.384 0.181 0.951
Alternative 4 0.379 0.748 0.601 0.601 2.331
Alternative 5 0.748 0 0.748 0 1.496

Table 11. Compute the FNIS (A−).

C1 C2 C3 C4

Alternative 1 0.601 0 0.601 0
Alternative 2 0 0.384 0.748 0.384
Alternative 3 0.384 0.748 0.384 0.601
Alternative 4 0.181 0 0 0
Alternative 5 0 0.181 0 0.748

The FPIS is determined by selecting the value of a1 for each column if a1 represents the
A+ value of each column and a2 represents the individual value of each column. Similarly, to
calculate the fuzzy negative ideal solution (FNIS), the values of each column are substituted
by A1 and A2. The resulting totals are presented in Tables 11 and 12.

Table 12. Decision Matrix.

Closeness Co-Efficient (Cci) Rank

Alternative 1 0.564 III
Alternative 2 0.663 II
Alternative 3 0.060 V
Alternative 4 0.722 I
Alternative 5 0.383 IV

The decision matrix below was constructed after thoroughly analysing the criteria and
alternatives. Table 12 displays the ranking of the alternatives based on the coefficient of
closeness, as calculated by the formula employed.

Alternative 4 exhibited the highest coefficient of closeness compared to other samples,
as indicated by the observations. The parameters of Alternative 4 demonstrated the highest
mechanical properties among all samples for manufacturing impeller applications. The
fourth set of parameters, comprising an infill density of 70%, a layer height of 0.15 mm, a
printing speed of 60 mm/s, a platform temperature of 195 ◦C, an extruder temperature of
445 ◦C, and an extruder travel speed of 95 mm/s, were found to be the most suitable for
CF-PEEK filament used in the production of rotating components.

Sensitivity analysis involves adjusting the weights of criteria to observe how the
ranking of alternatives changes. This process helps ensure the reliability of the solutions
and the ranking of alternatives by testing their robustness. Accordingly, altering the
weight given to tensile and flexural properties does not change the ranking obtained.
Similarly, increasing the weighting of tensile and surface defects also does not change the
ranking. These sensitivity analyses confirm the correctness of the ranking, as it depicted
in Table 13. Table 14 compares rankings between the PSI MCDM and fuzzy AHP-TOPSIS
rating techniques. Maniya and Bhatt [47] used the preference selection index method to
calculate the final preference score for each alternative by determining the preference value
between each alternative and its variant. Overall, the comparative analysis has helped to
elucidate the differences in rankings obtained from various MCDM techniques. In this
case, the rankings from different MCDM techniques are similar to those from the fuzzy
AHP-TOPSIS rating technique.
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Table 13. Sensitivity Assessment.

Set 1—High
Weightage to C1, C2

Set 2—High Weightage
to C1, C2, C3

Set 3—High Weightage
to C1, C2, C4

Set 4 (Original)—Equal
Weightage to All Criteria Rank

Alternative 1 0.589 0.498 0.509 0.564 III
Alternative 2 0.699 0.572 0.589 0.663 II
Alternative 3 0.092 0.049 0.054 0.060 V
Alternative 4 0.813 0.633 0.676 0.722 I
Alternative 5 0.412 0.282 0.302 0.383 IV

Table 14. Comparative Analysis Using the Preference Selection Index Method.

Preference Selection
Index (PSI) Method

Fuzzy-AHP TOPSIS
(This Method) Rank

Alternative 1 0.522 0.564 III
Alternative 2 0.654 0.663 II
Alternative 3 0.085 0.060 V
Alternative 4 0.746 0.722 I
Alternative 5 0.392 0.383 IV

In this study, the validation of the data is based on the specific criteria applied, which
aligns with previous research where tensile and flexural properties have been prioritized as
key mechanical properties for impeller production. This approach ensures the validity of the
selected criteria. The chosen process parameters are also validated, as previous researchers
commonly employ them to determine suitable process parameters in FDM printing, which
directly impact the mechanical properties of the printed parts. The selected optimization
tool for decision-making is highly suitable, offering a slightly simpler procedure compared
to other MCDM tools without compromising reliability. Furthermore, the research model
has been validated by experts in the MCDM field, adding an additional layer of credibility
to the study.

