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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
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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.

Additive Mamufau:turin%/_ﬂ . .
| Traditional Manufacturing

* Quick product launch, faster for prototypes and small runs

Faster for large-scale production, slower for prototypes
* Longer production times for some methods, parameters and 4 P prototype

Longer lead times due to tooling

fine details
* Rapid design adjustments DGSign + Large sizes and dimensions can be manufactured
Size and sometimes accuracy limitations considerations *+ High accuracy of the geometries
’ em - ibili + Customization limited by tooling and machine capabilities
* High flexibility and customization of products Flenbll.l ty 2.!I‘Id « Large-scale productions tequire no customization after process
* Perfect for low-volume or single-use cases customization initiates

* No post-processing of global geometry

Smooth surfaces that require no post-processing
* Post-processing for rough edges and non-smooth surfaces

Final processing of the part is generally required

Cost-effective in medium-volume to large-volume production
Initial large cost investments amortize for large-volume
production

»  Cost-effective in low-volume production
» Expensive equipment for larger scale

* No waste generated during successful runs
* Limited materials alternatives
* Generally uses recyclable materials

Wasted material due to subtractive techniques
Longer operation periods, generates less total waste

* Mechanical properties are greatly influenced . .
by the printing parameters Part Properhes

High mechanical properties of the parts and tooling
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



Polymers 2024, 16, 1055

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.

¢ SN
‘ Aviation () () Medical/biological‘
‘ Spaceflight o ) Electronics ‘
‘ Maritime ) ) Consumer ‘
7 e
‘ Transport/heavy machineryf W Energy ‘
‘ Construction () Oil/gas ‘

\{ D—

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
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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
Stereolithography
L (SLA); Digital Light
A liquid PhOtOPOIYmer Processing (DLP); . . High costs
Vat Polymers in a vat is exposed to . L Rapid processing .
. Continuous Liquid . e Extracting the 3D
Photo (UV-curable light source to be I . High quality finish of .
o . . . nterface Production object from the mold
Polymerization photopolymer resins) selectively cured into - the part .
. (CLIP); Daylight generates issues
solid form A
Polymer Printing
(DPP)
Polvmers Droplets of material are h{\[/?ti:il?leﬁ\t/};réil(x] ) Difficult to apply in
Material oyme selectively deposited el ) structural parts
. (PP, HDPE, PS, . (MJM); Nanoparticles Less to zero waste .
Jetting (jetted) on a substrate . Post-processing
PMMA), Waxes to build a 3D object Jetting (NPJ); Drop required
) on Demand (DOD) q
Polymers Liquid bonding agent .
. (PA, ABS), Metals that acts as adhesive is quder Bed and . . Lower mechanical
Binder . . . Inkjet Head (PBIH); Rapid processing performance
. (stainless steel), selectively deposited to ) -
Jetting - . L Plaster-based 3D No melting Post-processing
Ceramics (Sand join materials in Printing (PP) required
Glass) powder form & !
Lower precision—
. " Lower costs many factors
. Polymers Th.ermopla'stlc polymer Fused Deposmon Good mechanical and  influence final model
Material . filament is extruded Modeling (FDM); . .
. (ABS, Polyamides, : structural properties quality
Extrusion PC, PEL PLA) through a nozzle to Fused Filament Hich availabilit Accuracy and speed
T build a 3D object Fabrication (FFF) & - y Y P
materials Nozzle requires
technical attention
Layers of material are
joined toget.her using Laminated Object Limited m.aterlal
Sheet P an adhesive and . Low costs alternatives
L aper, Sheet Metals - Manufacturing .
Lamination printed one after the Acceptable accuracy Post-processing
(LOM) .
other (layer by layer) to required
build a 3D object
Selective Laser
Sintering (SLS);
Metals (Stainless Laser or electron beam Selective Laser Suitable f High costs
Power Steel, Aluminum, melts or sinters the Melting (SLM); ;lc:t?)t € ircl)r Difficult to apply in
Bed Fusion (PBF) Titanium), Polymers material in powder to Electron Beam C mp lex ypmg tri structural parts
(Polyamides) build a 3D object Melting (EBM); omplex geometries Size limitations
Multi-Jet Fusion
(MJF)
An electron beam, laser Wire Arc Additive
Or arc energy source is Manufacturing
directed toward a (WAAM); Laser Suitable for
Metals (Stainl substrate material Metal Deposition repair/coat existing ~ Not suitable for small
Powder-fed Steeela SAluriinSrsri where it impinges with (LMD); Laser parts parts
Directed Energy Tit /n ium, etc.) ’ wire or powder Engineered Net Machine large parts Lower detail
Deposition (DED) Cerar?licz P,o T Cr;lzers feedstock material and Shaping (LENS); with high accuracy and simple
, 0Ly melts, depositing the Laser Solid Forming mechanical geometries
material on the (LSF); Directed Light properties
substrate and building  Fabrication (DLF); 3D
the part layer by layer laser cladding

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].

