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Abstract: The widespread use of epoxy resin (ER) in industry, owing to its excellent properties,
aligns with the global shift toward greener resources and energy-efficient solutions, where utilizing
metal oxides in 3D printed polymer parts can offer extended functionalities across various industries.
ZnO concentrations in polyurethane acrylate composites impacted adhesion and thickness of DLP
samples, with 1 wt.% achieving a thickness of 3.99 ± 0.16 mm, closest to the target thickness of
4 mm, while 0.5 wt.% ZnO samples exhibited the lowest deviation in average thickness (±0.03 mm).
Tensile stress in digital light processed (DLP) composites with ZnO remained consistent, ranging
from 23.29 MPa (1 wt.%) to 25.93 MPa (0.5 wt.%), with an increase in ZnO concentration causing a
reduction in tensile stress to 24.04 MPa and a decrease in the elastic modulus to 2001 MPa at 2 wt.%
ZnO. The produced DLP samples, with their good corrosion resistance in alkaline environments, are
well-suited for applications as protective coatings on tank walls. Customized DLP techniques can
enable their effective use as structural or functional elements, such as in Portland cement concrete
walls, floors and ceilings for enhanced durability and performance.

Keywords: DLP; additive manufacturing; ZnO; photocured resin; tensile test; corrosion; acidic
environment; alkaline environment

1. Introduction

In various production processes, epoxy resin (ER) is widely utilized by industries due
to its superior adhesion, ability to eliminate air bubbles, and excellent electrical and thermal
insulating properties [1–3]. The rigid molecular structure of the ER matrix provides high
thermal stability and mechanical strength [4]. As global initiatives focus on sustainable
practices, the European Union Green Deal and worldwide objectives for zero-emission
industries emphasize the importance of using manufacturing waste and recycled materials
in composites [5].

Additive manufacturing, particularly 3D printing, is a versatile process that can
produce a wide range of materials. These include metal oxides such as ZnO, SiO2, and
TiO2, which can be combined with polymers to create new and innovative products [6–8].
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Various techniques such as intense pulsed light (IPL), digital light processing (DLP), fused
deposition modeling (FDM), fused filament fabrication (FFF), and stereolithography (SLA)
can be used to manufacture these products. It’s worth noting that while FDM and FFF
share a common additive manufacturing approach, distinctions arise with FDM being a
trademarked term by Stratasys, and FFF being a more generic, open-source concept that
enables wider material and equipment compatibility [9]. Table 1 summarizes key data
for composite materials used in 3D printing, showcasing the potential of metal oxides in
different applications.

The combination of ER monomers with prepolymers and photosensitive additives
enables rapid liquid photocuring into a complex shaped solid product using techniques
such as SLA and DLP [10,11]. Ultraviolet (UV) cured coatings and printable materials,
known for their environmental safety in adapted working conditions and lower energy
consumption, as compared to thermally cured ER analogs, have gained attention [12,13].
UV-curable coatings find applications in shipbuilding, providing corrosion protection and
mechanical durability properly grinded surface [14]. However, challenges exist, such as
the limitations of UV-cured thin films in barrier (e.g., gas, and solvents) properties and
mechanical strength [15,16].

Polyurethane acrylate (PUA) oligomers, a petrochemical product, play a significant
role in UV-cured surfaces [17,18]. Relatively soft UV-cured ER surfaces exhibit low scratch
resistance [19,20]. One of the solutions is to increase the polymer matrix hardness. The incor-
poration of harder additives (e.g., ZnO with typical Vickers hardness from 2 to 4 GPa) [21]
into PUA (with hardness from 0.12 to 0.23 GPa) [22] matrix is the simplest approach. It
should be noted that Vickers hardness tests are commonly used for ceramics to assess
their resistance to indentation, while Shore hardness tests are preferred for polymers to
measure their flexibility and elasticity. Comparing the hardness of polymers and ceramics is
complicated due to their inherent differences in material properties; polymers are typically
more compliant and deformable, while ceramics are significantly more rigid and brittle,
making direct comparisons challenging as hardness values are influenced by the materials’
distinct responses to applied stress and deformation.

Despite the historically performed tuning of polyurethane mechanical properties
with different nanoparticles, such as nano clay [23], carbon nanotubes [24], metal oxide,
hydroxyapatite, and graphene (including its derivatives) [25,26], the market offers limited
number of solid fillers adopted for SLA and DLP needs. Industry commonly uses rigid
inorganic fillers such as kaolin and silica, but the challenge lies in managing surface
roughness at high concentrations [27]. Epoxy composites’ heterogeneity influences physio-
mechanical properties [28], and the use of ceramic micro and nanoparticles as fillers aids in
reducing shrinkage and warping errors in SLA and DLP products [29,30].

DLP polymers with inorganic fillers, particularly zinc oxide (ZnO), have attracted
attention for their improved thermal stability [31], mechanical strength, reduced vapor
permeability [32], and enhanced optical and electrical properties [33]. ZnO, classified as an
n-type metal oxide [34], exhibits excellent radiation resistance, electrical and optical proper-
ties optical (e.g., absorption at local UV spectrum ranges from around 350 to 362 nm) [35],
and finds applications in various industries. Industrial production of gas [36] sensors,
humidity sensors [37], catalysts [38], and antibacterial materials [39] are some of typical
ZnO application examples.

Dispersion of ZnO in PUA oligomers require high energy. Industry and researchers
mostly apply in-situ polymerization [40] or blending [41] processes for manufacturing
polyurethane-ZnO composites. Manufacturers currently produce liquid PUA oligomers
with blended rigid particles. Several researchers have reported the ZnO mechanical stirring
and ultrasonic mixing mostly at room temperature. Different approaches have resulted
in different required mixing durations and stability of homogeneous dispersions [42–45].
Unfortunately, the poor compatibility and interfacial interaction between the ZnO particles
and liquid PUA oligomers promotes the aggregation and sedimentation of ZnO parti-
cles [46]. Conventionally produced PUA exhibits similar corrosion rates in aqueous acidic
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(5% HCl) and alkaline (5% NaOH) solutions [47]. However, much less corrosion research
data is available on additive manufactured PUA products.

Table 1. Comprehensive summary of composite materials for 3D printing: metal oxides (ZnO, SiO2,
and TiO2) containing polymer compositions and properties of products.

No. Filling
Substance Particle Size Loading

Additive
Manufacturing

Method
Properties/Applications Ref.

1 ZnO 0.7 µm 44–52 vol.% IPL The compressive strength ranges from 5.08 to
11.09 MPa at temperatures of 900 to 1500 ◦C. [48]

2 ZnO 100 nm 38 wt.% DLP
The compressive strength ranges from 1.26 to
6.82 MPa for materials with a Gyroid structure
and Schwartz P structure.

[49]

3 ZnO <130 nm 10 wt.% FDM
New devices are continuously emerging for
pertinent applications in fields such as
environmental science, energy, and catalysis.

[50]

4 ZnO
Highly

concentrated
ZnO ink

50 vol.%
Robotic

deposition
equipment

ZnO optoelectronic devices operate at THz
frequencies and can be seamlessly integrated
with various optical components such as
waveguides and resonators.

[51]

5 SiO2 100 nm 2 wt.% IPL

The applicability of inkjet 3D printing in the
electronics industry is promising with ink
characteristics such as a density of 1.05 g·mL−1

and a viscosity of 9.53 mPa·s, enabling precise
and controlled deposition of conductive
materials for circuit fabrication.

[52]

6 SiO2 5–15 nm 0.5–4 wt.% FFF

Tensile stress ranges from 31 to 35 MPa, with a
corresponding tensile modulus of elasticity of
138–148 MPa. Additionally, it has a flexural
strength of 40–47 MPa and a flexural modulus
of elasticity spanning 786–927 MPa. The
impact resistance falls within the range of
3.72–4.01 kJ·m−2, and the microhardness
measures between 12.44 and 13.34 HV.

[53]

7 SiO2

The diameter of
the fiber is 6.5 µm.

20 nm powder

10 vol.% (fiber)
3.68–11.76 wt.%

powder
Direct ink writing

The composite material exhibits a dielectric
constant of 1.2 and a dielectric loss tangent of
1.5 × 10−2. Its bending strength ranges from
11.2 ± 1.1 to 14.15 ± 1.3 MPa, while the
apparent porosity falls within the range of
24.36% to 24.48%.

[54]

8 TiO2 10 nm 0–2.5% SLA

The material demonstrates a tensile stress
between 17 and 25 MPa, an impact resistance
of 17.5 to 25 kJ·m−2, a hardness of 80 HV, and
an elongation at break of 8 to 8.5%.

[55]

9 TiO2 50–300 µm 10–20% FDM

The grain size distribution plays a crucial role
in the frequency-dependent variations of the
dielectric constant and loss factor in this
ceramic composite. These characteristics are
essential for its performance in dielectric
applications, including its use in capacitors for
A/D converters, filtration capacitors, and
dielectric resonant antennas.

[56]

The present article reports the trial research results and discussion on possible DLP
PUA mechanical properties and chemical durability enhancement with the help of ZnO at
maximum applied concentrations. The test results will be useful for successful 3D parts
printing made of polymer based-hybrid composites with extended functionality and better
mechanical performance.

2. Materials and Methods
2.1. Applied Materials

The producer is not disclosing the exact composition of the ER Anycubic 3D Printing
UV Sensitive Resin, Basic, Clear (Anycubic, Shenzhen, China) for some commercial reasons.
The available materials safety data sheet for this product indicates the approximate concen-
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trations of polyurethane acrylate (30–60 wt.%, CAS N◦ 82116-59-4, epoxy with solvents);
isooctyl acrylate (10–40 wt.%, CAS N◦ 29590-42-9, monomer) and photo initiator (phos-
phine oxide, 2–5 wt.%). According to the information on producer’s webpage, the liquid
form of the ER exhibits density of 1.1 g·cm−3, and viscosity of 552 mPa·s. The photo-cured
(at the wavelength of 405 ± 8 nm) [57] translucent ER exhibits solid density of 1.284 g·cm−3,
yield tensile stress up to 23.4 MPa, and elongation up to 14.2% [58].

As-received 99.9 wt.% pure nanometer spherically (episodically) shaped [59] particles
containing zinc oxide (ZnO) powder with particle sizes up to 5 µm (Sigma Aldrich, Saint
Louis, state of Missouri, USA, product N◦ 205532, CAS N◦ 1314-13-2) was used as the filler
for production of reinforced photo-cured ER samples [60].

2.2. Methods for Samples Manufacturing

The planetary mixer Hauschild Speed Mixer DAC 150.1 FVZ-K (Hamm, Germany)
with rotational speed of 1150 rpm was set for 5 min to mix each selected composition
with the total weight of 140 g (measured by the laboratory scales KERN EMB-S). The
resulting suspension was transported to the printing laboratory and used for DLP within
1 h after mixing. In a series of trials, various DLP attempts were made with different
ZnO concentrations to ascertain a dependable printable mixture. Ultimately, a decision
was made to produce suspensions with ZnO concentrations of 0.5, 1, 1.5, and 2 wt.%.
Additionally, reference samples were printed without additives and subsequently subjected
to tensile tests to determine only tensile stress at fracture.

The 3D model for the test specimen was drawn with the help of the AutoCad software
(version S.51.0.0 AutoCad 2022) according to the specification for the Type IV described in
the standard ASTM D638-14 [61]. The obtained computer aided design (CAD) was virtually
sliced with the help of the Photon Workshop V2 1.23 RC8 software, as demonstrated in
Table 2.

Table 2. Slice settings for manufacturing specimens with the help of the Anycubic Photon Mono 3D
printer. Printing time of one sample was approximately 15 min (demonstrated by DLP printer).

Slice Setting Parameter Value Unit of Measure

Layer thickness 50 µm
Normal exposure time 2 s

Off time 0.5 s
Bottom exposure time 40 s

Bottom layers 6 layers
Z axis lift distance (after
printing of each layer) 6 mm

Z axis lift speed 5 mm·s−1

Z axis retract speed 6 mm·s−1

Settings were chosen for the selected DLP type 3D printer Anycubic Photon Mono
(405 nm wavelength, resolution of 1620 × 2560 pixels and pixel size of 51 µm) with detailed
specifications demonstrated on the manufacturer webpage [62]. The bottom exposure time
of 60 s provided the build plate-resin and initial resin-resin layers adhesion at the beginning
of each 3D printing process. The 3D printer was inserted in the insulated box to reduce
temperature fluctuation and to stabilize it at +20 ◦C.

Produced specimens were removed from the build plate, prewashed in isopropanol
(99.8%) and immersed in 5 L of isopropanol container and washed with the help of the
Anycubic Wash&Cure Machine 2.0 for 10 min. The obtained specimens were additionally
cured with UV light (405 nm wavelength, 40 W power) for 10 min inside the same device
set in the cure mode. The ZnO containing specimens exhibited the photochromism effect
under the applied intensive UV radiation [63].
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2.3. Methods for Visual and Mechanical Characterization of Materials and Samples

The granulometric composition analysis of the ZnO powder involved the utilization
of the laser analyzer Fritsch Analysette 22, manufactured by FRITSCH GmbH in Germany.
This analysis was conducted following the dispersion of the powder in isopropanol. Sur-
faces of produced and tested samples were observed with the help of digital microscope
Keyence VHX-2000 (Keyence Ltd., Osaka, Japan) and scanning electron microscope (SEM)
TESCAN VEGA (high vacuum mode was selected) and OLYMPUS SZX10 (Olympus Cor-
poration, Tokyo, Japan). Tensile tests of manufactured specimens were performed with
the help of tensile testing machine Zwick/Roell Z150 (ZwickRoell GmbH & Co. KG, Ulm,
Germany). The applied loading speed was 5 mm·min−1. The reference specimens (0 wt.%),
fixed in the Zwick/Roell Z020 (ZwickRoell GmbH & Co. KG) tensile testing machine, were
subjected to the same loading parameters. The recorded data underwent analysis utilizing
the TestXpert software (ZwickRoell GmbH & Co. KG, Ulm, Germany, version II). This
software facilitated the determination of the modulus of elasticity by extracting it from the
slope of the stress-strain curve within the linear region. The dimensions of specimens were
measured with the help of the micrometer screw gauge (±0.005 mm).

2.4. Chemical Corrosion Tests

Two different laboratory-scaled chemical corrosion tests were performed to simulate
the effect of typical chemically active liquid substances stored in tanker tanks. Produced
specimens were immersed in aqueous acetic acid (10%, pH = 5) solution and 1 M NaOH
(pH = 12) solution to estimate the specimen’s resistance to acidic and alkaline media, respec-
tively. The universal indicator was used for the measurement of solutions pH. All boxes
were sealed, and each corrosion test was left for 7 days at room temperature. Afterward,
the samples were extracted from their containers, dried at a constant temperature of 30 ◦C
for one hour until they reached a stable mass, and subsequently subjected to measurement.
The loss of mass was measured with the help of the scales KERN EMB-S (KERN & SOHN
GmbH, Balingen, Germany) before and after the immersion test.

3. Results
3.1. Visual and Mechanical Properties of Materials and Samples
3.1.1. ZnO Powder Granulometric Analysis Result

The simplified result of granulometric analysis shows that the median particle size
(D50) in tested ZnO powder is about 177 nm, as demonstrated in Figure 1. The similar
particle size distributions (D50 = 117 nm) result has been represented by Meng, F.; et.al. for
the same ZnO powder product [64].
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Nevertheless, many particles and their agglomerates with particle sizes above 5000 nm
(5 µm) were detected by SEM, as demonstrated in Figure 2a,b. ZnO powder manufacturers
recommend employing various deagglomeration methods to achieve target particle sizes for
additive manufacturing. These methods, including ultrasonic dispersion, mechanical stirring, or
high-shear mixing, can effectively break down agglomerates and ensure the uniform dispersion
of particles, ultimately enhancing the quality of the 3D printing feedstock.
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Figure 2. Detected ZnO particles (a) and agglomerates (b) with particle sizes above 5 µm.

3.1.2. Visual Characteristics and Tensile Stress of Manufactured Samples

Some of DLP samples sometimes exhibited various defects such as partial delamina-
tion from the same area on the build plate, as shown in the Figure 3a,b. The origin of this
event can be attributed to the slightly lower cured ER adhesion force due to the insufficient
surface roughness on the working area of the build plate. Hence, in specific regions where
the adhesion force between the sample and the transparent film surpasses the adhesion
between the build plate and the cured sample, or between cured layers, it can significantly
impact the overall quality of the DLP specimen. In rare cases, interlayer adhesion problems
were observed during first DLP trials with selected target concentrations. The effect was
mitigated by thorough premixing of the suspension before pouring it into the resin vat.
Only best quality DLP samples were taken for further testing.

The sufficiently low ZnO aggregation and sedimentation process in the liquid ER
provided good quality solid particle distribution in 3D printed objects. However, the largest
objects (or thinnest layers) would require longest duration which may lead to significantly
heterogenous cured polymer structure. The use of silane agents could potentially improve
the maintenance of high Zn nanoparticle dispersion in the DLP polymer matrix [65,66].

The measurements of thickness and width at the center for each specimen are presented
in Table 3.