4. Conclusions

Various studies have explored the selection of process parameters in additive manu-
facturing. However, this research specifically focuses on determining the suitable process
parameters for manufacturing rotating components using carbon-reinforced PEEK polymer,
incorporating new and innovative assumptions. Unlike conventional approaches that rely
on maximization or minimization after multi-stage optimization, this study employs a
multicriteria decision-making method. This method effectively selects optimal process
parameters by considering multiple criteria and alternative parameter clusters. The me-
chanical properties are used as criteria, while different clusters of parameters serve as
alternatives. Based on previous research findings regarding mechanical properties, the
study identifies the best process parameters from five different samples, ranging from the
minimum to the maximum values for the selected material. Moreover, the criteria are
selected based on the application of rotating components, ensuring the importance of these
criteria and alternatives in the final product production, as validated by previous studies.
Furthermore, the model developed in this research is tested and validated on another
material with the same process parameters. Sensitivity analysis confirms the accuracy and
consistency of the decision-making and optimization models. For instance, when assigning
equal importance to all criteria, Alternative 4 is identified as suitable for carbon fiber PEEK.
Even when different weight ages are assigned to criteria, this result remains unchanged,
demonstrating the model’s reliability. Future researchers can use similar approaches to con-
duct selection and optimization studies with different materials or alternative multicriteria
decision-making methods.

498



Polymers 2024, 16, 1443

Author Contributions: Conceptualization, R.S.; Methodology, R.S.; Software, R.S.; Validation, R.S
and A.K.; Investigation, R.S., A.K. and A.K.T.; Resources, R.S.; Data curation, P.V., A.K. and K.V.S.;
Writing—original draft, R.S.; Writing—review & editing, M.A.R., A.K., K.V.S. and A.K.T.; Visualiza-
tion, P.V.; Supervision, A.K. and K.V.S.; Funding acquisition, A.K., A.K.T. and K.V.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is partially funded by the Center for Sustainable Materials and Surface Metamor-
phosis. Chennai Institute of Technology, India, vide funding number CIT/CSMSM/2024/RP/002.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marino, S.G.; Košt’áková, E.K.; Czél, G. Development of pseudo-ductile interlayer hybrid composites of standard thickness plies

by interleaving polyamide 6 nanofibrous layers. Compos. Sci. Technol. 2023, 234, 109924. [CrossRef]
2. Adapa, S.K. Jagadish Prospects of Natural Fiber-Reinforced Polymer Composites for Additive Manufacturing Applications:

A Review. JOM 2023, 75, 920–940. [CrossRef]
3. Subramani, R.; Kaliappan, S.; Sekar, S.; Patil, P.P.; Usha, R.; Manasa, N.; Esakkiraj, E.S. Polymer Filament Process Parameter

Optimization with Mechanical Test and Morphology Analysis. Adv. Mater. Sci. Eng. 2022, 2022, 8259804. [CrossRef]
4. Raja, S.; Rajan, A.J. A Decision-Making Model for Selection of the Suitable FDM Machine Using Fuzzy TOPSIS. Math. Probl. Eng.

2022, 2022, 7653292. [CrossRef]
5. Raja, S.; Rajan, A.J.; Kumar, V.P.; Rajeswari, N.; Girija, M.; Modak, S.; Kumar, R.V.; Mammo, W.D. Selection of Additive

Manufacturing Machine Using Analytical Hierarchy Process. Sci. Program. 2022, 2022, 1596590. [CrossRef]
6. Subramani, R.; Kaliappan, S.; Arul, P.V.; Sekar, S.; Poures, M.V.; De Patil, P.P.; Esakki, E.S. A Recent Trend on Additive

Manufacturing Sustainability with Supply Chain Management Concept, Multicriteria Decision Making Techniques. Adv. Mater.
Sci. Eng. 2022, 2022, 9151839. [CrossRef]

7. Lu, S.; Zhang, B.; Niu, J.; Yang, C.; Sun, C.; Wang, L.; Li, D. Effect of fiber content on mechanical properties of carbon fiber-
reinforced polyether-ether-ketone composites prepared using screw extrusion-based online mixing 3D printing. Addit. Manuf.
2024, 80, 103976. [CrossRef]

8. Chithambaram, K.; Senthilnathan, N. Effects of printing parameters on hardness and wear characteristics of 3D printed
polyetheretherketone (PEEK) polymer. Mater. Lett. 2024, 356, 135588. [CrossRef]

9. Sivakumar, N.K.; Palaniyappan, S.; Bodaghi, M.; Azeem, P.; Nandhakumar, G.; Basavarajappa, S.; Pandiaraj, S.; Hashem, M.I.
Predictive modeling of compressive strength for additively manufactured PEEK spinal fusion cages using machine learning
techniques. Mater. Today Commun. 2024, 38, 108307. [CrossRef]