Filament spool

Extruder

3D — printed part

Nozzle
\ Deposition of melted
—

Platform ~_, material in layers

Figure 3. Working principle of the FFF/FDM technique.
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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, Low strength, low Consumer goods, toys, DYI,
cost-effective durability, brittle packaging, biomedical
More durable than P.LA' More challenging to print, Consumer goods, tools,
ABS impact-, heat-, chemical-, . . .
. . prone to warping automotive, electrical enclosures
abrasion-resistant
L Prosthetics, tools, encapsulations
. . . Water uptake, delamination, . ’ ’ ’
Polyamides Durable, high strength, flexible and poor adhesion when filled workmg prototypes,
mechanical components
. . . Packaging, mechanical parts,
Versatile, flexible, mechanical Prone to dampness, .
PET-G . . printer parts,
strength, easy to print easily scratched .
protective components
TPU Rubber-like, flexible, durable Challenging to print Seals., gaskets,.automotlve,
medical supplies
Only compatible with ABS,
HIPS Strength, flexible easy to recycle, good Protective packaging, containers
support material
PVA Biodegradable, cost-effective Moisture uptake Sup port in overhanging parts,
sacrificial molds
. Low T, brittleness, low
g 7
PPS Mechanical strength, thermally impact strength, prone to Mechanical parts

stable, chemically resistant

warping without fillers
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Table 2. Cont.

FFF Thermoplastics Advantages Disadvantages Applications
PEI High Tg., flame retardant, Expenswe, susceptible Automotive, aircraft parts
mechanical strength to cracking
High Tg, thermally stable, .
PEI/PC mechanical strength, Water uptake Transport, automotive,

chemically resistant

space applications

Carbon, glass, aramid
fibers composites

Rigid, strong, tough expensive industrial FDM

Compatibility limited to Functional prototypes, jigs,

. fixt tooli
3D printers ixtures, 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 um but it
can reach 10 um, when extremely high quality is required, and time allows it.
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Figure 4. Working principle of the SLA technique.

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
. . . . . Visual prototypes, art models,
Standard High tensile strength, high Very brittle (low elongation concept models, looks-like

resolution, smooth surface finish

at break)

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.

Laser

Scanner
system

Powder Fabricated
bed part

Powder delivery  Fabrication
system piston

Figure 5. Working principle of the SLS technique.

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.

10
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Table 4. Main polymers used in SLS 3D printing—advantages, disadvantages, applications [20,47-49].

SLS Resins Advantages Disadvantages Applications
Strong, Stlf.f’ durable, High porosity and low . .
impact-resistant and can . . Functional and high-performance
molecular weight deteriorate . .
endure repeated wear and . . . prototyping, end-use parts, medical
PA12 ) . its mechanical properties, . N
tear; Resistant to UV, light, ] . devices, permanent jigs, fixtures,
. especially ductility :
heat, moisture, solvents, and tooling
and toughness
temperature, and water
Similar to PAL, but higher Functional prototyping,structural
PA11 elasticity, elongation at break, =~ Lower stiffness than PA12 parts, Jigs, /

and impact resistance

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

Ductile, durable, chemically

Not as strong or rigid as other

Functional prototyping, end-use
parts, watertight housings, cases,
packaging prototypes, medical

Polypropylene resistant, watertight, weldable =~ 3D-printed materials devices (.ortl}otlcs and prosthetics),
automotive interior components,
strong and chemically resistant
fixtures, tools, jigs
Functional prototyping, flexible,

. . rubber-like end-use parts,
Flexible, elastic, rubbery,
e . . .. . wearables and soft-touch elements,
resilient to deformation, high ~ Limited heat resistance, . .
TPU e . e padding, dampers, cushions,
UV stability, great shock moisture sensitivity .
. grippers, gaskets, seals, masks,
absorption . .
belts, plugs, tubes, medical devices
(soles, splints, orthotics, prosthetics)
Elasticity, resistance to Temperature-sensitive. prone Seals, gaskets, plugs, grips, handles,
TPE abrasion and good UV and perat P over-molds, tubes, masks,
. to shrinking
ozone resistance and gloves
Excellent mechanical strength, Components subject to friction or
PEEK PEKK stiffness, chemical resistance, Low resistance to UV light, wear, surgical tools and implant,

wear resistance, thermal
resistance

low flexibility, expensive

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.