An increase in the concentration of ZnO beyond 0.5 wt.% results in a significant
escalation in thickness deviation, ranging from 4.3 times (at 2 wt.%) to a substantial 11.3-fold
increase (at 1.5 wt.%). However, the 3D printing of specimens from ER with 1 wt.%
ZnO leads to thickness values that are closest to the target values, as compared to other
specimens. The average values of all specimens show negative deviation from target
thickness value (4 mm). Therefore, possible increase in target thickness (or total height
along Z axis) should be considered in CAD design to reach closer desired values.

The mean center width values across all samples exhibit a range from 5.93 mm (0 wt.%)
to 6.49 mm (1 wt.%). An increase in ZnO concentration above 0.5 wt.% results in a pro-
portional rise in the average deviation in center width, ranging from 1.5 times (1 wt.%) to
5.5 times (2 wt.%). The average values of all ZnO reinforced specimens show positive devi-
ation from target width at the center value (6 mm). Hence, it is advisable to contemplate
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a potential reduction in the target center width value or a shorter exposure time during
CAD design and DLP printing processes. This approach can bring the final 3D printed
object closer to the desired specifications, eliminating the need for additional post-printing
material removal.
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Figure 3. The orientation and layout of CAD objects on the build plate with indicated most failing
area (a); DLP specimens with defect caused to one of the specimens by the delamination from the
build plate (b); and interlayer adhesion defect (c) caused by transparent film surpassing the adhesion
between the build plate and the cured sample.

Table 3. The effect of ZnO concentrations on average thicknesses and widths at the centers of 3D
printed specimens and average deviation from target thickness (4 mm) and target width (6 mm)
values. A minimum of five samples were measured for each material.

ZnO Concentration
0 wt.% 0.5 wt.% 1 wt.% 1.5 wt.% 2 wt.%

Average thickness, mm
(deviation, mm)

4.01
(±0.07)

3.84
(±0.03)

3.99
(±0.16)

3.72
(±0.34)

3.83
(±0.12)

Average deviation from the target thickness, mm (~0.000) −0.160 −0.003 −0.280 −0.170

Average width at the center, mm
(deviation, mm)

5.93
(±0.03)

6.33
(±0.02)

6.49
(±0.03)

6.42
(±0.07)

6.47
(±0.11)

Average deviation from the target width at the center, mm −0.070 +0.330 +0.490 +0.420 +0.470

Fluctuations in sizes and printed parts warping (see Figure 3b) are important errors
typically caused by the shrinkage of acrylate-based ERs [67]. Updated recommendations
and instructions should be formulated in accordance with research findings and practical
experience across various manufacturing conditions. The polymer bond formation between
polymerizing material and slightly denser photocured solid polymer and cooling after
exothermic chemical reaction caused thermal expansion are two main factors causing the
DLP product shrinkage. The remaining internal stress promotes the warping effect in com-
bination with adhesion forces to the transparent film during every retraction process [68].
Reduction in errors and improved mechanical properties can be achieved by careful post
processing by heating and photocuring of DLP parts [69].

The build plate side of each sample displays the replication of visually observable
stripes and defects, as illustrated in Figure 4. These defects are attributed to the presence of
several ZnO particles with sizes ranging from 1000 to 5000 nm (from 1 to 5 µm), exhibiting
a homogeneous distribution.
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Figure 4. The mimicked rough surface caused from the adhesion to the profiled (textured) build plate
and micrometer sized ZnO particles (possible agglomerates) observed by the optical microscope on
the surface of 0.5 wt.% ZnO containing sample.

All DLP composites tested with varying ZnO concentrations exhibit comparable tensile
stress at yield, ranging from 23.29 MPa (1 wt.%) to 25.93 MPa (0.5 wt.%), with corresponding
elongation/deformation values within the range of 0.0089 to 0.011 mm·mm−1, as outlined
in Table 4. In contrast, the results of reference samples only provide information on tensile
stress at fracture. Notably, it is observed that with higher ZnO concentrations, there is a
decrease in tensile stress at fracture. The tensile test measurement curves unequivocally
illustrate the increased brittleness of the DLP composite as ZnO concentration is raised, as
visually depicted in Figure 5.

Also, the higher ZnO concentration is the lower the elastic modulus, as shown in
Figure 6. This value experiences a reduction of approximately 1.4 times at 0.5 wt.% (reaching
2880 MPa) and 2 wt.% (decreasing to 2001 MPa).

Table 4. The average tensile stress at yield and fracture loads of ZnO containing DLP composites. A
minimum of five samples were measured for each material.

Sample

0 wt.% 0.5 wt.% 1 wt.% 1.5 wt.% 2 wt.%

Tensile stress at yield, σy (MPa) - 25.93 (±0.44) 23.29 (±0.18) 25.19 (±1.25) 23.41 (±3.21)
Elongation/deformation at yield, ε

(mm·mm−1) - 0.0091
(±0.0014)

0.0089
(±0.0012)

0.0110
(±0.0001)

0.0091
(±0.0036)

Tensile stress at fracture, σUTS (MPa) 43.1 (±4.06) 38.76 (±0.03) 35.40 (±0.03) 29.93 (±0.03) 24.04 (±0.03)
Elongation/deformation at fracture,

εUTS (mm·mm−1) - 0.0156
(±0.0001)

0.0172
(±0.0007)

0.0146
(±0.0011)

0.0112
(±0.0051)
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Figure 5. Examples of effect of ZnO concentrations of 0.5 wt.% (a); 1 wt.% (b); 1.5 wt.% (c); and
2 wt.% (d) on tensile stress at yield and fracture strains. The increase in ZnO concentrations leads to
more brittle composite behavior under applied destructive tensile force.
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Figure 6. The graph displays the correlation between the elastic modulus (E) in megapascals (MPa)
on the left Y-axis and the tensile stress at the yield point (σy) in MPa on the right Y-axis. These
measurements are analyzed with respect to different ZnO concentrations. Reference sample (0 wt.%)
exhibit fracture at yield.
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The shape, size, dispersion, and interfacial interaction between ZnO filler and DLP
polymer matrix influence the mechanical properties of the product [32,65,66]. The 1 wt.%
of tetrapod shaped ZnO whiskers provide similar tensile stress at break (36 MPa) in thin
film PUA matrix [70], as compared to present test result (35.4 MPa). The needle shaped
ZnO structure would be interesting alternative due to potential DLP matrix reinforcement
in case of avoiding the agglomeration and sedimentation without significant impact on
surface roughness [27].

3.1.3. DLP ZnO Composites Corrosion Resistance in Acetic Acid Solution (pH = 5)

The ZnO reacts with acetic acid and generates zinc acetate salts according to chemical
Equation (1):

2CH3COOH + ZnO = Zn(CH3COO)2 + H2O (1)

The zinc acetate generated crystal hydrates of Zn(CH3COO)2(H2O)2 in the presence
of water [71]. The samples with lowest ZnO concentration (0.5 wt.%) exhibited almost no
visually observable deterioration signs after immersion in acetic acid, as shown in Figure 7a.
The increase in the weight by 2.31% (see Figure 8a) indicates the embedment of almost all
generated corrosion products (zinc acetic crystals) in the pores of plastic composites with
0.5 wt.% ZnO. The corrosion of samples with 1, 1.5 and 2 wt.% ZnO leads to detachment of
deteriorated plastic particles from the surfaces of exposed materials, as demonstrated in
Figure 7b–d, Figures 8b and 9a,b.
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Figure 7. Degradation results after 7 days exposure of polymer composites with ZnO concentrations 
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rosion products is higher than the loss of mass by composite deterioration. 

Figure 7. Degradation results after 7 days exposure of polymer composites with ZnO con-
centrations of 0.5 wt.% (a); 1 wt.% (b); 1.5 wt.% (c); and 2 wt.% (d) in acetic acid (pH = 5)
solution. Black arrows indicate the degradation products caused by ZnO reaction with acetic
acid and destruction of polymer structure by the formation of relatively large crystalline salt
(zinc acetate) grains.
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Figure 8. The change of ZnO containing polymer composites mass after exposure in acetic acid
for 7 days (a); and optical image (magnification ×126) of the corroded 1.5 wt.% sample (b) with
indicated corrosion products and deterioration defects. Positive values indicate that the gain in mass
by corrosion products is higher than the loss of mass by composite deterioration.
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Figure 9. Degradation results after seven days of exposure of polymer composites with ZnO concen-
tration of 1 wt.% in acetic acid (pH = 5) solution captured by SEM with 1000× (a) and 10,000× (b)
resolutions. White arrow indicates the mechanical degradation of cured ER by swelling of ZnO and
acetic acid reaction products.

The deterioration of 1 and 1.5 wt.% ZnO containing composites also leads to increase in
weight of samples (see Figure 8), swelling reaction products increases the surface roughness
and cause the formation of new pores on the surface of DLP products, as demonstrated in
Figure 9b. Swelling by reaction products occurs when chemical reactions within a material
lead to the formation of new compounds with larger molecular structures, causing the
material to expand or increase in volume. Therefore, corrosive solution can access more
ZnO particles under the corroded surface. This effect indicates the exposure of higher ZnO
particles to reactive environment and embedment in the corroded surface pores. Despite
the solubility of 43 g·100 mLwater

−1 [72], the zinc acetate preservation occurred due to
specimen immersion in the standing aqueous solution. Therefore, corrosion products
significantly limited the penetration of the corrosive substance to fresh ZnO sites inside
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the DLP composites. Additionally, the free water can remain mechanically trapped in the
porous structure of the deteriorated DLP composites after removing the samples from
aqueous solutions and drying.

However, a significant weight loss was observed in the case of the sample containing
2 wt.% ZnO, attributed to the intensive detachment of deteriorated material, as illustrated
in Figure 7d.

3.1.4. DLP ZnO Composites Corrosion Resistance in Sodium Hydroxide Solution (pH = 12)

The ZnO reacts with aqueous sodium hydroxide solution and generates sodium
tetrahydroxozincate according to chemical Equation (2):

2NaOH + ZnO + H2O = Na2[Zn(OH)4] (2)

The sodium tetrahydroxozincate also forms crystal hydrates (Na2[Zn(OH)4]·2H2O) in
the presence of aqueous solution. The corrosion products and mechanically trapped water
inside the defects of DLP printed ZnO composites leads to increase in weight of corroded
samples by up to 2.6%, as demonstrated in Figure 10a.
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Figure 10. The increase in ZnO containing polymer composites mass after exposure in the aqueous
1 M NaOH solution (pH = 11) for 7 days (a); and photo of the corroded 2 wt.% ZnO containing sample
without significant impact on surface morphology (b).

Remarkably, that increase in ZnO concentration up to 1 and 1.5 wt.% leads to slightly
lower increase in mass change, as compared to 0.5 wt.% specimen. This effect can be
attributed to the more efficient block of defects by corrosion products in standing (stagnated)
aqueous NaOH solution, as observed by SEM (see Figure 11a,b). Reaction leads to formation
of smoother grains as compared to fresh ZnO powder. However, the specimen with 2 wt.%
ZnO exhibits similar mass change (2.05%) as compared to the specimen with 1 wt.% ZnO
(2.09%). This effect indicates the limit of blocking effect by ZnO at concentrations between
1.5 and 2 wt.% in tested conditions. However, the NaOH and reaction products lead almost
no effect on visually observable shape and morphology of any sample, as demonstrated in
Figure 10b.
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Figure 11. Degradation results after 7 days exposure of polymer composites with ZnO concentration
of 2 wt.% in 1 M NaOH solution (pH = 11) solution captured by SEM with 1000× (a) and 10,000× (b)
resolutions. The reaction leads to the formation of smooth particles (indicated by arrows) with
passivation effect.

The ester groups of acrylic polymer and acrylic styrene copolymer hydrolyses into
carboxylate salt of sodium [73]. However, in case of tested PUA composites, the surface of
polymer material passivates the chemical corrosion. Further detailed studies are necessary
to provide a better understanding of corrosion mechanisms.

4. Discussion

The DLP method gets attention due to its operational simplicity and for quickly
obtainable outputs. Unfortunately, limited supplementing (raw) materials availability
on the market [74] and manufacturing precision (spatially controlled solidification) [75]
leads to demand for intensive R&D process to obtain instructions for profitable and reliable
materials and methods. These factors contribute to the production speed, product durability,
and the miniaturization of objects for DLP printing, particularly for small-scale and highly
detailed items [76].

The observed dimensional variations (thickness and width, see Table 3) in a 3D-printed
structure using DLP printing with ZnO reinforcement in PUA are influenced by multiple
factors affecting the final product’s dimensions. The polymerization and crosslinking of
PUA may cause Z-axis shrinkage, while the addition of ZnO nanoparticles can induce
expansion along the X and Y axes [77]. Uneven curing, post-curing conditions, ZnO distri-
bution, and layer orientation contribute to differential dimensional changes. Mitigating
photocuring shrinkage is essential for enhancing material performance. Various meth-
ods, including hyperbranched polymers and thiol-ene photopolymerization, have proven
effective [78]. All of these aspects should be researched in detail in further studies.

Obtained DLP PUA with ZnO additives provide stable and durable protective solu-
tions for both indoor [79] and outdoor [80] conditions. However, the chemical durability
under different corrosive conditions typical for chemical transportation and storage tanks,
household chemical containers, and many other exposed compartments should be studied
in detail. The demonstrated strong corrosion resistance when subjected to a tested sodium
hydroxide solution with a pH of 12 not only expands the potential applications of this
composite to include the transportation of alkaline solutions and dry substances but also
paves the way for its utilization in groundbreaking construction materials characterized by
a high pH. One notable example is the development of innovative building materials, such
as a 3D printed concrete composite based on a Portland cement binder [81].

13



Polymers 2023, 15, 4679

An innovative approach involves hybrid concrete-DLP 3D printers, allowing for the
incorporation of ER and polymer elements (e.g., polymer films and fibers) [82,83] during
the concrete deposition process. These printers could come in various sizes to accommodate
polymer reinforced lightweight concrete based [84] large-scale cylindrical tanks [85] and
other construction. ZnO reinforcement in ERs can sustain alkaline corrosion during concrete
hardening during curing process and periodical wetting during service period. Thus, both
concrete properties can be improved, and new functions can be provided.

The sedimentation of the ZnO powder become observable inside the container about
10 h after mixing with the planetary mixer, as demonstrated in Figure 12a. The maximum
ZnO concentration for the successful 3D printing was preliminarily detected by studying
the range of concentrations from 0.5 to 10 wt.% and it was found that materials with content
of 2 wt.% or lower are enabling to produce multilayered structure without delamination
from the build plate and stronger adhesion to the transparent film, as demonstrated in
Figure 12b,c.
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Successfully achieving product printing with a relatively low concentration of ZnO
powder (from 0.5 to 2 wt.%) highlights the imperative for thorough multifactorial studies.
Subsequent investigations are poised to elevate concentrations of ZnO and other fillers up
to 52 wt.%, as depicted in Table 1. This approach not only promises enhanced properties
for the DLP product but also opens avenues for novel functional attributes.

The attachment of active ER premixing system would reduce the sedimentation effect
on 3D printing performance. Further studies need to test different active mixing techniques.

When ZnO-reinforced polymers exhibit the photochromism effect, it can significantly
enhance their aesthetic properties. Photochromic materials, such as those containing
ZnO nanoparticles, can change color or optical characteristics in response to UV light, as
demonstrated in Figure 12d. For example, this effect can be valuable for shielding polymers
from excessive UV exposure during the disinfection process of tanker walls.

In-depth studies on the behavior of ZnO-reinforced PUA composites under shock load-
ing conditions (e.g., pendulum impact test) are also required in future studies. Stukhlyak
et al. conducted such research exploring the impact of meso- and macroscale processes
on the dynamic fracture mechanisms of cross-linked epoxy composites [28]. This in-
volves cross-linking during the curing of thermosetting plastics, transforming epoxy resins
into cross-linked polymers through the polymerization of polyfunctional monomers or
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oligomers. The cross-bonding of linear and branched macromolecules with reactive groups
of an epoxy polymer is a crucial aspect, with cross-links in these polymers being chemical,
physical, and topological [86].

Predicting PUA based composite behavior involves accounting for microstructural
complexity. In nanocomposites, non-dimensional models show no significant nanoscopic
size effect below the transition temperature, but above it, a notable discrepancy emerges
between experimental modulus and theory. This suggests negligible effects in the glassy
state become relevant in the rubbery domain, necessitating evaluation of mechanical inter-
actions using multi-scale approaches or finite element modeling. This aligns with growing
industrial interest for potential applications in sporting equipment, automotive parts,
and packaging due to high barrier properties and enhanced flame retardance. Industrial
nanocomposites, mainly using rubbery, thermosets, or semi-crystalline matrices, exhibit
typical viscoelastic behaviors [87].

When using ZnO powder as a filler in DLP photocured resins, it’s essential to consider
its ecological impact, including proper disposal and recycling measures to mitigate potential
environmental consequences.

5. Conclusions

As-received 99.9 wt.% pure ZnO powder with D50 = 177 nm and maximum particle
(including agglomerate) sizes up to about 5 µm were mixed in commercially available
polyurethane acrylate, isooctyl acrylate, and phosphine oxide mixture with ZnO concentra-
tions from 0.5 up to 2 wt.% (from 0.5 to 10 wt.%, during preliminary studies). Adhesion
weakening to the build plate and next layer (stronger adhesion to transparent film) limits
the possibility to increase the ZnO concentration under selected DLP settings. The change
in ZnO concentration causes thickness deviations in DLP samples. The 1 wt.% samples
achieve closest value of thickness (3.99 ± 0.16 mm) to target thickness value (4 mm), while
0.5 wt.% ZnO containing samples exhibit lowest deviation in average thickness (±0.03 mm).