10. Kechagias, J.; Zaoutsos, S. Effects of 3D-printing processing parameters on FFF parts’ porosity: Outlook and trends. Mater. Manuf.
Process. 2024, 39, 804–814. [CrossRef]

11. Jiang, C.-P.; Cheng, Y.-C.; Lin, H.-W.; Chang, Y.-L.; Pasang, T.; Lee, S.-Y. Optimization of FDM 3D printing parameters for high
strength PEEK using the Taguchi method and experimental validation. Rapid Prototyp. J. 2022, 28, 1260–1271. [CrossRef]

12. Liu, H.; Cheng, X.; Yang, X.H.; Zheng, G.M.; Guo, Q.J. Experimental study on parameters of 3D printing process for PEEK
materials. In Proceedings of the IOP Conference Series: Materials Science and Engineering, the 2nd International Workshop on
Materials Science and Mechanical Engineering (IWMSME2018), Qingdao, China, 26–28 October 2018; IOP Publishing: Bristol,
UK, 2018; Volume 504, p. 012001. [CrossRef]

13. Olaiya, N.G.; Maraveas, C.; Salem, M.A.; Raja, S.; Rashedi, A.; Alzahrani, A.Y.; El-Bahy, Z.M.; Olaiya, F.G. Viscoelastic and
Properties of Amphiphilic Chitin in Plasticised Polylactic Acid/Starch Biocomposite. Polymers 2022, 14, 2268. [CrossRef] [PubMed]

14. Raja, S.; Logeshwaran, J.; Venkatasubramanian, S.; Jayalakshmi, M.; Rajeswari, N.; Olaiya, N.G.; Mammo, W.D. OCHSA:
Designing Energy-Efficient Lifetime-Aware Leisure Degree Adaptive Routing Protocol with Optimal Cluster Head Selection for
5G Communication Network Disaster Management. Sci. Program. 2022, 2022, 5424356. [CrossRef]

15. Praveenkumar, V.; Raja, S.; Jamadon, N.H.; Yishak, S. Role of laser power and scan speed combination on the surface quality of
additive manufactured nickel-based superalloy. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2023, in press. [CrossRef]

16. Raja, S.; Rajan, J. Selection of Polymer Extrusion Parameters By Factorial Experimental Design—A Decision Making Model. Sci.
Iran. 2023, in press.

17. Subramani, R.; Kalidass, A.K.; Muneeswaran, M.D.; Lakshmipathi, B.G. Effect of fused deposition modeling process parameter in
influence of mechanical property of acrylonitrile butadiene styrene polymer. Appl. Chem. Eng. 2024, 7, 3576. [CrossRef]

18. Andrés, M.S.; Chércoles, R.; Navarro, E.; de la Roja, J.M.; Gorostiza, J.; Higueras, M.; Blanch, E. Use of 3D printing PLA and ABS materials
for fine art. Analysis of composition and long-term behaviour of raw filament and printed parts. J. Cult. Herit. 2023, 59, 181–189. [CrossRef]

19. Raja, S.; Agrawal, A.P.; Patil, P.P.; Thimothy, P.; Capangpangan, R.Y.; Singhal, P.; Wotango, M.T. Optimization of 3D Printing
Process Parameters of Polylactic Acid Filament Based on the Mechanical Test. Int. J. Chem. Eng. 2022, 2022, 5830869. [CrossRef]

499



Polymers 2024, 16, 1443

20. Joseph, T.M.; Kallingal, A.; Suresh, A.M.; Mahapatra, D.K.; Hasanin, M.S.; Haponiuk, J.; Thomas, S. 3D printing of polylactic acid:
Recent advances and opportunities. Int. J. Adv. Manuf. Technol. 2023, 125, 1015–1035. [CrossRef]

21. Pulipaka, A.; Gide, K.M.; Beheshti, A.; Bagheri, Z.S. Effect of 3D printing process parameters on surface and mechanical properties
of FFF-printed PEEK. J. Manuf. Process. 2023, 85, 368–386. [CrossRef]

22. French, A.; Anguiano, S.; Bliss, M.; Christ, J.; di Vacri, M.; Erikson, R.; Harouaka, K.; Hoppe, E.; Grate, J.; Arnquist, I. Mass
spectrometric investigations into 3D printed parts to assess radiopurity as ultralow background materials for rare event physics
detectors. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2023, 1047, 167830. [CrossRef]

23. Hernandez-Carrillo, I.; Wood, C.J.; Liu, H. Advanced materials for the impeller in an ORC radial microturbine. Energy Procedia
2017, 129, 1047–1054. [CrossRef]
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