11
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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]:

e  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.

e 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.

e  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.

e  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.

e 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.

e 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]:

e  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.

e  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.

e 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]:

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

e  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]:

e  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.

e 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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e  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.

e  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.

e  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.

e  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.

e  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.

15



Polymers 2024, 16, 1055

Table 5. Methods of producing polymer prototypes using different tooling methods [70-72].

Prototy}) N Mold Average Mold Average Production . Design
Production Durabilit Cost Cost/Part Average Cost Lead Time Flexibilit
Methods y 8 y
FDM direct . . Short to .
3D printing N/A N/A Low to high Low to high medium High
Conventional High High .
Molds and Tooling ~ (>10,000 parts) (2000 USD) Low High Long Low
3D-Printed Low Low
Polymer Molds (1-10 parts) (50-80 USD) Low to medium Low Short High
and Tooling
3D-Printed Metal High . . . .
Molds and Tooling  (>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.

[NV uuuuuuuiuun
Ce

AU

Figure 6. Workflow of injection molding process with 3D-printed molds: 1—mold design; 2—mold
3D printing; 3—mold clamping; 4—injection; 5—cooling; 6—demolding (image reproduced with
Formlabs” permission [73]).

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 cm?) [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 Poly]Jet 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.

17



Polymers 2024, 16, 1055

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 Poly]Jet 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]:

e  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.

e  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.

e  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 PAS0Al 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 Al,O3; and
MoSi; 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
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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 etal. [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, PE 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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Figure 7. Thermoforming with 3D-printed molds (1—Mold design, 2—Mold 3D printing, 3—Mold
assembly, 4—Sheet clamping, 5—Heating, 6—Forming, 7—Cooling, 8—Demolding and trimming)
(image reproduced with Formlabs permission [117]).

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]:

e  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;

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

e  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;

e  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 pm 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 pm compared to 0.4 um 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 um 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 cm?/cm3 surface
to volume ratio. This was the largest scaffold with so many channels fabricated at that time
(75 cm? 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 um, with
500 pm 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
MK?2, 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 um 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 pm 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:

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

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

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

e  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 um,
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 CaCl,. 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].
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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 (u-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]).

(i)

(i)

(iii)

In short, the manufacturing process involves three stages:

Preheating phase. In this phase, the powder bed is heated to a predefined temperature
(bed temperature, Ty,), which is held constant throughout the part-building process.
The Ty, 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.
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 T}, value for solidification.

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/cm?, 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:

e=V,/V @)

where V is the part volume and V/, is the pores’ volume. The V), 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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Figure 2. Porosity in SLS parts with respect to processing parameters.

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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Figure 3. Polymer powders commercially available for SLS. Reprinted from [10].

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.

Riisenberg 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/cm?), 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 um and 180 pm. 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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Figure 5. Porosity as a function of energy density. The graph was obtained by grouping all the data
available in the literature for PA12.

Table 2. Summary of measured PA12 porosity values available in the literature.

Layer Powder Bed Energy

Material Pom:dt:;)Slze Thickness Temperature Density Poroc/)suy M;:Cs}::?mint
B (um) °C J/em? ° qu
PA2200 [25] 60 100-150 160-178 1.67-3.72 3.20-2.80 u-CT
PA2200 [36] 60 120 - 2.44-4.20 4.70-2.60 u-CT
PA2200 [42] 56 100 168 3.36 3.70 u-CT
PA2200 [43] 56 100 - - 2.60-0.70 u-CT
PA2200 [47] 56 120 - 2.00-5.00 4.80-3.60 u-CT
PA2200 [46] 60-80 - 173 3.00-4.00 6.50-2.50 u-CT
Duraform [25] 58 101-120 165.5-182 1.50-2.04 3.80-3.60 u-CT
Duraform [33] 60 100 150 1.07-2.67 16.10-4.30 Arcﬁf?;‘ies
Duraform [49] 58 100 175 1.80 4.70 u-CT
InnovPA [33] 43 100 150 1.07-2.67 14.10-3.40 Arcﬁf?;‘ies

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.

. Powder Size Ijayer Powder Bed Energy Porosity Measurement
Material Thickness o Density o .
(um) Temperature °C 2 %o Technique
(um) J/em’
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 3545 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-lan 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
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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.

. Powder Size Ijayer Powder Bed Energy Porosity Measurement
Material Thickness o Density o .
(um) Temperature °C 2 %o Technique
(um) J/em
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 ArCh‘ﬁ‘_eCdTeS and
PP [9] 45 150 150 1.8-1.9 8.4-10.1 u-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 u-CT
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Table 4. Cont.