Nonetheless, the deviation in the width of the DLP product consistently escalates,
increasing by a factor of 1.5–5.5 times as the concentration rises from 1 wt.% to 2 wt.%.
This results in an exceeding of the target value of 6 mm in the horizontal plane for all
concentrations, with a minimum overage of 0.33 ± 0.02 mm. To address this deviation, it
can usually be corrected by simply reducing the exposure time while keeping the initially
set conditional parameters intact.

All tested DLP composites with ZnO exhibits similar tensile stress from 23.29 (1 wt.%)
up to 25.93 MPa (0.5 wt.%) at similar elongation/deformation values (0.0089 up to 0.0110),
however, the increase in ZnO concentration increase brittleness of the product (tensile
stress at fracture reduces to 24.04 MPa and elastic modulus reduces to 2001 MPa at ZnO
concentration of 2 wt.%).

The increase in ZnO concentration increases the total area for reaction with acetic
acid solution and causes visually observable loss of ER material from DLP products from
1 wt.% ZnO. The reaction products (zinc acetate salts) swell and cause formation of new
defects under the surface layer. Therefore, use of ZnO reinforced DLP resin is limited to
acidic environments.

All samples exhibit good corrosion resistance to applied aqueous sodium hydroxide
solution (pH = 12). The reaction products (mainly generates sodium tetrahydroxozincate)
form on the surface of specimens and passivates further reaction when subjected to standing
(stagnating) solution. Reaction products cause smooth surface above the ZnO, therefore
reduces the possible friction caused defects. Future studies should include the measurement
and reporting of roughness values.

Generally, the produced samples are suitable for application in alkaline environment
and can be applied as protective coatings over tank walls or used as structural or functional
elements (e.g., in Portland cement concrete walls).
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35. Song, Z.; Kelf, T.A.; Sanchez, W.H.; Roberts, M.S.; Rička, J.; Frenz, M.; Zvyagin, A.V. Characterization of Optical Properties of

ZnO Nanoparticles for Quantitative Imaging of Transdermal Transport. Biomed. Opt. Express 2011, 2, 3321. [CrossRef] [PubMed]
36. Khabazipour, M.; Anbia, M. Removal of Hydrogen Sulfide from Gas Streams Using Porous Materials: A Review. Ind. Eng. Chem.

Res. 2019, 58, 22133–22164. [CrossRef]
37. Ates, T.; Tatar, C.; Yakuphanoglu, F. Preparation of Semiconductor ZnO Powders by Sol–Gel Method: Humidity Sensors. Sens.

Actuators A Phys. 2013, 190, 153–160. [CrossRef]
38. Li, K.; de Rancourt de Mimérand, Y.; Jin, X.; Yi, J.; Guo, J. Metal Oxide (ZnO and TiO2) and Fe-Based Metal–Organic-Framework

Nanoparticles on 3D-Printed Fractal Polymer Surfaces for Photocatalytic Degradation of Organic Pollutants. ACS Appl. Nano
Mater. 2020, 3, 2830–2845. [CrossRef]

39. Bykkam, S.; Narsingam, S.; Ahmadipour, M.; Dayakar, T.; Venkateswara Rao, K.; Shilpa Chakra, C.; Kalakotla, S. Few Layered
Graphene Sheet Decorated by ZnO Nanoparticles for Anti-Bacterial Application. Superlattices Microstruct. 2015, 83, 776–784.
[CrossRef]

40. Siyanbola, T.O.; Sasidhar, K.; Rao, B.V.S.K.; Narayan, R.; Olaofe, O.; Akintayo, E.T.; Raju, K.V.S.N. Development of Functional
Polyurethane-ZnO Hybrid Nanocomposite Coatings from Thevetia Peruviana Seed Oil. J. Am. Oil Chem. Soc. 2015, 92, 267–275.
[CrossRef]

41. Mhd Haniffa, M.A.C.; Ching, Y.C.; Chuah, C.H.; Ching, K.Y.; Liou, N.S. Synergistic Effect of (3-Aminopropyl)Trimethoxysilane
Treated ZnO and Corundum Nanoparticles under UV-Irradiation on UV-Cutoff and IR-Absorption Spectra of Acrylic Polyurethane
Based Nanocomposite Coating. Polym. Degrad. Stab. 2019, 159, 205–216. [CrossRef]

42. Soares, R.R.; Carone, C.; Einloft, S.; Ligabue, R.; Monteiro, W.F. Synthesis and Characterization of Waterborne Polyurethane/ZnO
Composites. Polym. Bull. 2014, 71, 829–838. [CrossRef]

43. Zhang, J.; Li, Y.; Hu, C.; Huang, W.; Su, L. Anti-Corrosive Properties of Waterborne Polyurethane/Poly(o-Toluidine)-ZnO
Coatings in NaCl Solution. J. Adhes. Sci. Technol. 2019, 33, 1047–1065. [CrossRef]

44. Ye, X.; Wang, Z.; Ma, L.; Wang, Q.; Chu, A. Zinc Oxide Array/Polyurethane Nanocomposite Coating: Fabrication, Characterization
and Corrosion Resistance. Surf Coat Technol. 2019, 358, 497–504. [CrossRef]

17



Polymers 2023, 15, 4679

45. Salazar-Bravo, P.; del Angel-López, D.; Torres-Huerta, A.M.; Domínguez-Crespo, M.A.; Palma-Ramírez, D.; Brachetti-Sibaja, S.B.;
Ferrel-Álvarez, A.C. Investigation of ZnO/Waterborne Polyurethane Hybrid Coatings for Corrosion Protection of AISI 1018
Carbon Steel Substrates. Metall. Mater. Trans. A 2019, 50, 4798–4813. [CrossRef]

46. Posthumus, W.; Magusin, P.C.M.M.; Brokken-Zijp, J.C.M.; Tinnemans, A.H.A.; van der Linde, R. Surface Modification of Oxidic
Nanoparticles Using 3-Methacryloxypropyltrimethoxysilane. J. Colloid Interface Sci. 2004, 269, 109–116. [CrossRef] [PubMed]

47. Mai, N.T.; Anh, B.T.M.; Vuong, N.T. Acid and Alkali Resistance of Acrylic Polyurethane/R-SiO2 Nanocomposite Coating. Vietnam.
J. Chem. 2020, 58, 67–73. [CrossRef]

48. Tubío, C.R.; Guitián, F.; Gil, A. Fabrication of ZnO Periodic Structures by 3D Printing. J. Eur. Ceram. Soc. 2016, 36, 3409–3415.
[CrossRef]

49. Lu, J.; Dong, P.; Zhao, Y.; Zhao, Y.; Zeng, Y. 3D Printing of TPMS Structural ZnO Ceramics with Good Mechanical Properties.
Ceram. Int. 2021, 47, 12897–12905. [CrossRef]

50. Waheed, S.; Rodas, M.; Kaur, H.; Kilah, N.L.; Paull, B.; Maya, F. In-Situ Growth of Metal-Organic Frameworks in a Reactive 3D
Printable Material. Appl. Mater. Today 2021, 22, 100930. [CrossRef]

51. Tubío, C.R.; Nóvoa, J.A.; Martín, J.; Guitián, F.; Salgueiro, J.R.; Gil, A. Broadband Terahertz ZnO Photonic Crystals Fabricated by
3D Printing. Ceram. Int. 2019, 45, 6223–6227. [CrossRef]

52. Lee, D.K.; Sin, K.S.; Shin, C.; Kim, J.H.; Hwang, K.T.; Kim, U.S.; Nahm, S.; Han, K.S. Fabrication of 3D Structure with Heteroge-
neous Compositions Using Inkjet Printing Process. Mater. Today Commun. 2023, 35, 105753. [CrossRef]

53. Vidakis, N.; Petousis, M.; Velidakis, E.; Tzounis, L.; Mountakis, N.; Korlos, A.; Fischer-Griffiths, P.E.; Grammatikos, S. On
the Mechanical Response of Silicon Dioxide Nanofiller Concentration on Fused Filament Fabrication 3d Printed Isotactic
Polypropylene Nanocomposites. Polymers 2021, 13, 2029. [CrossRef]

54. Zhao, Z.; Zhou, G.; Yang, Z.; Cao, X.; Jia, D.; Zhou, Y. Direct Ink Writing of Continuous SiO2 Fiber Reinforced Wave-Transparent
Ceramics. J. Adv. Ceram. 2020, 9, 403–412. [CrossRef]

55. Liu, Y.; Chen, J.; Ning, L.; Sun, J.; Liu, L.; Zhao, K. Preparation and Properties of Nano-TiO2-Modified Photosensitive Materials
for 3D Printing. E-Polymers 2022, 22, 686–695. [CrossRef]
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Abstract: In the current study, a methodology is validated for predicting the internal spatially varying
strength properties in a single 3D-printed bead composed of 13%, by weight, carbon-fiber-filled
acrylonitrile butadiene styrene. The presented method allows for the characterization of the spatially
varying microstructural behavior yielding a local anisotropic stiffness and strength that can be
integrated in a finite element framework for a bulk estimate of the effective stiffness and strength.
The modeling framework is presented with a focus on composite structures made from large area
additive manufacturing (LAAM). LAAM is an extrusion-based process yielding components on
the order of meters, with a typical raster size of 10 mm. The presented modeling methods are
applicable to other short-fiber-reinforced polymer processing methods as well. The results provided
indicate the modeling framework yields results for the effective strength and stiffness that align
with experimental characterization to within ∼1% and ∼10% for the longitudinal compressive and
tensile strength, respectively, and to within ∼3% and ∼50% for the longitudinal compressive and
tensile stiffness, respectively.

Keywords: Jeffery model; closure; fiber orientation; short-fiber composites; structural properties;
large area additive manufacturing

1. Introduction

The development of better manufacturing techniques promotes the development of
new engineering materials, and vice versa. This concept is well embodied in the area of
3D-printed short-fiber-reinforced polymers (SFRPs). These materials offer the attractive
combination of good mechanical properties compared to virgin polymers and a relatively
easy processing. In addition, they help enable large area additive manufacturing (LAAM),
which often uses carbon fiber to provide crucial thermal and mechanical property advan-
tages (see, e.g., [1]). However, 3D-printed SFRPs introduce added difficulty in engineering
design since their anisotropic properties are more complicated to model. Additive manufac-
turing allows one to customize tool paths to tailor that anisotropy to one’s advantage (for
example, one can orient the way a part is built so that it has greater stiffness and strength
in a load-bearing direction), but good methods for being able to predict these anisotropic
properties must be established so that one can generate designs with high confidence.

The anisotropic properties of 3D-printed SFRPs are a function of the internal, spatially
varying fiber orientation state. Thus, predicting the properties of SFRP parts oftentimes
involves the problem of predicting their internal fiber orientation state first, then predicting
the properties as functions of that orientation state. Research on predicting the spatially
varying fiber orientation state in a fluid flow has its roots going back about a hundred
years ago to George B. Jeffery [2]. The works of Charles Tucker III and his students
in the past few decades have contributed greatly to the current understanding of this
topic as well. Tucker and his student Suresh Advani brought orientation tensors to light
as a general but very compact way to describe orientation states, and these have since
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become mainstream, allowing for the prediction of material properties as functions of those
orientation tensors [3]. Folgar and Tucker [4] introduced a fiber interaction parameter to
allow for the modeling of dense suspensions, and in the past decade, multiple models
have been developed to advance the initial work of Folgar and Tucker to implement fiber
orientation kinematics for industrial flow processes (see, e.g., [5–7]), each of which uses the
orientation tensor approach to characterize the fiber alignment state. This topic is discussed
in detail in Section 4 while introducing the mathematical framework. Modern modeling
techniques now give the ability to predict the final properties of SFRP parts based on the
processing conditions used to build said parts. We wish to bring this capability to light in
the additive manufacturing industry so that SFRP parts can be evaluated prior to printing,
saving time and money and improving engineers’ confidence level in their designs.

The next two sections of this paper discuss experimental specimen preparation and
testing, respectively. A miniature LAAM system was constructed for printing specimens.
Section 4 then covers some of the mathematical models used to make predictions. Finally,
Section 5 compares the experimental findings with the predicted structural behavior. The
novelty of the present work is the experimental validation of a methodology, also demon-
strated in [8], which fully integrates fiber orientation kinetics with structural property
predictions for additively manufactured composites made from the LAAM process. This
work is extended to compare against experimental observations and highlights the need to
properly account for both the proper fiber orientation kinetics slowness parameter and the
void content within the deposited material, the latter of which is able to be neglected in
other industrial processes that study fiber orientation.

2. Specimen Preparation
2.1. Baylor’s Large Area Additive Manufacturing System

For fabricating test specimens, a miniature LAAM system was constructed at Baylor
University. This system has been utilized in a variety of studies by various researchers
(see e.g., [9,10]). The LAAM system has a print area of approximately 1.2 m by 1.2 m and
the extruder has approximately 15 cm of vertical travel space. The bed can also be manually
unfastened from the perforated tubing it is attached to, lowered, and refastened for added
vertical space. The materials for the main structure of the LAAM system include cold-rolled
steel railings, a 6.4 mm aluminum plate for the print bed, and 76 mm steel tubing for the
frame. The LAAM system also includes a heated print bed composed of multiple zones.

The extruder on the Baylor LAAM system is a Strangpresse Extruder Model 19,
which has a pellet-fed hopper at the top which was a custom-made part fabricated at
Baylor University. The Strangpresse extruder shown Figure 1 is about 1 m tall with the
hopper. The Strangpresse human–machine interface (HMI) allows an operator to adjust
the temperatures in three zones along the length of the extruder as well as the extruder
screw revolutions per minute (RPM) to control the deposition rate. The gantry system
used for the motion control of the extruder is a Magnum II system from Precision Plasma
LLC. The Magnum II system was made from an assembly kit for computer numerical
control (CNC) plasma cutters, but its ability to move in three dimensions makes it suitable
for custom LAAM systems as well, if the plasma cutter head is replaced with a suitable
extruder. The gantry system is controlled using the Mach software Mach3 by Newfangled
Solutions (Livermore Falls, ME, USA) managed on a local computer. All the experimental
specimens for this study were fabricated using G-codes manually written by the author
and ported to Mach3. The individual pellets, shown in Figure 2a, are fed into the hopper
and then the filament is extruded, as shown in Figure 2b, and then deposited on to the print
bed as shown in Figure 2c. During each of these various steps, the polymer is subjected
to shearing and elongation, thus increasing the potential for fiber damage. The beads in
the present study were composed of 13%, by weight, carbon-fiber-reinforced acrylonitrile
butadiene styrene (CF-ABS).
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Figure 1. Baylor’s large area additive manufacturing (LAAM) system.

Figure 2. Three states of printed material: (a) a preprocessed pellet, (b) extrudate, and (c) a de-
posited bead.

2.2. Reduction of Additively Manufactured Bead to a Test Specimen

For the fiber length distribution and aspect ratio characterization, single beads of
acrylonitrile butadiene styrene (ABS) pellets with 13% carbon fiber, by weight, were printed
at 250 ◦C on a 95 ◦C bed. Single beads were selected so as to keep the present focus on the
individual deposited bead. Future studies proposed by the authors will focus on multiple
deposited beads to study issues presented due to the presence of an interface. Specimens
were gathered at the three different points in the printing process indicated in Figure 2, the
preprocessed pellet, predeposition extrudate, and the deposited bead. Obtaining the fiber
aspect ratio at each stage enables one to identify the most damaging part of the printing
process and quantify its effect on the material property predictions. It was found that the
volume fraction of fibers was consistent across all three stages of the process and over
multiple samples processed over various batches. Thus, it was reasonably assumed that
the fibers were well dispersed in the end product, but this did not suggest that there would
not exist a small number of local variations in the fiber packing density as demonstrated in
the companion study [11]. The present paper is focused on local variations in orientation
and for simplicity, assumes that the volume fraction of fibers is homogeneous.

For the strength specimens, the 13% CF-ABS was dried for 4 h at 82 ◦C prior to
printing and stored in an environmental chamber with a −40 ◦C dew point. For printing
the specimens, the three extruder temperature zones were set to 200 ◦C, 205 ◦C, and 210 ◦C,
and the extruder RPM was set to 2250 with a nozzle-to-bed distance of 3 mm.
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After printing, the upper surface of the beads were milled to remove the rough-
ness of the surface of the bead. After machining, the specimens were sectioned with
a Buehler IsoMetTM Low Speed Precision Cutter (Lake Bluff, IL, USA). The tensile spec-
imens were 165 mm in length with 25 mm long tabs and a nominal thickness of 3 mm.
The dimensions of the compression specimens were 81 mm in length with 38 mm long
tabs and a nominal thickness of 3 mm. Specimen dimensions were of a single deposited
raster and the length dimension was along the raster deposition dimension. After the speci-
mens were cut, they were then cleaned, and the tabs were adhered using a Hysol 3039A
adhesive and cured following the manufacturer’s recommended curing cycle. Tensile
specimens were then heat-treated at 110 ◦C for 10–15 min to reduce the warpage induced
by milling the top surface and adhesive bonding. For the compression samples there was
no measurable warpage, so they were not subjected to any heat treatment. After assembly
of the tabs, samples were milled on their sides to ensure a constant, rectangular cross
section and dimensional consistency between specimens. Figure 3 shows the prepared
tensile specimens.