Layer Energy

Material Pow(ﬁ:;)Size Thickness Telr)r?l‘::i::u]iz(‘l’ C Densizty Por:/isity M,;::;;:;:;nt
(um) J/em
PEEK HP3 [65] 60 100 . - 436 lﬁl/lterffs‘llg’\
PEK HP3 [66] 70 120 368 - 0.3-10.4 u-CT
PEK HP3 [67] 37-63 120 340 - - -
POM [68] 87-146 200 154-159 - - -
BLENDS
PA12/PEEK [69] 80 100 . 45 . .
SEBS/PP [70] 85-107 100 100-160 79 - -
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 (PAEKSs), 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 PBE. 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.

. Powder Size Ijayer Powder Bed Energy Porosity Measurement
Material (um) Thickness Temperature Density o Technique
H (um) °C J/em? ° ;!
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.

Layer Powder Bed Energy

Material Pom:i(;,rrl)Size Thickness Temperature Density Poro(/)Sity M;:Cs}:llifment

(um) °C J/em? ° que
PS [80] 75-100 150 90-95 67 - -

PS [81] - 100 90-100 4-14 5-25 Archimedes
PMMA [82] 75 - 100 1540 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 A;gﬁiffs
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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Figure 6. Porosity average value found in the literature for (a) semi-crystalline polymers and (b) amor-
phous polymers and elastomers.

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.
Opverall, 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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Abbreviations

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

pPVvC 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].
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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)4Br; 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 Ty, 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 k] mol !, 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~!, 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].

Tonic 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].

74



Polymers 2023, 15, 4206

0.30 { — Original sample
——After 3hat80 C
_0.25{—anershatsoc

0 100 200 300 400 500 600 0 100 200 300 400 500 600
Strain (%) Strain (%)

h)

f)

Acrylic acid (AAc) Poly(vinyl alcohol) (PVA)

Z ., ~, i
) -
4 D) cur HEAL X

)
’

R A R

4 L A=
—T{ )—(' “_
=== Dimethylglyoxime-urethane

@ Cu(ll)-DOU coordination

| Hydrogen bonds

=
—— |
P &

NIAA,

y o 0,5\('-, 3hD :rlnteld
~ : roge!
oos\/\//“\ yae

NAAs -

§(1mo,.n = Hydrogen bond ¢ Charge Interaction |

@ Al @ SBMA o Citicion @ PSBMA<co-AA)!

i

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 Ca?* 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 (Tp),
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].
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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 (S;). Pres-
sure sensitivity (S) is expressed as the relative resistance change ratio over pressure (AR/Ry)/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].

Zgodavova 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.

¥ DOE factorial design

Controlled input parameters:
1. Printing temperature Tp [°C]
2.  Layer height hl [mm]
3. Printing speed sp [mm/s]

1S0 527-2 1B

Figure 1. Schematic representation of the experimental program.
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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.

Input Parameters

Level Printing Layer Height hl Printing Speed sp
Temperature Tp (°C) (mm) (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 32 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 (um) 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/m?3) 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.

R120

| F

— " |x4
] | | -

150

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 pm, 20 m/s? 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

(w; — w)
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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.

Tested specimen

Measurement

software Specimen grips

n_

- Moving crosshead

™ o 2
Drive system Signal amplifier

Figure 4. The ultimate tensile strength measuring device.
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(a)

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:.

Relative Time (Seconds)

(b)

Figure 5. Fracture temperature measurement: (a) Flir X6540sc thermal camera; (b) fracture
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
MM software Version 7.4.8676.
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(b)

Figure 6. Surface roughness measuring procedure: (a) Mahr CWM 100 interferometer; (b) top and
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.

(b)