Figure 3. Photo of 13% CF-ABS tensile specimens prior to testing.

3. Experimental Characterization of Fiber-Reinforced Additive Manufactured Composite

The key experimental results of this paper are discussed in this section. Each subsection
both describes an experimental setup and presents the results from that experimental setup.
The fiber length distribution and aspect ratio study is discussed first. Next, the tensile
stiffness and strength results are given. Finally, the compression stiffness and strength
results are presented.

3.1. Fiber Length Distribution and Aspect Ratio Characterization

The process of characterizing the fiber length distribution consisted of five major
steps. The first involved obtaining specimens. Specimens were gathered from the three
points in the printing process shown in Figure 2. That is, a pellet, a 25.4 mm extrudate
specimen, and a 25.4 mm printed specimen were gathered, with the printed specimen
being of primary importance in this study. The second step was to isolate the fibers from
each sample without damaging them. The third step was to capture micrographs of the
fibers, stitch them together, and measure the fibers using a custom MATLAB code. The
fourth and final step was to plot the fiber length distribution, get the number-average and
weight-average fiber aspect ratios, and predict other material properties of interest.

Extracting the individual fibers from the matrix was accomplished by using a thermal
digestion of each specimen. The complete test setup is shown in Figure 4, and the test
setup where pellets were placed in a TA Instruments Q50 Thermogravimetric Analyzer
(TGA) is shown in Figure 4a (New Castle, DE, USA). The burn-off procedure consisted
of (1) ramping up the temperature to 600 ◦C, (2) holding it isothermal for 1 h in nitrogen
at 600 ◦C, and (3) holding it isothermal for 10 min in air at 600 ◦C. The inert, nitrogen
atmosphere prevented the carbon fibers from degrading. However, to get rid of remaining
residue after step 2, step 3 was added so that the fibers could completely separate from
each other. Adding step 3 is not ideal because the fibers may degrade slightly, skewing
the measured fiber length distribution. Therefore, a correction factor was applied to the
measurement data to mitigate these effects, as discussed in [12].
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Figure 4. Burn-off testing setups. (a) TA Instruments Q50 TGA machine with a 13% CF-ABS pellet.
(b) Ney Vulcan 3-1750 box furnace and 1-inch extrudate and printed specimens. These specimens
were enclosed in a Petri dish with a custom-machined aluminum lid and inserted into the furnace.

To decrease the effect of cut fibers on skewing the fiber length distribution of the
extrudate and printed specimens, 25.4 mm specimens were used since they were relatively
large compared to the nominal length of a fiber, 100∼500 µm. These specimens were too
large to fit in the TGA machine though, so a Ney Vulcan 3-1750 box furnace (Scotia, NY,
USA) was used as shown in Figure 4b. The specimens were enclosed in a Petri dish with
an aluminum lid. Two pipes attached to the aluminum lid purged the enclosure with
nitrogen. A similar burn-off procedure as for the pellet was repeated for the extrudate and
printed specimens.

The third step in characterizing the fiber length distribution was to capture images
of the fibers under an MZ7 microscope, (Scienscope, New Haven, CT, USA) shown in
Figure 5a, and stitch them together. After burn-off testing, the burn-off specimens were
dropped into beakers of acetone and water and dispersed using a Branson Digital Sonifier
450 (Branson, MO, USA). The solutions were poured into Petri dishes before the dispersed
fibers had time to settle completely. After pouring the dispersed fibrous solution into
a Petri dish, the Petri dish was examined under a microscope and several micrographs
were captured and stitched together. Figure 5b shows a micrograph, stitched in Adobe
Photoshop CC 2017 and the resulting image was used for the fiber length measuring.

Figure 5. (a) An MZ7 microscope, used to capture micrographs of the fibers in a Petri dish. (b) Fibers
being measured in a stitched micrograph. Green graph paper was placed under the Petri dish to
provide a helpful frame of reference. The measurements in blue were measured in a current session,
whereas the green measurements were from a previous measurement session.

After stitching, a custom code written in the MATLAB environment was used to
measure the fibers. The code allows one to measure a fiber by performing a mouse-click on
both ends of the fiber. First, however, a microscopic ruler must be measured to find the
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proper pixel-to-millimeter scaling factor. Once a fiber is measured, the length of the fiber
is automatically scaled and logged. The code allows a user to measure several fibers at
once, close out of the measurement session, and return to it at a later time without losing
any data.

The fourth step was to plot the probability distribution function (PDF) of the fiber
length and calculate other quantities of interest. Figure 6 shows the PDF of the fiber length,
with the PDF being cast in units of µm−1 for the three manufacturing stages. From the data
in Figure 6, the number- and weight-average fiber lengths were calculated, respectively, by

Ln =
∑ NiLi

∑ Ni
(1)

Lw =
∑ NiL2

i
∑ NiLi

(2)

In the above equations, Ni is the number of fibers in the ith histogram bin, and
Li is the average fiber length within the ith histogram bin. Similarly, the number- and
weight-average aspect ratios were approximated, respectively, as

arn =
Ln

dn
(3)

arw =
Lw

dw
(4)

where dn and dw are taken from [12]. The results for the fiber diameters, lengths, and aspect
ratios for both the weight and number averages are given in Table 1 for this study. Note,
these data were corrected for fiber degradation due to thermal heating in the presence of
oxygen to remove the polymer matrix as detailed in [12].

Figure 6. Fiber length distributions from (a) the preprocessed pellet, (b) the extrudate (predeposition),
and (c) the printed bead (postdeposition).
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Table 1. Fiber length and aspect ratio data, corrected for fiber degradation.

Parameter Unit Pellet Extrudate 3D-Printed Bead

Ln µm 293 271 169
Lw µm 424 348 279
dn µm 7.83 7.51 7.19
dw µm 7.83 7.51 7.20
arn µm 37.4 36.1 23.5
arw µm 54.1 46.3 38.8

3.2. Stiffness and Strength Characterization

This section discusses the stiffness and strength testing. The results for the tensile
properties are given first, followed by the compression results.

3.2.1. Tensile Testing

A Test Resources 810 Series fatigue tester with a F2500-B load cell was used for the
tensile testing. Figure 7a shows a mounted specimen with an extensometer for measuring
strain. The specimens were tested at a speed of 0.059 in/min with a data collection rate
of 20 Hz and at a temperature of approximately 21 ◦C (70 ◦F). Three width and three
thickness measurements were taken for each of the five specimens used in the tensile study
using micrometers in or near the gage region prior to testing. The width and thickness
measurements were averaged to obtain the cross-sectional area of each specimen, from
which the stress was calculated. A typical tensile stress–strain plot is shown in Figure 7b.

Figure 7. (a) Tensile testing setup with a 1 inch Epsilon 3542-0100-100-HT2 extensometer. (b) Tensile
stress–strain plot for 13% CF-ABS.

The effective longitudinal tensile stiffness of the tensile specimens was defined as Ee f f
LT ,

where the LT subscript indicates the longitudinal tensile component and the e f f superscript
indicates the bulk stiffness of the locally varying stiffness. The effective longitudinal
tensile stiffness was defined over the strain range 0.003–0.005. In addition, the effective
longitudinal yield strength, defined as the term σ

e f f
LT , was determined by using an offset

as defined in ASTM D638 [13]. In the present study, a 0.2% offset was selected due to the
initial nonlinear loading region and to align with the literature for which the models were
based upon. That is, a line parallel to the elastic region was extended from (0, 0.002) up to
the stress–strain curve, and the stress at the intersection was taken as σ

e f f
LT . A toe region

sometimes appeared at the beginning of the stress–strain curves, which can be seen in
Figure 7b. Therefore, the data were horizontally shifted to where the Ee f f

LT lines would
intersect the origin, prior to applying the 0.2% offset method. A summary of the results of
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four tests is given in Table 2, where x̄, sn−1, and CV are, respectively, the average, standard
deviation, and coefficient of variation for the five specimens studied.

Table 2. Tensile testing statistics for 13% CF-ABS specimens.

Property Unit Minimum Maximum x̄ sn−1 CV

Ee f f
LT GPa 2.56 2.88 2.71 0.163 6.04%

σ
e f f
LT MPa 25.9 28.2 27.3 1.04 3.79%

σult
LT MPa 30.5 32.8 32.0 1.04 3.24%

3.2.2. Confined Compression Testing

The same Test Resources 810 Series fatigue tester with the same F2500-B load cell was
also used for compression testing. Figure 8a shows a specimen in a modified ASTM D695
compression test fixture (Boeing BSS 7260) [14], which was placed between two compression
platens mounted on the testing machine. Three width measurements of the five specimens
were taken for each compression specimen, two on either end and one in the middle.
The compression specimens had tabs covering most of their length, so only one thickness
measurement was taken in the middle of the specimens, and this was done with calipers
since the micrometer anvils did not fit between the tabs. The average width and thickness
measurements were used to calculate the specimen’s cross-sectional areas from which
the stress was derived. The length of each of the five specimens was also measured and
used to calculate the approximate strain. Before initiating a test, the upper compression
platen was lowered in contact with the specimen. Each test was conducted at 0.051 in/min
(1.3 mm/min, as called for by ASTM D695) with a data collection rate of 20 Hz and
an environmental temperature of about 21–22 ◦C (70–72 ◦F).

A typical compression stress–strain curve is shown in Figure 8b. Five compression tests
were performed. The toe region of each curve was trimmed, this time by determining the
stiffness over the stress range 25–35 MPa and horizontally shifting the data. In addition, the
effective longitudinal compression yield strength, σ

e f f
LC , was determined using a 0.2% strain

offset. The results of the compression tests are given in Table 3. The ultimate compression
strength is not reported because the upper platen would often come into contact with
the top of the metal fixture before the ultimate failure of a specimen. In addition, it is
noteworthy that both the experimental compression stiffness and strength surpass the
experimental tensile stiffness and strength, respectively.

Figure 8. (a) A compression specimen mounted in a modified ASTM D695 compression test fixture
(a Boeing BSS 7260) and between two platens. (b) A typical compression stress–strain plot for a 13%
CF-ABS specimen.
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Table 3. Compression testing statistics for 13% CF-ABS.

Property Unit Minimum Maximum x̄ sn−1 CV

Ee f f
LC GPa 3.65 4.42 4.06 0.336 8.28%

σ
e f f
LC MPa 45.4 64.7 58.6 7.72 13.2%

4. Fiber Flow Modeling for Stiffness and Strength Prediction
4.1. Fiber Orientation Kinematics

Over the past few decades there has been considerable work in the area of fiber motion
kinetics and the resulting structural performance of the processed composite. The following
section pulls together a summary of the high points along with various components that
were used in the present study. Consider a fluid flow domain with the velocity profile
v(x) and velocity gradients L(x), where x denotes position. Jeffery’s foundational work in
expressing fiber motion for a dilute suspension in such a domain describes the time rate of
change in orientation of a single, rigid, inertialess ellipsoid [2],

ṗ = W · p + ξ(D · p−D : ppp) (5)

In the above equation, the material derivative of the unit vector p, which points along
the long axis of the fiber, is used. That is, ṗ = dp

dt = ∂p
∂t + v · ∇p. In addition, the vorticity

tensor is defined as W = 1
2
(
L− LT), and the rate of deformation tensor is similarly defined

as D = 1
2
(
L + LT). ξ is the fiber geometric term, which allows Equation (5) to be used for

other axisymmetric shapes besides ellipsoids as long as an equivalent ellipsoidal aspect
ratio, re, is properly defined. Expressing the fiber geometric term ξ in terms of re gives (see,
e.g., [15])

ξ =

(
r2

e − 1
)

(r2
e + 1)

(6)

Jeffery’s equation as expressed in Equation (5) may be used in dilute fiber solu-
tions, but a fiber interaction model must be used for concentrated solutions. The concen-
trated regime may be defined as Vf > (d/L), where Vf is the fiber volume fraction and
d and L are the fiber diameter and length. For the carbon fibers in the CF-ABS used in the
present study d/L = 6.4 µm/278 µm = 2.3%. The CF-ABS used in the present study had
Vf = 8.11% (this corresponds to a 13% weight fraction) and 8.11% > 2.3%, thus the CF-ABS
flow was considered concentrated and therefore a fiber interaction model was used. In
addition, the orientation tensor approach popularized by Advani and Tucker [3] was used
to describe the orientation state of a population of fibers and save orders of magnitude in
computational time. Cast in terms of orientation tensors, there are multiple options for the
proper characterization of the fiber interaction kinetics, such as the retarding principal rate
model from Tseng et al. [16], the interaction coefficient approach of Folgar and Tucker [4],
and the anisotropic rotary diffusion model of Phelps and Tucker [6]. In the present study,
we focused on the fiber interaction model of Wang et al. [5],

Ȧ = W ·A−A ·W + ξ{D ·A + A ·D− 2[A4 + (1− κ)(L4 −M4 : A4)] : D}
+2κCI γ̇(I− 3A) (7)

where the second- and fourth-order orientation tensors, as discussed by Advani and
Tucker [3], are defined as

A =
∮

ppψ(p)dp, A4 =
∮

ppppψ(p)dp (8)

In the above, ψ(p) is the orientation probability density function. In addition, κ is
the slowness factor as discussed by Wang et al. [5], CI is the fiber interaction constant
introduced by Folgar and Tucker [4], γ̇ is the scalar magnitude of D, L4 =∑3

i=1 λieieieiei,
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M4 =∑3
i=1 eieieiei, and λi and ei are the ith eigenvalue and eigenvector of A. Based on the

work of Bay and Tucker [17], we take

CI = 1.84× 10−2 exp
(
−0.7148arVf

)
(9)

Note, that ar is the geometric fiber aspect ratio (ar = L/D) and is related to the
equivalent ellipsoidal aspect ratio of a cylindrical fiber as given by Zhang et al. [15].

re = 0.000035a3
r − 0.00467a2

r + 0.764ar + 0.404 (10)

Furthermore, based upon earlier work by the present authors (see, e.g., [8]), a value for
the slowness parameter of κ = 0.125 was selected. Finally, the eigenvalue-based orthotropic
closure discussed by Wetzel [18] and VerWeyst [19] was used to estimate A4 due to its
accuracy and efficiency. Equation (7) and all the equations in this section which it depends
on were custom-coded by the authors in MATLAB, such that all flow kinematics were
performed in the MATLAB environment. This was conducted along several streamlines in
the flow domain to capture a fine-resolution solution for the fiber orientation state across
the flow domain.

4.2. Fiber Micromechanics

The linear elastic nature of a material is often described using Hooke’s law to relate
the stress, σij, to the strain, εij, through the stiffness, Cijkl , or the compliance, Sijkl , as

σij = Cijklεkl , εij = Sijklσkl (11)

Fibers and matrix have different values for their respective stiffness and due to the
length scales considered, an effective stiffness is considered for the composite,

〈
Cijkl

〉
. This

effective stiffness, also termed the homogenized stiffness, due to its relationship to the
associated underlying unidirectional stiffness tensor of the composite, C̄ijkl , and the fiber
orientation distribution function, is expressed as

〈
Cijkl

〉
=
∫ 2π

0

∫ π

0
C̄ijklψ(θ, φ) sin θdθdφ (12)

The underlying unidirectional stiffness tensor of the associated composite C̄ijkl may
be found in a variety of methods, the Halpin–Tsai and rule of mixtures often being the
most popular due to their ease of implementation. In the present study, the authors
used the Tandon and Wang [20] model with the closed-form solution suggested in Tucker
and Liang [21] and with the mathematical form expressed in Zhang [22]. The choice
of the Tandon and Wang model for the underlying unidirectional stiffness tensor of the
associated composite was based upon the results from [21] in comparison to other available
unidirectional composite models. Thus, with knowledge of the underlying stiffness tensor
C̄ijkl and the fiber orientation state from Equation (7), the effective stiffness tensor at a point
could be computed. Advani and Tucker [3] provided a mathematical form of the effective
stiffness tensor in terms of the orientation tensors as

〈
Cijkl

〉
= B1 Aijkl+B2

(
Aijδkl+Aklδij

)
+B3

(
Aikδjl+Ailδjk+Ajlδik+Ajkδil

)

+B4
(
δijδkl

)
+B5

(
δikδjl+δilδjk

)
(13)

where the coefficients Bi can be cast in terms of the underlying unidirectional stiffness
tensor C̄ijkl as presented in [3]. Observe that in Equation (13), the fourth-order orientation
tensor Aijkl appears. The same orthotropic closure of VerWeyst [19] and Wetzel [18] used in
Equation (7) is also used in Equation (13).

The Tsai–Wu [23] model for the onset of failure was used and is expressed in terms of
the second-order and fourth-order strength tensors, respectively, fi and Fij, as
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fmσm + Fmnσmσn = 1 (14)

In Equation (14), a contracted notation is used where the index pairs [11, 22, 33, 23, 13, 12]
are replaced by [1, 2, 3, 4, 5, 6]. For example, the stress tensor in index notation σij can be ex-
pressed in contracted notation as σm where [σ11, σ22, σ33, σ23, σ13, σ12]→ [σ1, σ2, σ3, σ4, σ5, σ6].
In Equation (14), the summation convention continues to be used where {m, n} ∈ {1, 2, . . . , 6}.
Alternatively, the failure envelope in terms of the contracted strain tensor is

gmεm + Gmnεmεn = 1 (15)

where gm and Gmn are, respectively, the contracted second- and fourth-order strength
tensors. One can obtain the relationship between the tensors fm, Fmn, gm, and Gmn as (see
e.g., [23])

gm = foCom, Gmn = FopComCpn (16)

where the summations on the indices o and p are from one to six, and Cmn is the con-
tracted form of the stiffness tensor discussed in Equation (13). As discussed in [8], the
strength tensor relationship for the failure envelope can be recast in terms of the underlying
unidirectional strength tensors, f̄m, F̄mn, ḡm, and Ḡmn, where the bar indicates the unidirec-
tional composite property, using a homogenization similar to that of the stiffness tensor of
Equation (12) as

〈g〉mεm + 〈G〉mnεmεn = 1 (17)

For a unidirectional-fiber-reinforced composite with all fibers aligned along the x1 axis,
the unidirectional strength tensors f̄m and F̄mn may be expressed in terms of the tensile and
compression strengths in the form

f̄1 =
1

σ̄LT
− 1

σ̄LC
, f̄2 = f̄3 =

1
σ̄TT
− 1

σ̄TC
, F̄11 =

1
σ̄LT σ̄LC

,

F̄22 = F̄33 =
1

σ̄TT σ̄TC
, F̄44 = 2(F̄22 − F̄23), F̄55 = F̄66 =

1
τ2 (18)

where the first subscript of the term σ̄ indicates the longitudinal (L) axis along the fiber or
the transverse (T) axis, and the second subscript indicates a tensile (T) load or compression
(C) load. For example, σ̄TC is the experimental transverse strength found from compression
loading. In the present study, we assumed the tensile and compression behavior for
the transverse load direction of the underlying unidirectional composite was identical,
σ̄TT = σ̄TC = σm, where σm is the experimentally obtained strength of the matrix. We
also assumed the corresponding shear strength of the matrix was found as τ = σm/

√
3.

Using the form suggested in [24], the remaining nonzero terms for F̄mn were expressed as
F̄12 = F̄13 = −F̄11/4 and F̄23 = −F̄22. Then, using Equation (16), the unidirectional strength
tensors ḡm and Ḡmn were obtained. As shown in [8], the homogenized fourth-order strength
tensor was found using an identical form as Equation (13) in terms of the orientation tensors.
The homogenized second-order strength tensor in terms of the second-order orientation
tensor and second-order strength tensor of the underlying unidirectional SFRP was found
as (see, e.g., [25])

〈g〉1 = (ḡ1−ḡ2)A11+ḡ2, 〈g〉2=(ḡ1−ḡ2)A22+ḡ2, 〈g〉3=(ḡ1−ḡ2)A33+ḡ2

〈g〉4 = (ḡ1−ḡ2)A23, 〈g〉5=(ḡ1−ḡ2)A13, 〈g〉6=(ḡ1−ḡ2)A12 (19)

In the present study, the composite was considered at the edge of failure when the
equality of Equation (17) was satisfied. For simulation purposes, a loading state was
imposed on the composite and the following expression was evaluated

ϕ(ε) = 〈g〉mεm + 〈G〉mnεmεn (20)
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where ε is the strain state from the imposed load on the structure. The SFRP is not predicted
to fail as long as ϕ(ε) < 1. When ϕ(ε) reaches one, the SFRP is predicted to fail.

The longitudinal tensile strength σ̄LT for the unidirectional composite was found using
the modified rule of mixtures suggested by Van Hattum and Bernardo [25] as

σ̄LT(L/d) = Vf
τL
d

+ σ′m
(

1−Vf

)
(21)

where the above expression is only valid when the fiber length, L, is less than the critical
fiber length, Lc. The fibers in the current study had a typical fiber length of 200–300 µm
in the final processed composite structure, whereas the critical fiber length assumed in
this study, Lc ' 0.9 mm (taken from [25]), was much greater than the largest fiber length
identified in Figure 6. The term σ′m is the stress of the matrix at the failure strain of the fiber
and is experimentally obtained once the strain at failure for the fiber is known.

The longitudinal compression strength was cast in the form suggested by Hayashi
and Koyama [26] as expressed by Bajracharya et al. [27]

σ̄LC = χE f ε∗mVf +
(

1−Vf

)
σ∗m (22)

where E f and Em are the moduli of, respectively, the fiber and the matrix, and
σ∗m = Emε∗m, where ε∗m is the strain at which the matrix yields. The parameter χ is ex-
pressed in terms of the weight-average length of the fibers, Lw, and the critical fiber length,
Lc, where χ = Lw/(2Lw).

It is well known that the presence of porosity in the composite reduces the stiffness and
the strength. In the thesis of Nargis [10], the average void fraction identified in her specimen
was 13.84%, a value that was used in this paper. Using the estimation of Zhang et al. [28]
that the knockdown factor for the stiffness and the tensile strength is the same and is a
function of the void volume fraction, the effective stiffness, Ee f f , and strength, σe f f , were
expressed as

Ee f f

Ewithout porosity
=

σe f f

σwithout porosity
= (1−Vvoids)

n (23)

where in the present study n = 2 was used. Equation (23) was used to find the effective
stiffness values Ee f f

LT , Ee f f
LC , and Ee f f

LF and the effective strength values σ
e f f
LT , σ

e f f
LC , and σ

e f f
LF .

4.3. Deposition Flow Domain

The flow domain in the present study is depicted in Figure 9 with the dimensions
selected based upon the nozzle shown in Figure 2. Solutions for the Navier–Stokes equa-
tions were performed using COMSOL Multiphysics. The interior walls of the nozzle were
assumed to be no-slip boundary conditions along with the surface of the print bed, whereas
the surfaces of the melt flow that are outside of the confined nozzle were considered to
have slip boundary conditions. The geometry of the flow domain at the leading edge of
the flow was constructed such that the surface was stress-free, and the normal component
of the velocity was also zero using the approach from Heller et al. [29] to identify the
surface using an iterative approach. Once the velocity field was obtained from the finite
element simulation, the spatially varying fiber orientation state, Aij(x), was obtained using
Equation (7) with CI = 1.9× 10−3, κ ∈ {0.05, 0.2}, and λ cast as a function of arw of the
3D-printed bead as given in Table 1. The fiber equations of motion were solved numerically
using a custom program created in the MATLAB environment written by the authors. Then,
using the material properties for the fiber and the matrix listed in Table 4, Equation (20)
was evaluated across the flow domain using a custom script created by the authors that
took the spatial location and returned the failure parameter at the specified location.
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Table 4. Properties of ABS matrix and carbon fiber used for modeling.

Property Unit ABS Matrix Ref. Carbon Fiber Ref.

Elastic modulus GPa Em =2.41 [30] E f =218 [25]
Poisson’s ratio - νm =0.35 [31] ν f =0.26 [25]

Density kg/m3 ρm =1040 [30] ρ f =1760 [32]
Dynamic viscosity Pa·s µm =3200 [33] - -

Tensile yield strength MPa σm =37.9 [30] σf =6024 [25] †

Compression yield strain m
m ε∗m =0.04 [34] - -

Matrix stress at fiber failure strain MPa σ′m =24 [32,35] ‡ - -
Shear strength MPa τ=21.9 [25] † - -

Fiber length µm - - L f =279 ††

Fiber diameter µm - - d f =7.20 ††

Geometric aspect ratio m
m - - ar =38.8 ††

Ellipsoidal aspect ratio m
m - - re =25.0 [15] †

Critical fiber length µm - - Lc =835 [25] †

Fiber weight fraction kg
kg

- - w f =0.13 [36]

Fiber volume fraction m3

m3 - - Vf =8.11% [37] †

† These references are for the equations used to calculate the property. ‡ Fiber failure strain taken from [32] and
using the stress–strain curve from [35] for ABS, the matrix stress was obtained. †† Refers to experimental results
in the present paper.

4.4. Structural Simulation

The orientation state at the end of the flow domain, Aij(x1 = 0, x2), shown at the
origin on the bottom left of Figure 9, was taken as the steady-state orientation and was used
for all structural simulations. This orientation state was then projected along the direction
of printing to form a specimen with an orientation that changed along x2 but was constant
along x1. The tensile and compression specimen model domains are shown in Figure 10.
Each domain is of a single deposited bead. The bead subjected to tension or compression
is allowed to freely slide in the vertical direction, except in the lower, right corner. That
is, the displacement u2 is zero in the lower, right corner and unconstrained everywhere
else. The right edge of the bead is fixed horizontally, i.e., u1 = 0, and equal to some static
displacement value in the x1 direction, δ, on the left edge.

For the applied displacement δ, the spatially varying strain, ε(x), was computed from
the finite element results along with the surface stresses. The effective stiffness values for
tension or compression, Ee f f

LT and Ee f f
LC , respectively, were obtained by taking the average

of the stress divided by the applied strain on the right end of the loaded specimen. Then,
using the spatially varying strain values along with Equation (20), the spatially varying
value for ϕ(ε) was obtained at every point in the solution domain. If the maximum value
for ϕ was less than one, then the applied displacement δ was increased, whereas if ϕ at
any point in the domain was more than one, the applied load was decreased. This process
continued until the maximum spatial value for ϕ was one, thus suggesting that the member
was at the onset of failure. At this point, σ

e f f
LT and σ

e f f
LC were calculated. A representative

solution is shown in Figure 11a,b for a displacement resulting in a tensile and compression
failure, respectively.

The finite element process described above was extended to study the stiffness and
strength response over a range of values for κ. This first study fixed the fiber length and
diameter to be that in the deposited bead, yielding a weight-average fiber aspect ratio
of 38.8 as given in Table 1. The fibers were assumed to be randomly orientated initially for
the flow domain of Figure 9, and once deposited, the structural domain shown in Figure 10
was analyzed for the stiffness and strength estimates for tension and compression. Using
the fiber aspect ratio of 38.8 and a weight fraction of 13% (i.e., a volume fraction of 8.11%),
the interaction coefficient from Equation (9) evaluated to CI = 1.9× 10−3. The range for κ
was taken to be 0.05 to 0.2, within the range suggested by Wang et al. [5]. The remaining
modeling inputs in this study are given in Table 4.
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The results for the stiffness and strength parameters as a function of fiber slowness
parameter κ are provided in Figure 12 for both the scenario when the porosity is neglected
and the scenario when the porosity is accounted for in the structural simulations. Notice in
Figure 12 that the tensile and compression stiffness values are graphically indistinguishable
regardless of the porosity. This is by construction in the model, as the stiffness response is
assumed to be equivalent in tension and compression. Conversely, the compression strength
is measurably more than that of the tensile strength. Observe that the stiffness and strength
increase as a function of the increasing value of the slowness parameter. This correlates to
the increase in the orientation. As the slowness parameter, κ, increases from zero to one, the
rate of alignment increases as well; thus, a higher value of the parameter κ correlates with
a higher value of the alignment along the flow direction, and thus a higher value for the
stiffness and strength for fibers that are stiffer and stronger than the surrounding matrix. It
is also worth noting the significant reduction in the part performance as a result of porosity.
This highlights the importance of accounting for porosity and the need to identify a means
to reduce porosity generation in the deposited bead during processing.

Figure 9. Finite element modeling domain at the tip of the LAAM nozzle including the
deposition region.

Figure 10. Specimen domains used for the structural analysis for the (a) tensile test and (b) compres-
sion test.

Figure 11. Structural simulation results showing the failure parameter ϕ(x) for the (a) tensile test and
(b) compression test.
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The last modeling study focused on the importance of including the reduction in the
fiber length in the structural simulations. Taking the three length distributions presented
in Table 1 for the case of the pellet, the extrudate, and the deposited bead, the weight-
average length is shown to decrease from 424 µm to 348 µm to 279 µm. Performing the
flow simulation with the corresponding fiber aspect ratios, followed by the structural
simulations led to the stiffness and strength predictions provided in Table 5. Observe that
by properly including the reduction in the fiber length, there is a reduction of nearly 12% in
the stiffness, a reduction of over 30% in the tensile strength, and a reduction of over 14% in
the compression strength.

Figure 12. Effective stiffness and strength predictions of the deposited bead for ar = 38.8. (a) Effective
stiffness and (b) effective strength.

Table 5. Tensile and compression stiffness and strength predictions as a function of the weight-average
aspect ratios from Table 1 along the flow domain for κ = 0.125.

Parameter Ee f f
LT = Ee f f

LC (GPa) σ
e f f
LT (MPa) σ

e f f
LC (MPa)

Lw =424 µm (pellet) 5.58 44.8 75.4
Lw =348 µm (extrudate) 5.34 39.3 71.2
Lw =279 µm (bead) 5.00 34.4 66.1

5. Comparison between Model and Experiment

Table 6 summarizes the experimental results of this study and Table 7 summarizes
the model predictions for comparison. These results show that the model predictions are
on the high side of the experimental results. However, there are several possible culprits
for this.

Table 6. Summary of experimental results, with the error taken from the standard deviation of
experimental results.

Property Average Property

Ee f f
LT

2.71± 0.16 GPa

Ee f f
LC

4.06± 0.34 GPa

σ
e f f
LT

27.3± 1.0 MPa

σ
e f f
LC

58.6± 7.7 MPa

Table 7. Tensile and compression stiffness and strength predictions of the deposited bead using the
RSC model with a random initial orientation state (Aij = 1

3 δij), arw = 38.8, and κ ∈ {0.05, 0.20}.
Equation (23) was used to generate the second row from the first row.

Accounting for Porosity? Ee f f
LT = Ee f f

LC (GPa) σ
e f f
LT (MPa) σ

e f f
LC (MPa)

No 5.67–7.54 41.0–50.8 76.2–99.4
Yes 4.20–5.62 30.4–37.8 56.4–74.0
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On the experimental side, the top surfaces of the specimens were machined down to
10–20% of the specimen height to eliminate waviness and to ensure uniform cross sections.
While uniform cross sections are desirable, the skin of the specimens contained a high fiber
alignment in the load-bearing direction. Thus, removing this skin from the tops of the
specimens could have potentially caused a noticeable drop in the mechanical properties.

On the modeling side, Table 7 shows that a relatively large range of predictions can
be found depending on the parameters fed into the models. The lower range for Ee f f

LT

and Ee f f
LC should be selected in the present study based on the recommendations found

in recent fiber interaction model papers to decrease the value of κ. κ has a greater effect
than CI , but there are other parameters that were estimated in the present study that could
also influence the accuracy of the models. These include the initial orientation state and
the constituent material properties in Table 4. Thus, it is important to zero in on accurate
modeling parameters when using the proposed models in order to tighten the prediction
window. In addition, the recent work by Nargis and Jack in [11] showed that the porosity
was found to be significantly larger than anticipated, coupled with a broad spectrum of
void sizes. Thus, accounting for porosity and selecting the lower range for the slowness
factor κ, the predicted value for the compressive stiffness, Ee f f

LC , came out to be 4.2 GPa,
whereas the measured value was 4.06 GPa; the predicted value for the tensile stiffness,
Ee f f

LT , was 4.2 GPa, whereas the measured value was 2.71 GPa; the predicted value for

the compressive strength σ
e f f
LC , was 56 MPa, whereas the measured value was 59 MPa;

and the predicted value for the tensile strength, σ
e f f
LT , was 30 MPa, whereas the measured

value was 27 MPa. Each of these values, with the exception of the tensile stiffness, is well
within an acceptable range. This study highlights a limitation of the present modeling that
should be addressed in a future study. The present model assumes that the tensile and
compressive stiffness are identical, which is not the case based upon the results presented.
Thus, a future expansion of the model to allow for discontinuous tensile and compressive
behavior will be required prior to full-scale industrial implementation and will be the scope
of a future study.

6. Conclusions

Having so many modeling parameters increases the difficulty to fully validate the
proposed models. However, the results provided indicate the modeling framework yields
results for the effective strength and stiffness that align with experimental characterization
to within ∼1% and ∼10% for the longitudinal compressive and tensile strength, respec-
tively, and to within ∼3% and ∼50% for the longitudinal compressive and tensile stiffness,
respectively. In addition, a framework has been developed that allows for improvement by
model substitution as more accurate modeling inputs are found. The modeling methodol-
ogy goes from the properties of the individual fibers and surrounding matrix, through the
fiber kinematic equations of motion through the final part performance. Results show the
sensitivity of the final predicted response to subtle changes in the fiber interaction behavior
as well as a reduction in the final part performance through the incorporation of the known
porosity of the final processed part.