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 Layer Printing Weight Top Surface Lateral Ultlm.ate Fracture
Tempera- : Surface Tensile Tempera-
Height Speed Error Roughness,
ture hl (mm) sp (mm/s) ew (%) Sa (um) Roughness Strength, ture
Tp (°C) P w Sal (um)  UTM (MPa) T (°C)
1 150 7.100% 14.995 38.161 7.5000 28.1
2 0.2 200 6.971% 14.549 35.6655 13.1250 26.7
3 300 6.948% 14.441 35.343 13.2787 29.6
4 150 6.071% 13.845 40.418 10.0000 27.3
5 175 0.28 200 6.108% 16.238 33.848 11.4062 275
6 300 6.056% 14.034 37.807 12.4992 28.1
7 150 7.328% 55.260 46.174 12.5000 27.2
8 0.4 200 7.403% 59.768 48.912 12.7840 28.7
9 300 7.509% 58.225 37.840 11.7187 26.9
10 150 7.262% 14.9585 45.719 9.2160 26.7
11 0.2 200 7.286% 16.599 36.305 12.3437 29.2
12 300 7.130% 15.560 36.400 15.3125 27.1
13 150 6.379% 62.972 44.391 13.1250 28.2
14 190 0.28 200 6.413% 67.723 35.031 15.7824 27.9
15 300 6.388% 67.476 31.971 15.4688 28.9
16 150 7.619% 113.845 36.211 9.0624 27.3
17 04 200 7.608% 118.236 43.638 11.5625 27.6
18 300 7.605% 109.852 52.905 11.8750 29.3
19 150 7.260% 64.635 38.328 12.0313 28
20 0.2 200 7.117% 64.556 42.606 11.4062 28.4
21 300 7.119% 82.446 43.400 10.7812 29.4
22 150 5.906% 106.59 36.131 12.0313 27.7
23 220 0.28 200 6.004% 112.97 54.213 13.2800 28.5
24 300 6.049% 72.425 36.364 13.4375 29
25 300 7.098% 131.640 44.051 14.2188 27.8
26 04 150 7.045% 122.390 57.922 17.1872 28.8
27 200 7.164% 149.720 39.632 19.0624 279
3.1. Part Weight and Weight Error
Figure 8 presents the main effects and interaction plots obtained for the part weight.
Main Effects Plot for weight [g] Interaction Plot for weight [g]
Fitted Means Fitted Means
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Figure 8. The influence of the selected input parameters on specimen weight: (a) the main effects
plots; (b) interaction plots.
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Main Effects Plot for Sa top[pum]

printing temp [°C]

Mean of Sa top[um]

190

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. S5a 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.

Interaction Plot for Sa top[um]

Fitted Means
Fitted Means
layer height [mm] printing speed [m/s] | 150 1 P layer height
SR —— 0200
Lo - 0280
1001 .~ = --+- 0400
— . -
g @ e
g . A
Ea—.| .
= 50 =
1 e
& 0 l S
e printing tem  printing spe laver height * printing spe
e g 150 ——= L > & k=t printing
= speed
5 —&— 1500
= 1001 == 2000
v -=- 3000
504 Z e’
04 + - + v + .
: | E— | 175 190 220 020 028 040
020 028 040 150 200 300 printing temp layer height
(a) (b)

Figure 9. The influence exerted by the selected input parameters on Sa surface roughness of the top
surface of the specimens: (a) the main effects plots; (b) interaction plots.
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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.

pm pm um

150

100

Tp =175 °C, h1=0.2 mm, v =150 mm/s Tp =190 °C, hl = 0.2 mm, v =150 mm/s Tp =200 °C, hl=0.2 mm, v =150 mm/s

pm pm pm

250 200
400

350
150 300
250

100 200

Tp =175 °C, h1=0.2 mm, v =150 mm/s Tp =175 °C, hl = 0.28 mm, v =150 mm/s Tp =175 °C, hl = 0.4 mm, v=150 mm/s

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 21,5234 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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Main Effects Plot for Sa [um] Pareto Chart of the Standardized Effects

Fitted Means (response is Sa [um], a=0.05)
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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.

um um pm

400

350

Tp =190 °C, hl = 0.4 mm, sp =150 m/s Tp =190 °C, hl =0.4 mm, sp =200 m/s Tp =190 °C, hl = 0.4 mm, sp = 300 m/s

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 (& = 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 112791
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Mean of UTS[MPa]

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.

Brittle fracture

Ductile fracture

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.

Main Effects Plot for UTS[MPa] Pareto Chart of the Standardized Effects
Fitted Means (response is UTS [MPa], a = 0.05)
printing temp [*C] layer height [nm] | __printing speed [m/s] Term 2306
T
Factor Name
C 1 A printing temp [0C]
B layer height [mm]

AB 1 C printing speed [m/s]
T
A | ]
i
i
B | :
i
ABC 1
i
AC 1 i
i
i
BC i
 — T 1 i

175 190 220 020 028 040 150 200 300 0.0 05 10 15 20 25
Standardized Effect
(a) (b)

Figure 14. The influence of the selected input parameters over the ultimate tensile strength: (a) the
main effects plots; (b) Pareto chart for the significance of the studied input parameters.

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 18.748 419 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

Main Effects Plot for temp [°C]

Fitted Means
printing temp [°C] layer height [mm] [ printing speed [m/s]
28.50
— 2825
4
&
g t
‘5 28.001
g
R
-~
27.75
27.50 1

175 190 220 0.20 028 0.40 150 200 300

Figure 15. The main effects plots for the fracture temperature.