For future work on the experimental side, improvement in specimen preparation
should be sought. For example, nonmachined, multibead tensile and compression speci-
mens could be used to reduce the effect anomalous defects might have, or injection-molded
specimens (which have less void content) could be used to reduce the effects of porosity.
On the modeling side, in general, efforts to isolate and independently verify each underly-
ing model and model input would be helpful. The fiber orientation could be physically
measured as in Nargis’ work [10], for example, and directly input into the stiffness and
strength models to validate these models independently from a fiber orientation model.
In addition, it is well understood that polymers are sensitive to changes in temperature,
and performing tests across a temperature range would be of interest. The present model is
linearly elastic, and extending the work to viscoelastic models would be of interest. A first
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pass at a 3D model for stiffness prediction which incorporated Nargis’ results was per-
formed in [12], but this area still needs more work. In addition, the effects of porosity need
to be accounted for better, both in modeling the fiber orientation state and predicting the
final mechanical properties as a function of the orientation state. The flow and orientation
kinematics relationship was decoupled in the present study, but coupling them may make
a difference in the predicted final orientation state. Another consideration for a future study
may be a fiber aspect ratio distribution, rather than a single-value aspect ratio.
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The following abbreviations are used in this manuscript:

ABS Acrylonitrile butadiene styrene
ASTM American Society for Testing and Materials
CF-ABS Carbon-fiber-reinforced acrylonitrile butadiene styrene
CNC Computer numerical control
HMI Human–machine interface
LAAM Large area additive manufacturing
PDF Probability distribution function
RPM Revolutions per min
SFRP Short-fiber-reinforced polymer
TGA Thermogravimetric analyzer
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Abstract: The great geometric complexity that additive manufacturing allows in parts, together
with the possibility of combining several materials in the same part, establishes a new design and
manufacturing paradigm. Despite the interest of many leading sectors, the lack of standardization
still makes it necessary to carry out characterization work to enjoy these advantages in functional
parts. In many of these techniques, the process does not end with the end of the machine cycle, but
different post-processing must be carried out to consider the part finished. It has been found that
the type of post process applied can have a similar effect on part quality as other further studied
process parameters. In this work, the material projection technique was used to manufacture multi-
material parts combining resins with different mechanical properties. The influence of different
post-processing on the tensile behavior of these parts was analyzed. The results show the detrimental
effect of ultrasonic treatment with isopropyl alcohol in the case of the more flexible resin mixtures,
being advisable to use ultrasonic with mineral oil or furnace treatment. For more rigid mixtures,
the furnace is the best option, although the other post-processing techniques do not significantly
deteriorate their performance.

Keywords: additive manufacturing; multi-material; material projection; post-processing

1. Introduction

Additive manufacturing technology (AM) is based on part manufacturing by adding
layers of material. Originally called rapid prototyping, it was conceived to produce proto-
types quickly and easily from digital models. Given its advantages in terms of simplicity of
use, great freedom of design and customization without a significant increase in cost, the
possibility of reducing the number of components, etc., it is currently of great interest to
many sectors such as medical [1], aerospace [2], energy industry [3], sports [4,5], and those
geared towards the manufacture of micrometer-scale components [6].

One of the AM techniques that has received great attention in recent times is the
Material Projection (MP) technique [7]. This technique allows for the addition of material
layers by selective deposition of light-curing resin droplets that are subsequently cured by
an ultraviolet light source. For this purpose, AM machines have a head that incorporates
piezoelectric injectors arranged in a matrix to deposit the resin, as well as a blade or
roller and several ultraviolet light lamps, which flatten and cure the resin once it has been
deposited [8].

The main manufacturers of AM machines based on this technique (3D Systems [9]
and Stratasys [10]) have developed equipment capable of mixing several light-curable
polymer resins simultaneously at the voxel level (3D pixel) to manufacture multi-material
parts [11,12]. This new paradigm undoubtedly marks a milestone in terms of the ability to
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simplify designs by reducing the number of components, due to the variety of properties
that these resins can present. The support material used in this technique consists of a
paraffin or hydrophobic material that is deposited next to the photopolymers that must be
removed by post-processing out of the machine.

The MP technique has proven useful for manufacturing functional parts, in general [13,14],
for manufacturing plastic injection molds for short or one-off series [15,16] and for vali-
dating prototype parts for series production [17,18]. In addition to the aforementioned
advantages of additive manufacturing, this technique has minimal material waste, lower
cost, and greater supply chain efficiency compared to machining or small series injection
molding [19]. This has made it of great interest to industries as varied as biomedical [20,21]
and aeronautics [22].

Nevertheless, MP does not escape the challenges that remain to be addressed for
additive manufacturing, among which can be highlighted both the lack of design and
manufacturing guidelines, as well as the lack of specific standardization [23]. This has led
several researchers to focus in recent years on studying this technique in depth, mainly
focusing on the material properties’ characterization [24,25], studying the geometric and
surface quality [26–28], analyzing the anisotropy of the mechanical properties of the printed
parts [29], and manufacturing structures reinforced with multiple materials [30,31].

The interesting results achieved by these works reinforce the need to address the
AM challenges mentioned above. Specifically for MP, there is a key issue related to the
development of manufacturing procedures: the post-processing operation for removing
support material. This operation is mandatory and common to all parts obtained by this
technique. As seen in many of the aforementioned works, researchers have focused on
analyzing the properties and the economy of the parts depending on their orientation
and position in the machine working volume, while avoiding the implications of the
needed post-processing. In this respect, a few works mention the problems related to
this post-processing. Liu et al. [32] note the advantage of using integrated lattices over
snap-fitted lattices in terms of energy absorption but state the difficulty of removing the
support material from the former when the structure is very intricate. Something similar is
highlighted by Meisel et al. [33] in their work evaluating different limitations of the process,
among which stands out the elimination of support material in the case of thin sections.
Eren et al. [34] recognize that the removal of support is extremely difficult when printing
delicate and thin cell structures, as this limits the minimum cell size and affects the final
mechanical response of the reticular structures. Abayazid et al. [31] note that the use of
the post-processing recommended by manufacturers can generate warping and geometric
distortions of the printed parts. Meanwhile, He et al. [35] note the extreme force that must
be applied and its adverse effects on the final quality of the parts in the case of using certain
support materials that are different from the usual ones. Therefore, there is a clear need to
analyze in depth the influence of post-processing.

On the other hand, it is worth highlighting the few works that analyze the properties or
establish design guidelines for using something that is relatively common in this technique,
i.e., the combination of different resins with different properties in the same part. This
characteristic undoubtedly makes this technique stand out within additive manufacturing
due to the simplification of the design in terms of reducing the number of components, as
it allows different materials with different properties to be combined in the same part. With
regard to the combination of materials, Boopathy et al. [36] studied the energy absorption
capacity of printed parts against impact, observing that the different combinations of
materials and the direction of the load played an important role in the behavior of the
composite material.

This work focused on analyzing two questions that have been little studied or outright
overlooked in other works on MP and that are of vital importance to safely exploit the
advantages of this AM technique: the good tensile behavior of components that combine
several materials with different mechanical properties, as well as the influence that the
post-processing to be applied has on this behavior. For that, in the first part of the work,
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the tensile mechanical behavior of standardized specimens combining a stiff and tough
resin with a more flexible one is analyzed. After verifying the good performance of the
multi-material specimens, the second part of the work analyzes the influence of different
usual post-processing procedures, i.e., using heat or wet ultrasound (with vegetable oil
and with isopropanol), on the tensile behavior of multi-material specimens, identifying the
most suitable post-processing for the different resin combinations.

2. Materials and Methodology
2.1. Materials

The AM Material Projection Machine ProJet® MJP 5600 (3DSystems, Rock Hill, SC, USA)
was used in this study. The working volume of this machine is 518 × 381 × 300 mm3, with a
maximum resolution in the XYZ axes of 750 × 750 × 2000 DPI. As manufacturing material,
this machine uses various resins, including mixtures of these in different proportions.
The resins used in this work, both supplied by the 3D System (Rock Hill, SC, USA),
are VisiJet CR-CL 200 (translucent acrylic based photopolymer resin) and VisiJet CE-NT
(amber acrylic-based photopolymer resin). After MP manufacturing, the VisiJet CR-CL
200 resin is comparatively much stiffer and stronger than VisiJet CE-NT, which shows
a more flexible behavior. Table 1 shows the tensile strengths of these resins and of the
different resin mixtures configurable in the manufacturing software [9]. These tensile
strengths are represented in Figure 1, where it can be seen that the higher the proportion
of VisiJet CR-CL 200 in the material mixture, the higher the tensile strength achieved.
For the pure resins, the supplier also provides the tensile modulus, 0.27–0.43 MPa and
1400–2100 MPa, and the elongation at break, 160–230% and 14–22%, VisiJet CE-NT and
VisiJet CR-CL 200, respectively. Figure 2 shows the AM machine used and the carbides of
the different VisiJet materials.

Table 1. Main mechanical properties of resins and mixtures (according to ASTM D638) [9].

Material/Mixture Tensile Strength (MPa) Material/Mixture Tensile Strength (MPa)

VisiJet CE-NT 0.20–0.40 D50 1–3
A40 0.23–0.32 D55 2–3
A50 0.35–0.48 D60 4–5
A60 0.48–0.77 D65 8–10
A70 0.75–1.10 D70 12–16
A80 1.30–1.70 D75 19–27
A90 1.40–1.90 VisiJet CR-CL 200 30–43

As support material, this machine uses VisiJet S500, also supplied by 3D Systems,
which is a non-toxic wax. During the MP process, both the resins and the support material
are heated to around 60 ◦C, so that they acquire an appropriate viscosity for projection
onto the manufacturing platform. After projection, the resins are cured by ultraviolet light,
while the wax is solidified by cooling.

In order to evaluate the tensile mechanical properties of components containing areas
made of different resins or resin mixtures, a tensile specimen was designed with a central
area which can be made of a different material than that used for the heads. This specimen
was designed according to the recommendations of ISO 527-2 [37], with the geometrical
parameters represented in Figure 3. As can be seen, the specimen is always manufactured
with the strongest material, CR-CL 200, in the head area to ensure the correct gripping
of the tensile grips in the tensile test, while in the core, any of the 14 possibilities shown
in Table 1 can be selected. Therefore, this specimen not only allows us to determine the
tensile behavior of the weakest material used, which is the weakest link in the chain, but
also to validate the good behavior of the interface between materials (see Figure 3). All
the specimens manufactured were oriented horizontally and with their longitudinal axis
perpendicular to the direction of movement of the machine head in order to avoid the main
effect of the characteristic anisotropy of this process [38].
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Before the parts produced with this machine can be used, it is necessary to remove
the VisiJet S500 material in which they are embedded immediately after the MP process.
For this purpose, both a DIGITHEAT-TFT furnace (JP Selecta, Barcelona, Spain) and a
Digital Pro ultrasonic tank (GT Sonic, Meizhou, China) were used, using either isopropyl
alcohol (99.9% purity) or vegetable oil as the fluid in the latter. In some cases which
are described in the Methodology section below, the roughness of the central area of the
specimens was measured using a Surftest SJ-500 roughness tester (Mitutoyo, Kawasakishi,

41



Polymers 2023, 15, 2089

Japan). The different manufactured specimens were tensile tested using a ME-402 universal
machine (Servosis, Madrid, Spain) equipped with a 5 kN load cell. In order to determine
the actual dimensions of the center section of the specimens, all of them were measured
with a Mitutoyo universal calliper before being tested. During the tests, the length of the
central area of the specimen, l1, was taken as the reference length for the calculation of the
length deformations.
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Figure 3. Schematic of the 1BA multi-material specimen designed according to ISO 527-2 [37].

2.2. Methodology

This work was carried out in two parts. In the first part (Figure 4a), the tensile strength
behavior of specimens combining different resins mixtures was analyzed. These specimens
were manufactured using the ultrahigh-definition mode for XY axes, but with a layer height
of 16 µm for productivity reasons. For this purpose, 3 specimens were manufactured with
each of the possible VisiJet resin combinations (Table 1), equaling 42 specimens in total.
After the MP process, these specimens were post-processed to remove the VisiJet S500
material with two 10-min thermal cycles in the furnace at 60 ◦C. During each of these
cycles, the specimens were placed horizontally on a rack, analogous to the manufacturing
orientation, so as to avoid possible warping and geometric distortions caused by heat.
Between the two furnace cycles, the specimens were removed from the oven for a short
period of time, during which the excess wax was manually removed using a piece of
absorbent paper. Subsequently, after cooling to room temperature, they were tensile tested
according to ISO527-1 recommendations [37], using a speed of 1 mm/min.

Once the good interface performance of the multi-material specimens analyzed in
the first part of the work was verified, the influence of the post-processing used on the
mechanical properties of these specimens was analyzed in the second part of the work
(Figure 4b). In this part, the least and greatest strength specimens, CE-NT and CL-CR
200, respectively, were manufactured, as well as two additional specimens that had shown
in the first part tests a strength equi-spaced in magnitude with respect to the previous
ones. Three replicates of each of them were manufactured, making thirty-six specimens in
total, as shown in Figure 5. These specimens were manufactured with the same machine
configuration as the one used in the first part of the work. Then, the replicates were
post-processed with each of the following procedures:

• F: two furnace cycles at 60 ◦C;
• OU: two ultrasonic cycles with mineral oil at 60 ◦C;
• IU: two ultrasound cycles with isopropyl alcohol at 60 ◦C.
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Each of the above cycles lasted 10 min, and the specimens were manually cleaned
with absorbent paper between the two cycles, in each type of post-processing. During the
ultrasonic cycles, a 40 kHz frequency was applied when each specimen was completely
immersed in the treatment tank, which was filled with the appropriate fluid, i.e., mineral
oil or isopropyl alcohol. After post-processing, the roughness of the core of the specimens
was measured using a λc of 2.5 mm and λs of 8 µm, following the recommendations of
the ISO 4288 standard [39], and subsequently a tensile test was performed under the same
conditions as in the first part of the work.

To prevent environmental or machine-specific conditions from affecting the results,
both the specimens tested in the first part and those tested in the second part were manu-
factured and tested within 24 h after manufacturing. In addition, the specimens were tested
in random order [40]. All specimens were manufactured at the highest machine resolution
and with the same material cartridges.

3. Results and Discussion

The 42 specimens analyzed in the first part of the work required 14 h of fabrication
on the AM machine, consuming 46 g of VisiJet CE-NT, 196 g of VisiJet CR-CL, and 132 g
of VisiJet S500. Post-processing took about 2 h. The results of the tensile test carried out
on these specimens are shown in Figure 6. As can be seen, it follows a similar exponential
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behavior to that of the characteristics sheet provided by the manufacturer, but with higher
resistances. For specimens of material from CE-NT to D70, the observed strength is several
times that specified by the manufacturer, while for the D75 and CR-CL 200 specimens,
74.5% and 29.2% more strength were obtained, respectively.
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Figure 6. Tensile strength for different material mixtures.

In all cases, the interface between the core material or mixture and the head material,
i.e., CR-CL 200, showed adequate behavior, with the rupture occurring in the central section
of the core. This can be seen in the sequence of photographs captured during the testing of
the A70 core material specimen (Figure 7).

Figure 6 shows the exponential behavior observed in the tensile strength of the spec-
imens as a function of the specimen core composition. It can be approximated by the
function represented in Equation (1) with an r-square of 98.02%, where P represents the
ratio between CE-NT and CR-CL 200, so that 1 is equivalent to 100% CE-NT and 14 is
equivalent to 100% CR-CL 200. This behavior, together with an improvement in the AM
machine-control software, would allow more intermediate materials to be defined between
the two extremes, so that they could be manufactured with a more suitable strength for
each application.

σR = 1.8475·e0.2450·P MPa, where P ∈ [1, 14] (1)

Figure 8 shows the elongation of specimens manufactured with different materials
at tensile strength, ε(σR), and at the moment of breaking, i.e., at ultimate strength ε(σU).
On the one hand, the similarity of both elongations can be highlighted, as well as the
exponential decreasing behavior as a function of the CR-CL 200 material concentration.
In the case of the specimen made entirely of this material, CR-CL 200 (in Figure 8), the
elongation obtained in the test, i.e., 14%, is within the range indicated by the supplier [9].
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Figure 8. Elongation at tensile strength, ε(σR), and at ultimate strength, ε(σU), for the different
materials and mixtures (reference length, l1).

After verifying the good performance of the analyzed specimens, in the second part of
this work, the roughness of the core area and the tensile behavior as a function of the type
of post-processing were studied. This study was performed for those specimens with lower
and higher strength and additionally two specimens with equally spaced tensile strength
values: CE-NT, D60, D70, and CR-CL 200. From each of these specimens, 3 replicates
were manufactured, in total 36 specimens, to be post-processed in three different ways
(Figure 4b): F, IU, and OU.
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The Ra roughness values obtained in the core area of the specimens are presented in
Table 2 and represented in Figure 9. As can be seen, the specimen whose roughness is most
altered depending on the post-processing used is the CE-NT specimen. In this specimen, a
much higher roughness is obtained in the case of applying ultrasonic post-processing with
isopropanol (IU), 8.87 µm on average in front of 2.03 µm from using mineral oil, and of
3.10 µm obtained with the furnace post-processing. This indicates a chemical interaction
between isopropanol and the CE-NT material that alters its surface and, therefore, could
also alter its integrity. In the rest of the specimens, no significant variation is observed
when changing the post-processing, obtaining Ra values in the range of 2 µm.

Table 2. Ra measured in the core of the specimens: individual values of the replicates and
mean values.

Ra (µm)

Post-Process Material/Mixture CE-NT D60 D70 CR-CL 200

F

Replica 1 2.9 0.8 2.7 2.4
Replica 2 3.4 1.5 2.9 1.5
Replica 3 3.0 1.6 3.2 1.6

Mean 3.10 1.30 2.93 1.83

OU

Replica 1 1.9 1.6 2.2 1.5
Replica 2 2.2 1.7 1.9 1.4
Replica 3 2.0 1.6 2.1 1.3

Mean 2.03 1.63 2.07 1.40

IU

Replica 1 8.9 1.6 1.7 1.5
Replica 2 8.9 1.7 2.5 1.3
Replica 3 8.8 3.0 1.6 1.3

Mean 8.87 2.10 1.93 1.37
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The results of tensile strength, strain at tensile strength, and strain at ultimate strength
obtained in the tensile tests are shown in Figure 10a–c, respectively. Different statistical
models were fitted to analyze these results in search of conclusions about the effect of the
different post-processing on that tensile performance. The type of post-processing was
used as the input parameter, and the following as output indicators were used: tensile
strength, strain at tensile strength, and strain at ultimate strength. The p-values shown in
Table 3 were obtained from these adjustments.
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Figure 10. Tensile behavior as a function of post-processing type (F, OU, and IU): (a) tensile strength,
(b) strain at tensile strength, and (c) strain at ultimate strength.