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 10x higher than those obtained
by end-milling softwood samples and up to 2.5x 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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Cutting force [N]
(M)

Fx [N] Fy [N]

B pinewood
M beech wood

M biowood
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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 =73154 - Tp0.4558h10.22105p—0.0747 [Hm]r' (2)

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

UTS = 0.08885 T*7137h10-1974550-2708 [\ Pa]; 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 - T0'06157h1—0'0040795190'000083 [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.

Normal Probability Plot Normal Probability Plot
(response is Sa [um] (response is UTS[MPa]

Percent
o1
o
Percent
o1
o

o
w0
o
21

-5.0 =25 0.0
Residual Residual

(a) (b)

Figure 18. Normal probability plots for the nonlinear regressions (a) for the Sa roughness parameter
measured on the lateral surfaces of the printed part and (b) for the ultimate tensile strength.

Table 8. The parameter estimation errors for Equation (2).

Parameter Estimate SE Estimate
x1 7.31547 12.0722
x2 0.45580 0.2951
x3 0.22107 0.1002
x4 —0.07472 0.0998

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

Parameter Estimate SE Estimate
x1 0.088580 0.161801
X2 0.713767 0.326272
x3 0.197467 0.111027
x4 0.270825 0.109504

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

Parameter Estimate SE Estimate
x1 9.58440 0.686965
x2 0.00615 0.012852
X3 —0.00408 0.004299
x4 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
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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 (um). 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 (um). 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 10x higher than those obtained by end-milling softwood samples and up to 2.5x
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.

104



Polymers 2023, 15, 2305

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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Figure 1. Schematic illustration of the FFF process, and some geometrical features of an FFF print.

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
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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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(a)

(b)

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 (1) Octagram spiral (a—c) reproduced with permission from
Springer [32], (d-g) reproduced with permission from Elsevier [33], (h-1) 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 printing parameters

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

3D printing parameters

Printing speed

No significant effect [31,41]

Decreasing the print speed enhances
the surface finish of PLA prints [46]

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

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

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

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

° Extrusion width exhibits
insignificant impact on compressive
strength of ABS prints [30]

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 ($12.7 x 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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Figure 3. Schematic illustration of a sample printed in this study.

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 Prel = psample/ PFilament % 100

Surface roughness Ra = fol |Z(x)|dx/1

Compressive strength oy = 0.2%proofstrength

Compressive modulus E = Slopeofthelinearpartof(o — ¢)curve

Specific strength 0s = Oy / Psample

Failure strain ¢ = Strainatfailurepoint

Hysteresis loss (Area) Apys = Areaconfinedbytheloading — unloadingcurves
Residual strain er = 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).

Extrusion Nozzle

Sample No. Layer Height Width Temperature Prlntnsl;)eed
(mm) (mm) ©0) (mm/s)
S1 0.25 0.55 190 70
S2 0.15 0.55 220 30
S3 0.15 0.45 205 70
54 0.05 0.65 220 70
S5 0.05 0.55 205 50
S6 0.15 0.65 190 50
57 0.25 0.45 220 50
S8 0.25 0.65 205 30
59 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).
psample (g/cm3> = (maniiamw) X Pw (1)
where p,, is the density of water at the test temperature (0.996 gr/ cm?), and m, and m;, 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/ cm?) which represents the density of a fully dense sample (Equation (2)).

P
orel = —P 5 100 @)

PFilament

Figure 4. Digital balance for density measurements.

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 5um 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.

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).

Il
Ro=1 [ 1Z(ldx )

where R; 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.

Stylus

Extrusion width Z(x)
4+—> X Peak

Layer height

< >
L

Figure 6. FFF prints configuration and surface roughness measurement.

Each test was repeated three times at different locations, and the average of three
recorded R, was reported as the surface roughness.
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Stress

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~! and 240 mm-s~!. 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.

(a) (b)
Tangent line

I\

__—pCompressive strength

I
g
z
o 7]
:
7
E Energy absorption capacity
/ | Elastic Modulus
— T T T T 1
0.002 Residiil 5 ‘ 0.025
Strain esidual strain

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.

T rel Ra E (7} TC & AH s &r
No. (min) F()%) (um) Omax(MPa) (GPa) (kN.Ii/kg) MJ.m~3) (°};) (MJ.i/rH) (%)
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=Bo+ (B xx) 4

where y, By, and xi 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 *) was utilized to apply transformation to the surface roughness, compressive
strength, compressive modulus, specific strength, toughness, failure strain, hysteresis loss,
and residual strain using A 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 4+ 7.903LH)?
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 x v/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+/3.83 — 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 x v/—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 x v/—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)71
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 2410 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 (%) Predicted R-sq (%) Improvement (%)

(Full Model) (Reduced Model)

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

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 (5/N)
ratio was calculated with the help of Equation (5).