Table 3. P-values and correlations (p-value ≤ 0.05 criteria) between post-processing type and tensile
performance (σR; ε(σR); ε(σU).

Material/Mixture σR ε(σR) ε(σU)

CE-NT 0.000 (3) 0.001 (3) 0.001 (3)
D60 0.048 (3) 0.010 (3) 0.054 (5)
D70 0.031 (3) 0.047 (3) 0.132 (5)

CR-CL 200 0.032 (3) 0.110 (5) 0.520 (5)

As can be noticed, the type of post-processing influences the tensile strength reached
by the material. Looking at Figure 10a, it can be seen that IU post-processing is the most
detrimental. The most affected material is CE-NT with regard to the roughness study
(Figure 9). For this material, it is interesting to use the OU post-processing to achieve
the best properties, while for the rest of the materials, the F and OU post-processing,
are practically equivalent (Figure 10a). In the case of the strain at tensile strength, the
IU post-processing should again be avoided for CE-NT, with the effect of the other two
processes being similar, while for the D60 and D70 materials, the F post-processing stands
out as being beneficial in comparison with the other two (Figure 10b). Finally, regarding
elongation at ultimate strength, a correlation was found only for the CE-NT material, with
the IU post-processing again being detrimental (Figure 10c).

4. Conclusions

In the first part of this work, the tensile mechanical performance of specimens manufac-
tured with Visijet CR-CL 200 material heads and core mixtures of this material in different
proportions with Visijet CE-NT was analyzed. These specimens were manufactured using
the material projection technique on a ProJet® MJP 5600 machine, whose manufacturer,
3DSystems, also supplies the material. After the design of a 1BA tensile specimen by
following the recommendations of the ISO 527-2 standard, 42 of these specimens were
manufactured and tensile tested (3 iterations for each of the 14 possible combinations). In
these tests, it was verified that all the specimens break transversely through the core and
with a resistance greater than that specified by the supplier, which demonstrated the good
performance of the different materials’ interfacial zones. These results demonstrate the
feasibility of using combinations of these materials within the same component, with the
associated advantages in terms of simplicity and reduction in the number of components.
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In the second part of the work, the influence of the type of post-processing on the
surface quality and tensile behavior was analyzed for several of the previously tested
combinations. In view of the results achieved in the first part, the study was restricted to
four combinations of Visijet CR-CL 200 with Visijet CE-NT, so that they were approximately
equally spaced in terms of tensile strength: CE-NT, D60, D70, and CR-CL 200. In this
way, the influence of three post-processing procedures could be assessed within the whole
strength spectrum: furnace (F), ultrasonic with vegetable oil (OU), and ultrasonic with
isopropyl alcohol (IU). Three iterations of the four combinations were used for each post-
processing, in a total of 36 specimens. The results achieved in this part demonstrated
the negative effect of using ultrasonics with isopropyl alcohol (IU) for the lower-strength
specimens. This post-processing worsens the surface quality, limits the tensile strength,
and reduces the deformation achievable by the material. In the case of the higher-strength
specimens with lower CE-NT content, post-processing is less important for the elongation,
but it has some influence on the strength. This behavior results from the detrimental effect
of isopropyl alcohol on the CE-NT material. Therefore, for parts with a higher content of
this material, post-processing in a furnace (F) or with ultrasonic and vegetable oil (OU) is
recommended. For parts with a lower proportion of CE-NT, the furnace post-processing (F)
stands out as the best option.

As future work, a study of all possible combinations of CR-CL 200 and CE-NT ma-
terials is proposed to carry out a more detailed characterization and, thus, to be able to
identify in greater detail the combinations for which post-processing with isopropyl alcohol
is detrimental. In addition, an in-depth analysis of the porosity of the multi-material parts
using microscopy is proposed, so that the microscopic effect of the different post-processing
on the material of the specimens can be studied. Thus, it will be possible to correlate the
microscopic physical effect of the post-processing with the mechanical performance of the
material in each case.
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Abstract: This study investigates the influence of design, relative density (RD), and carbon fiber (CF)
incorporation parameters on mechanical characteristics, including compressive modulus (E), strength,
and specific energy absorption (SEA) of triply periodic minimum surface (TPMS) lattice structures.
The TPMS lattices were 3D-printed by fused filament fabrication (FFF) using polylactic acid (PLA)
and carbon fiber-reinforced PLA(CFRPLA). The mechanical properties of the TPMS lattice structures
were evaluated under uniaxial compression testing based on the design of experiments (DOE)
approach, namely, full factorial design. Prediction modeling was conducted and compared using
mathematical and intelligent modeling, namely, adaptive neuro-fuzzy inference systems (ANFIS).
ANFIS modeling allowed the 3D printing imperfections (e.g., RD variations) to be taken into account
by considering the actual RDs instead of the designed ones, as in the case of mathematical modeling.
In this regard, this was the first time the ANFIS modeling utilized the actual RDs. The desirability
approach was applied for multi-objective optimization. The mechanical properties were found to be
significantly influenced by cell type, cell size, CF incorporation, and RD, as well as their combination.
The findings demonstrated a variation in the E (0.144 GPa to 0.549 GPa), compressive strength
(4.583 MPa to 15.768 MPa), and SEA (3.759 J/g to 15.591 J/g) due to the effect of the studied variables.
The ANFIS models outperformed mathematical models in predicting all mechanical characteristics,
including E, strength, and SEA. For instance, the maximum absolute percent deviation was 7.61% for
ANFIS prediction, while it was 21.11% for mathematical prediction. The accuracy of mathematical
predictions is highly influenced by the degree of RD deviation: a higher deviation in RD indicates a
lower accuracy of predictions. The findings of this study provide a prior prediction of the mechanical
behavior of PLA and CFRPLA TPMS structures, as well as a better understanding of their potential
and limitations.

Keywords: carbon fiber-reinforced PLA; composites; biodegradable polymer; additive manufacturing;
FDM; TPMS lattice structures; compression testing; specific energy absorption; artificial intelligence; ANFIS

1. Introduction

Lattice structures are attracting attention in a wide range of industries, including
aerospace, automotive, medical, and heat management, where lightweight and multifunc-
tionality are required. Properties like thermal insulation, acoustic absorption, mechanical
vibration damping, high stiffness-to-volume fraction ratio, and energy absorption are
required within these structures [1]. They enable the enhancement of the performance-to-
weight ratio, the creation of highly controlled architectures, and the distribution of impact
shock across an object.

In comparison to bulk materials, lattice structures have a high number of design
variables, which increases their complexity and limits their ability to be fabricated using
conventional manufacturing processes. However, the advent of additive manufacturing
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(AM) provides opportunities to fabricate such complex structures, e.g., lattice structures,
and opens doors for creating and exploring more designs.

The fundamental advantage of the lattice structures is that materials can be placed only
where they are needed for a particular application [2]. Thus, the inherent characteristics
of the material, relative density (RD), and geometry variables are the most important
factors that influence various lattices’ performances, all of which can be tuned to satisfy
the needed qualities. In other words, material, RD, and geometry are variables that can
be varied to achieve specific lattice properties. In regards to material, AM allows for
controlling material composition, e.g., incorporating particles/fibers as reinforcement,
leading to uncovering new enhanced multiphase (composite) materials. This enhances the
functionality and performance of the lattices in many aspects, such as mechanical [3–6],
medical [6,7], electrical [8], and multifunctional characteristics [9]. In this regard, the FDM
technique offers promising potential for developing highly reliable and mechanically strong
composite lattice structures [10].

The most common lattice structures’ unit cells are strut-based and surface-based, e.g.,
triply periodic minimal surfaces (TPMS) [11,12]. Strut-based structures are characterized
by their structural members’ joint and frame architecture [13]. Examples of strut-based
cell types are body-centered cubic (BCC), face-centered cubic (FCC) [2], octet-truss [14],
octagonal, and Kelvin [15]. On the other hand, surface-based structures have a sheet-like
architecture. Examples of TPMS cell topologies are Diamond, Gyroid, Primitive, Fisher-
Koch, and IWP [16]. Compared with strut-based structures, TPMS structures have shown
better mechanical performance, such as high strength, high load-bearing capacity, high
energy absorption capacity, and structural stability [17]. Furthermore, TPMS structures
have a higher surface-to-volume ratio, enabling them to be used in medical fields (e.g.,
scaffolds [18,19]) and heat management [20].

Researchers are becoming increasingly interested in the design and 3D printing of
TPMS structures in an attempt to enhance their performance. Spear and Palazotto [13] in-
vestigated the impact of different parameters including cell topologies (Diamond, Primitive,
and I-WP), size and number of cells, and wall thickness on the mechanical performance
of TPMS structures using factorial design. The samples were printed by selective laser
melting (SLM) using INC718 material. The results indicated the importance of considering
the main and combined variables when designing a lattice structure, especially for energy
absorbing purposes. Kladovasilakis et al. [21] studied the mechanical behavior of three
TPMS structures, namely Gyroid, Diamond, and Primitive, printed with PLA by FDM.
The different structures were investigated at different RDs (10% to 30%). They found that
Diamond structures showed the highest strength, whereas Primitive structures demon-
strated the highest capacity for energy absorption. At low RDs, the mechanical properties
of the considered TPMS structures deteriorate. Abueidda et al. [22] studied the effect of
TPMS cell topologies (Primitive, Schoen IWP, and Neovius), structure size, and RD on
the stiffness and strength of SLS-made TPMS polyamide-12 under compression testing.
Results showed that both Neovius and IWP structures demonstrated improved strength
and stiffness compared with Primitive structures. Shi et al. [23] researched the compression
properties and energy absorption of four TPMS cell topologies (Gyroid, Diamond, IW,
and Primitive). The TPMS structures were additively manufactured at different RDs from
Ti6Al4V using SLM. Compression strength and modulus, and energy absorption were
influenced by cell topologies and RDs, according to the findings. Ali et al. [24] investigated
the effects of annealing heat treatment and various cell topologies, including Diamond,
Primitive, Gyroid, Split-P, Kelvin, Octet, and Sea-Urchin Plus (SUP), on surface morphol-
ogy, mechanical characteristics, and energy absorption. The results showed that among
the studied structures, the SUP structure demonstrated the highest strength, while the
Diamond lattice demonstrated the best energy absorption capacity.

Regarding the incorporation of reinforcements as a strategy for enhancing lattices’
performance, very limited work has been reported particularly in TPMS structures. Zarei
Zarei et al. [6] explored the effect of adding Ti6Al4V to PLA on the mechanical and bio-
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logical performance of FDM-printed scaffolds. The results demonstrated that the ultimate
compressive strength and compressive modulus of composite scaffolds were enhanced by
the incorporation of 3–6 wt% Ti6Al4V. Qin et al. [17] studied the influence of adding rein-
forcements (CaCO3 and TCP) to the PLA matrix on the compressive modulus, compressive
strength, energy absorption, structure stability of Diamond (TPMS type) and cubic struc-
tures, additively manufactured by FDM. Results showed that the strength and compressive
modulus of lattice structures were enhanced by adding CaCO3 and TCP. Furthermore, with
regard to cell topology, the Diamond lattice demonstrated better load-bearing capacity,
energy absorption, and structure stability. Kaur et al. [3] performed compression testing
to study the mechanical performance of octahedral and octet lattice structures printed
with PLA and carbon fiber-reinforced composite of PLA (CFRPLA) using FDM. CFRPLA’s
octahedral and octet structures demonstrated higher modulus and energy absorption than
PLA structures. Based on their observation, this could be due to shear forces acting on
the polymer melt during extrusion causing fibers to align along the printing direction,
enhancing the structures’ mechanical stability. Stan et al. [10] investigated the mechanical
behavior of FDM 3D-printed lattice structures under axial and transverse compression
tests. Structures were 3D-printed from carbon fiber (CF) and glass fiber (GF) reinforced
polyamide-12 (PA12) composites. Considering axial and transverse specific load and
stiffness, the performance of the CF/PA12 structures was better than that of the PA12 or
GF/PA12 structures. In [25], experiments and numerical simulations were used to study
the bending properties of various lattice structures made of wood fiber/PLA. Hexagonal,
squared, triangular, circular-cored hexagonal, and circular-core squared structures were
considered. The results showed that the circular-cored hexagonal structure yielded the
highest flexural strength and stiffness. However, this study did not compare the findings of
wood fiber/PLA with neat PLA to show the influence of wood fiber incorporation.

It is critical to understand the single and combined effects of various variables, such as
material characteristics, relative density, and design parameters on the performance of the
FDM TPMS structures. Studying the single and combined effects of various variables needs
to be conducted based on a design of experiments (DOE) scheme. This allows statistical
exploration of the single and combined effects of factors and further generalization of the
lattice’s performance using model-based analysis. Developing models based on factorial
design could be a beneficial method for designing customized lattice structures [26]. To
the best of our knowledge, almost all reported studies of TPMS lattice structures have not
employed a DOE to investigate the influence of design, materials, and relative density
variables, which have the most impact on the lattice structure’s properties. Only a few
studies have used a DOE approach to investigate the performance of strut-based lattice
structures [26–31] and focused only on single-phase materials. In addition, no study has
reported using artificial intelligence modeling to predict the mechanical performance of
3D-printed lattice structures made from singular-phase or composite materials.

It is worth mentioning that most of the reported studies ignored the influence of
RD when statistically investigating the influence of the design parameters on mechanical
characteristics. For instance, the reports that studied the effect of design parameters, such as
strut/wall thickness, cell type, and cell size directly induced RD variations in their results.
In other words, it can be said that the results were affected by RD in an uncontrolled
manner. This is because wall thickness, cell type, and cell size control the RD, and any
combination of them will lead to a particular RD. For example, [26] performed a statistical
analysis of the effect of cell size, cell type, and strut diameter on different mechanical
characteristics. Similarly, the authors of [13] conducted a statistical study on the influence
of different TPMS topologies, cell sizes, cell numbers, and surface thicknesses. In such
cases, the statistical findings could be misleading since the influence may be attributed to
the resulting RD rather than the investigated factors.

This study attempts to examine the influence of material composition, geometry (cell
type and size), and RD variables on the FDM-printed TPMS lattice structures using the
DOE approach. In this regard, three TPMS cell types, namely Diamond, Gyroid, and
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Primitive, with various cell sizes (8 mm and 12 mm), CF incorporation (0% and 15%), and
RDs (30% and 44%) were considered. The analysis was conducted based on a full factorial
design. The actual relative densities of the printed samples were measured to ensure
no significant difference between the designed and printed RDs. Uniaxial compression
testing was used to evaluate the mechanical properties of 3D-printed samples, including
compression modulus, strength, and SEA. Moreover, ANFIS modeling was also employed
for predicting the performance of the TPMS structures, and the results were compared with
the mathematical models developed based on the DOE approach. By using the ANFIS
modeling predictions, we could accurately predict mechanical characteristics considering
the inherent imperfections in 3D printing, such as an RD variation, which cannot be avoided.
Due to the freedom in the ANFIS modeling approach, the actual RDs were used instead of
the intended (designed) RDs, leading to improved prediction accuracy. Finally, the best
parameter settings for maximizing the TPMS lattices’ performance were determined using
multi-objective optimization through the desirability function.

The following section discusses the materials and methods used in this study. The
results are presented in Section 3. Section 4 provides the discussions. Finally, Section 5
presents the conclusions.

2. Materials and Methods
2.1. Materials

In this study, the TPMS structures were FDM-fabricated from two materials: (1) pure
Polylactic acid (PLA) and (2) carbon fiber-reinforced PLA (CFRPLA) in which 15% high-
modulus short carbon fibers CF were incorporated into the PLA matrix. The matrix of both
materials is Natureworks 4043D PLA biopolymer grade. The materials (filaments) were
provided by 3DXTech, USA, with a diameter of 1.75 mm, and used as received. For the
pure PLA filament, the mechanical properties are 1.24 g/cm3 (density, ρ), 56 MPa (Tensile
strength at break), and 2865 MPa (Tensile Modulus) [32], while for the CFRPLA filament:
1.29 g/cm3 (density, ρ), 48 MPa (Tensile strength at break), 4950 MPa (Tensile Modulus) [33].

2.2. Design and Relative Density

In the current research, three different TPMS cell topologies, including Gyroid (G),
Diamond (D), and Primitive (P) were considered. Within the context of this study, the terms
“cell topology” and “cell type” are used interchangeably. Figure 1a illustrates the G, D, and
P cell topologies. The unit cell size (l) of all cell topologies was designed in a cubic unit cell
with 8 mm and 12 mm edge lengths. The reason behind these particular lengths is to fit the
whole lattice dimensions.