1& 1
S/N = —10logy, [nz yzl ®)
i=171

where n is the total number of experiments, and y; is the response value for the iy, 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.

120



Polymers 2023, 15, 3827

(a) (b)

Layer height(mm) _Extrusion width (mm) Nozzle temperature (C) Print speed (mm/s) Layer height (mm)  Extrusion width (mm) Nozzle temperature (C) Printspeed (mm/s)
2 w
5 g
2 @
= =
s 5
= =
6
005 015 025 045 055 065 190 205 220 30 50 70
(0) (d)
Layer height (mm) _Extrusion width (mm) Nozzle temperature (C) Print speed (mmy/s) Layer height (mm)  Extrusion width (mm) Nozzle temperature (C) Print speed (mm/s)
» »
c c
3 g
= =
P P
[} =]
= =
3 3
= =
15 50
005 [ 1) 025 045 055 065 190 205 220 30 50 70 005 015 025 045 055 065 190 205 220 30 50 70
(e) (f)
_ Layer height (mm) _ Extrusion width (mm) Nozzle temperature (C) Print speed (mmys) Layer height (mm) Extrusion width (mm) Nozzle temperature (C) Printspeed (mm/s)
n »
g g
= =
- -
o o
e c
g 5
= =
005 015 025 045 055 065 190 205 220 30 50 70 005 015 025 045 055 065 180 205 220 30 50 70
Layer height (mm) Extrusion width (mm) Nozzle temperature (C) Print speed (mm/s) Layer height(mm)  Extrusion width (mm) Nozzle temperature (C) Printspeed (mm/s)
» »
g g
©
i} o
= =
s k]
c c
b5} 3
= =
040
005 015 025 045 055 065 190 205 220 30 50 70

0.05 015 025 045 055 065 180 205 220 30 50 T0

Figure 8. Main effects plot for means of (a) surface roughness, (b) compressive strength, (c) com-
pressive modulus, (d) specific strength, (e) toughness, (f) failure strain, (g) hysteresis loss, and

(h) residual strain.
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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.

122



Polymers 2023, 15, 3827

3.2. Relative Density
The density of the 3D-printed specimens is depicted in Figure 10.
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Figure 10. Relative density of 3D-printed PLA specimens (error bars: standard deviations).

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 (~6pum) and the highest (~18um) 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 (54, S5, and S9) exhibit the smoothest
surfaces with the minimal distance between the peaks and valleys.
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Figure 11. (a) Surface roughness of the fabricated PLA prints (error bars: standard deviations), and
(b) Pareto charts of standardized effects of 3D printing parameters on surface roughness (black arrows
in the figure indicate the correlation/trend between the process parameters and the response).

Surface profile (pm)

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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Figure 13. Bar graphs of (a) compressive strength, (c) specific strength, and (e) compressive modulus
of PLA prints (error bars: standard deviations) and (b,d,f) their corresponding Pareto charts.
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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].

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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Figure 15. Bar graphs of (a) toughness and (c) failure strain of PLA prints (error bars: standard
deviations) and (b,d) their corresponding Pareto charts.

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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Figure 16. Bar graphs of (a) hysteresis area (or hysteresis loss) and (c) residual strain of PLA prints
(error bars: standard deviations) and (b,d) their corresponding Pareto charts.

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 Al 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 Bl 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 \' Prel Ra Tax E olp Tc & Anys & (%) DI
Al 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 9247 628 6888 198 5938 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 68.42 211 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 68.42 211 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 5844  11.82 0.24 0.58 0.43 0.81
Table 8. Mechanical and physical properties of optimum samples.
Prel Tmax E olp AHys T Ra &
A1 (Experimental) 93.2 71.49 2.04 60.79 0.52 12.15 6.59 0.25
Al (Predicted) 92.47 71.46 2.02 61.02 0.52 12.28 6.77 0.25
A2 (=B.1) 93.6 67.79 2.29 56.36 0.56 12.38 4.92 0.26
(Experimental)
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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Figure 17. (a) Compressive stress—strain and (b) hysteresis—compression curves of optimum samples.

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 Al
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.
(@)
}
t
Delamination
areas _

200-um ——
16KV~ %90 10/05/2023. 000282"

2 e —

High-vac,  SEI PC-std. 15 kV. = X AAmess 0/ 050 SRR

Figure 18. Cont.

131



Polymers 2023, 15, 3827

High-vac. SEl PC-std. 15kV.

High-vac. _SE|_PC-std. 15 kVi S G==="" Y[

High-vac. SEI PC-std.. 15 kV

Figure 18. (a) Sliding and delamination of layers under compression, and SEM images of the
delamination area in samples (b) Al and (c) SI1.

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.

I
RUIYSI2Y2% . VY25

High-vac. -std. 15kV x13 B/ Y5/202s 00024

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

T Nozzle temperature Tc Toughness

A% Print speed & Failure strain

Prel Relative density Apys  Hysteresis area (hysteresis loss)
Ra Surface roughness & Residual strain

Omax 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~! to 0.1 s™! 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~ 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~ and 0.1 s! 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
0.01s'and 0.1s71, 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 Ty (55-100 °C) [12].
Besides that, SMPs are characterized by low density (~1.2 g/cm?), 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.

[ 4D printing J

Static | Stimulus —» Smart

Material —— 3D printer structure structure

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™!, 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 5, 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
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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 =2, 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.

(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 frequency of 1 Hz on
standard test prismatic PLA samples; their dimensions were 40 x 10 X 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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DMTA sample dimensions : 40 x 10 x 1 mm

(a) (b)
Figure 3. (a) Geometry of DMTA samples and (b) 3D printing preview of slicing patterns.

2.3. Annealing Printed Specimen

After production, the samples were annealed in an oven at a temperature that was
~20 °C higher than Ty 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~ .

(w

MOVEBLE
HEAD

TEST SPECIMEN
(FILAMENT 1.75 mm)

FIXED HEAD

Figure 4. Uniaxial tensile testing of filament procedure: (left) equipment for uniaxial filament testing
and (right) sketch of equipment.

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~! and 0.1 s~'. 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 17 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 Ty
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'IG" (-) 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 s71,0.001 57, 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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Figure 5. DMTA results for 4D-printed PLA.
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Figure 6. Stress—strain curves for PLA filament at various strain rates.

Table 3. Results of the filament tensile test.

Strain Rate Temperature (°C)  Tensile Strength (MPa) Elongation at Break (%)
0.01s71 23 55.83 & 1.54 21.83 + 3.66
0.001s71 23 47.83 £1.31 30+49

0.0001 s~ ! 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~ ! 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).

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~ ! 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 ~280 MPa to ~40 MPa for the strain rate of 0.0001 s ! and from
~90 MPa to ~60 MPa for the strain rate of 0.001 s~ . 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—! 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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Figure 8. Stress—strain curves in uniaxial compression for PLA at strain rates of (a) 0.0001 s~ and
(b) 0.001 s~ ! and temperatures of 25, 37, and 50 °C.
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Figure 9. Stress—strain curves in uniaxial compression for PLA at temperatures of (a) 25 °C, (b) 37 °C,
and (c) 50 °C at strain rates of 0.0001 and 0.001 s~1.

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~! 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 ~260 MPa for the strain rate of 0.01 s~ 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 0.1s7 ! and temperatures 25 °C, 37 °C, and 50 °C. It should be noted that a 0.001 g1
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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~! 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.

True stress, o (MPa)
True stress, o (MPa)

0 i i i i H 0 i i i i i i
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Figure 10. Stress—strain curves in uniaxial compression for PLA at strain rates of (a) 0.01 s~ and
(b) 0.1 57! 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~ and 0.01 s~ 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~! 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~! and 0.1 s~!, 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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Figure 13. Temperature evolution images in 5 characteristic points (I-V) of 4D-printed PLA at strain
rates of (a) 0.01 s~ and (b) 0.1s71.

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-
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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.

Approaches to enhance the solubility
of poorly water-soluble drugs

Particle size reduction

(Micronization) Solid dispersion PH adjustment Nanosuspension
Disadvantage: Disadvantage: ‘ Disnd\'an‘ttfgel: Disadvantage:
Particle agglomeration, Manufacturing, scale-up R‘S:‘ ot:p;‘ec;pgtarlcu& Uniform doses cannot be
disruption of drug crystal and stability issues OBy (R achieved. physical
lattice catalytic degradation stability, compaction and
mechanism sedimentation problems

and incorrect doses

Figure 1. Solubility-enhancing approaches and disadvantages.

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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Figure 2. Polymer fused deposition modeling (FDM)-linked hot melt extrusion (HME).

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 AP, 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, Jamroz 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].

'/

>

Increase in rate of drug release from FDM 3DP tablets*

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
APl 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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