Relative density (RD) is one of the most factors that influence a lattice’s performance.
RD, also termed as volume fraction (Vlattice/Voverall), is defined as the lattice structure vol-
ume (Vlattice) divided by the overall structure volume (Voverall) [34]. This study employed
30% and 44% RDs, taking into account the minimum feasible wall thickness to meet FDM
resolution, nozzle diameter, and cell sizes. The selected range of the RDs also considered
that the actual densities of the printed samples showed a close agreement with the designed
RDs. For each TPMS cell topology, the needed RD is determined by the wall thickness and
length of the cell. Hence, the intended RD was controlled by adjusting the ratio of the cell
wall thickness parameter (t) to the cell size (t/l) [16]. It should be mentioned that every cell
topology has its function in relation to the t/l ratio because of the differences in surface
areas. The t values were determined based on the CAD predictions. Table 1 presents the
values of the t parameter for each cell topology at the designed RD and cell lengths.
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Figure 1. TPMS Lattice structures at 30% RD: (a) cell topologies, cell sizes, and the associated lattice
structures and (b) lattice structure dimensions.

Table 1. Values of wall thickness parameter (t) for each TPMS topology at designed RDs and lengths (l).

Cell Topology
l = 8 mm l = 12 mm

RD: 30 RD: 44 RD: 30 RD: 44

D 0.5374 0.7856 0.8065 1.1786

G 0.6826 0.995 1.024 1.493

P 0.772 1.131 1.1585 1.6965

The lattice structures were designed and printed in sizes of 24 × 24 × 48 mm3, see
Figure 1b. The whole lattice dimensions were selected based on the aspect ratio (length
to width ratio) of the ASTM D695-15 standard for compressive testing of rigid polymeric
materials (), so that the length should be twice the sample width [17]. The number of cells
to fit the selected dimensions depends on the cell size, whether 8 mm (3 × 3 × 6 cells) or
12 mm (2 × 2 × 4 cells). CREO 8.0 software was used to design the G, D, and P structures
in the STL format. High-accuracy STL files were obtained for all investigated designs, with
the number of generated triangles varying from 464,860 to 6,653,676 depending on the cell
topology, cell size, and RD.

2.3. Experimental Design

The influence of the material composition (CF incorporation), cell topology, cell size,
and relative density on the mechanical properties, including compression modulus (E)
and strength, and specific energy absorption (SEA), was evaluated by the DOE approach.
Table 2 illustrates the four parameters and their respective levels. A full factorial design
was used with 24 runs. Each run was repeated 3 times resulting in a total of 72 experiments.
Analysis of variance (ANOVA) was performed with a 95% confidence interval to study the
significant influence of the variables and their interactions on E, compressive strength, and
SEA. p-Values less than 0.05 imply that model terms (main factors and interactions) are
statistically significant. Mathematical relationships between the investigated parameters
and each of the output responses were developed. The developed mathematical models
were further considered for optimization of the considered parameters. The best settings
of the considered parameters were optimized through the desirability approach to simul-
taneously (multi-objective optimization) achieve the maximum E, compressive strength,
and SEA. Design-Expert 13 software was used to systematically analyze the influence
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of the investigated parameters, develop mathematical (prediction) models, and conduct
multi-objective optimization.

Table 2. Materials, design, and RD parameters and their levels.

Parameter
Levels

1 2 3

CF incorporation (CF), wt.% 0 15 -
Relative density (RD), % 30 44 -

Cell size, mm 8 12 -
Cell topology (Cell type) D G P

2.4. FDM Printing of TPMS Lattices

An open-source FDM machine, Prusa FDM printer (Original Prusa i3 MK3S+, Czech
Republic), equipped with a 0.4 mm nozzle, was used to additively manufacture the lattice
structures. The STL files for the TPMS lattice structures were imported into slicer software
(PrusaSlicer 2.4.2) in order to slice and generate “GCODE” files. Table 3 presents the
printing parameters employed to 3D print the samples. All samples were printed without
support structures. Examples of printed TPMS structures of different cell topologies are
displayed in Figure 2.

Table 3. FDM printing parameters.

Printing Temperature Bed Temperature Printing Speed Layer Thickness Infill

220 ◦C 65 ◦C 45 mm/s 0.2 mm 100%
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2.5. Metrological Characterization

The printed samples’ actual dimensions (e.g., length, width, and thickness) were deter-
mined by a Lab Profile Projector (VOM-2515), as shown in Figure 3a. Three measurements
were made for each dimension, and the averaged values were used. Density was obtained
by utilizing Archimedes’ method, a common method used for determining the density of
both porous and solid structures. First, the sample’ density was determined by Archimedes’
method by weighing the sample in air and distilled water. The volume of the lattice (Vlattice)
was then determined from the obtained density. Then, the ratio between (Vlattice/Voverall),
which represent the RD, was calculated. The overall volume (Voverall) was calculated from
the actual sample’ dimensions. Measurements were conducted on Shimadzu Analytical
Balance (AUW220D, China) with a readability of 0.01 mg and a universal specific gravity
kit (SGK-C, Mineralab, UK) as in [5]; see Figure 3b.
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2.6. Mechanical Properties

The influence of the considered parameters on the mechanical characteristics of the
TPMS structures was conducted under a uniaxial compression test. The compression tests
were carried out following the ASTM D695-15 standard. Compression tests were performed
along the build direction at a constant crosshead speed of 1.6 mm/min up to 60% strain on
a Zwick Z100 testing machine equipped with a 100 KN load cell. During the tests, forces
and displacements were recorded using testXpert II software.

Mechanical characteristics, including compressive modulus (E), compressive strength,
and SEA, were gathered from the force-displacement curves. First, engineering compressive
stress was used and calculated by dividing the recorded forces (F) by the measured original
cross-sectional area. The strain was computed by dividing the recorded displacements (δ)
during the tests by the original length of the sample. Then, compression modulus and
strength were determined. Compression modulus was calculated by the slope of the tangent
line at the linear portion of the stress-strain curves by testXpert II software. Compression
strength (σpeak) was considered as the peak strength, the maximum stress-value of the first
peak (i.e., first local maximum) in the stress-strain curve [17,35].

Specific energy absorption (SEA) is a useful indicator for measuring a structure’s
capability to absorb energy per unit weight. The SEA of a lattice structure is represented by
the area under the force-displacement curve divided by the structure’s weight. The SEA
was calculated as in Equation (1) [14]. The area under the force-displacement curve was
calculated up to 55% strain (theoretical strain densification strain) using MATLAB R2022a.

SEA =

∫ δ
0 Fdδ

m
(1)

where F is the force, δ is the displacement, and m is the structure’s weight.

2.7. Adaptive Neuro-Fuzzy Inference System (ANFIS) Model

ANFIS is a hybrid neuro-fuzzy method for modeling complex systems. It integrates
the best learning abilities of the artificial neural network (ANN) and inference capabilities
of the fuzzy inference system (FIS) [36,37]. ANFIS accomplishes sample-based learning
using the train data set to develop an efficient ANFIS structure for solving the associated
problem. The developed ANFIS structure is being evaluated for its validity through a test
data set. ANFIS uses a five-layer, feed-forward propagation structure [38]. Figure 4 shows
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an illustration of the ANFIS structure with two inputs, three membership functions (MFs),
and one output. The layer explanation is described as follows [38–40]:
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Layer 1: input membership functions (MFs). In this layer, also called the fuzzification
layer, the fuzzy membership value of each input, i.e., µAi(x) and µBi(y) is calculated by a
proper membership function, e.g., trapezoidal, Gaussian, and triangular.

Layer 2: fuzzy rules. The firing strength ( wi), the weight for each rule’s output is
calculated in this layer. Each node’s output is the product of all its input signals, which can
be calculated using Equation (2).

wi = µAi(x)× µBi(y), i = 1, 2, 3 (2)

Layer 3: normalization. This layer represents the normalization of the firing strength
(wι), as computed by Equation (3).

wι =
wi

∑i wi
, i = 1, 2, 3 (3)

Layer 4: defuzzification. The output of each node in this layer is calculated based on
the function given in Equation (4).

wι· fi = wι(pix + qiy + ri), i = 1, 2, 3 (4)

where pi, qi, and ri called a consequent parameter set.
Layer 5: output layer. This layer has only one node to calculate the system output, as

in Equation (5).
Output = ∑

i
wι· fi (5)

The ANFIS modeling was used for predicting the performance of the TPMS structures
in terms of E, σpeak, and SEA. Using the ANFIS modeling predictions, we could accurately
predict mechanical characteristics considering imperfections in 3D printing, such as an
RD variation. This way, the actual RDs were used instead of the intended RDs, leading to
improved prediction accuracy. Figure 5 depicts the methodology adopted in this study.

58



Polymers 2023, 15, 1720

Polymers 2023, 15, x FOR PEER REVIEW 10 of 32 
 

 

 

Figure 4. ANFIS structure. 

 

Figure 5. Methodology adopted in this study. 

  

x

y

𝐴 

𝐴 

𝐴 

𝐵 

𝐵 

𝐵 

П

П

П

N

N

N

Σ

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

𝑤 

𝑤 

x y

Inputs Output

x y

x y

𝑤  

𝑤  

𝑤  

𝑤  𝑓 

𝑤  𝑓 

𝑤  𝑓 

∑𝑤 𝑖𝑓𝑖

 

𝑖

CF

Cell Type

Cell Size

RD

DOE (Factorial Design)

FDM Printing

Compression Testing

E, σpeak, SEA

Mathematical models

ANOVA Analysis

ANFIS Modeling

Optimal Settings of CF, 
RD, Cell size, Cell Type

Actual RDs

Testing Data

Multi-objective Opt.

Training Data

E, σpeak, SEA
Predictions

E, σpeak, SEA
Predictions

Comparison

Figure 5. Methodology adopted in this study.

3. Results
3.1. Mechanical Characterization

Table 4 shows the average values of the actual RDs, E, σpeak, and SEA of the 24 runs
according to the full factorial DOE. The variabilty in the three repeated measured results is
indicated by the standard deviation (SD). The results, including E, σpeak, and SEA, were
derived from the force-displacement curves. Typical stress-strain curves under the uniaxial
compression test of the 24 runs listed in Table 4 are depicted in Figure 6. As can be seen in
Figure 6, the mechanical behavior of the lattice structures is susceptible to changes in the
CF incorporation, design, and RD factors. This influence is shown by how much the stress-
strain curves vary in terms of either the stress range or the shape of the curves. For instance,
the influence of the cell type in terms of the stress range and the deformation behavior is
shown between Diamond-based structures (Figure 6a), Gyroid-based structures (Figure 6c),
and Primitive-based structures (Figure 6e). For example, Diamond-based structures show
higher load-bearing capacity and more uniformity in deformation in comparison with
Primitive-based structures.
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Table 4. Full factorial experiments along with the results (E, σpeak, SEA, and actual RDs).

Run#
Variables Responses

Actual RD (% ± SD)
A: CF (%) B: RD (%) C: Cell Size (mm) D: Cell Type E (GPa ± SD) σpeak (MPa ± SD) SEA (J/g ± SD)

1 0 30 8 D 0.315 ± 0.004 10.057 ± 0.204 12.317 ± 0.532 32.36 ± 0.26
2 0 30 12 D 0.325 ± 0.010 9.225 ± 0.054 12.214 ± 0.298 28.50 ± 0.09
3 0 44 8 D 0.402 ± 0.005 13.891 ± 0.027 13.948 ± 0.062 42.65 ± 0.31
4 0 44 12 D 0.495 ± 0.017 15.352 ± 0.173 14.415 ± 0.287 42.58 ± 0.68
5 15 30 8 D 0.375 ± 0.007 9.929 ± 0.149 12.491 ± 0.24 31.18 ± 0.06
6 15 30 12 D 0.349 ± 0.005 8.581 ± 0.166 11.573 ± 0.418 28.11 ± 0.09
7 15 44 8 D 0.470 ± 0.021 13.316 ± 0.027 14.354 ± 0.321 42.35 ± 0.17
8 15 44 12 D 0.549 ± 0.028 15.768 ± 0.199 15.591 ± 0.292 43.33 ± 0.36
9 0 30 8 G 0.182 ± 0.011 6.612 ± 0.129 9.106 ± 0.360 28.91 ± 0.34
10 0 30 12 G 0.240 ± 0.002 7.575 ± 0.034 9.311 ± 0.083 30.48 ± 0.07
11 0 44 8 G 0.389 ± 0.006 13.099 ± 0.082 12.678 ± 0.058 44.99 ± 0.15
12 0 44 12 G 0.364 ± 0.016 11.411 ± 0.196 11.673 ± 0.118 41.68 ± 0.52
13 15 30 8 G 0.230 ± 0.006 6.342 ± 0.111 9.056 ± 0.102 28.51 ± 0.28
14 15 30 12 G 0.262 ± 0.002 6.679 ± 0.045 8.496 ± 0.124 30.18 ± 0.07
15 15 44 8 G 0.421 ± 0.008 12.367 ± 0.206 12.044 ± 0.074 44.15 ± 0.66
16 15 44 12 G 0.398 ± 0.032 11.214 ± 0.108 11.702 ± 0.108 42.55 ± 0.49
17 0 30 8 P 0.144 ± 0.005 5.164 ± 0.074 6.016 ± 0.216 28.50 ± 0.27
18 0 30 12 P 0.171 ± 0.001 5.580 ± 0.090 6.327 ± 0.051 28.59 ± 0.20
19 0 44 8 P 0.315 ± 0.010 11.778 ± 0.096 10.150 ± 0.061 43.48 ± 0.07
20 0 44 12 P 0.37 0 ± 0.006 11.541 ± 0.127 9.636 ± 0.156 42.99 ± 0.58
21 15 30 8 P 0.170 ± 0.004 4.583 ± 0.051 4.985 ± 0.089 28.11 ± 0.13
22 15 30 12 P 0.204 ± 0.005 4.957 ± 0.035 3.759 ± 0.164 28.55 ± 0.07
23 15 44 8 P 0.364 ± 0.008 10.643 ± 0.255 8.499 ± 0.237 42.51 ± 0.33
24 15 44 12 P 0.398 ± 0.006 11.262 ± 0.071 6.375 ± 0.188 43.37 ± 0.19

Deformation mechanisms are graphically illustrated in Figure 7. A bending–torsion
coupled failure is evident for the Diamond-based structures; see Figure 7a. Figure 7b
shows that the Gyroid-based structure exhibits bending and buckling mechanisms of
failure. Figure 7c illustrates the deformation of the Primitive-based structure showing a
layer-by-layer deformation mechanism as also reflected by the stress-strain curves; see
Figure 6e,f.

3.2. ANOVA Analysis

The effect of the considered variables on the TPMS structure performances was studied
statistically using ANOVA. Reduced ANOVA tables were utilized so that nonsignificant
terms were eliminated using backward/forward methods to enhance the model accuracy
without sacrificing the model fit. It is worth mentioning that the normality assumption
was satisfied (see Figure 8). The R2 of E, σpeak, and SEA are 0.995, 0.999, and 0.97, re-
spectively, which indicates an excellent representation of the variability of the data by the
model terms. Table 5 shows the reduced ANOVA table of the compressive modulus, and
p-values less than 0.05 indicate that model terms are significant. From the ANOVA table
(Table 5), all considered factors, including CF incorporation, RD, cell type, and cell size,
significantly influence the E. Two-source interactions, including the cell type and RD, and
cell type and cell size, show a significant influence on the E. Furthermore, three-source
interactions, namely RD, cell size, and cell type, have a significant influence on the E. The
most significant effects are caused by changing the RD variable (58.95%), followed by
cell type (31.32), and then the CF incorporation (3.51%). Figures 9 and 10 also provide a
visual representation of the results, showing the influence direction of the main factors
(Figure 9) and their interactions (Figure 10) on the compressive modulus. The Diamond
cell type demonstrates the highest compressive modulus, followed by the Gyroid cell type,
and finally, the Primitive cell type, which demonstrated the lowest compressive modulus
performance. The other parameters—CF, RD, and cell size—have a proportional influence,
meaning that a change from a low level to a high level of any of them can increase in the E.
Figure 10b,c show how the interaction of the RD, cell size, and cell type affects the E. For
instance, the E of the Diamond-based structures improved at high RD (44%) (Figure 10b)
but decreased at low RD (30%) (Figure 10c) as the cell size increased.
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Figure 6. Typical stress-strain curves of the experimental runs listed in Table 4, classified based
on the cell type and CF %: (a,b) Diamond-based samples at 0% CF and 15% CF, respectively;
(c,d) Gyroid-based samples at 0% CF and 15% CF, respectively; (e,f) Primitive-based samples at 0%
CF and 15% CF, respectively.
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Figure 7. Failure mechanisms of different structures at different strain % of samples with 30% RD,
8 mm cell size, and 0% CF: (a) Diamond, (b) Gyroid, and (c) Primitive.
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Table 5. Reduced ANOVA table of E.

Source Sum of Squares Contribution % df Mean Square F-Value p-Value

Model 0.2723 99.52 12 0.0227 190.15 <0.0001 significant
A-CF 0.0096 3.51 1 0.0096 80.43 <0.0001
B-RD 0.1613 58.95 1 0.1613 1351.86 <0.0001

C-Cell_Size 0.005 1.83 1 0.005 41.73 <0.0001
D-Cell_Type 0.0857 31.32 2 0.0429 359.23 <0.0001

BC 0.0003 0.11 1 0.0003 2.17 0.1686
BD 0.0027 0.99 2 0.0014 11.32 0.0021
CD 0.001 0.37 2 0.0005 4.37 0.0402

BCD 0.0067 2.45 2 0.0033 27.88 <0.0001
Residual 0.0013 0.48 11 0.0001
Cor Total 0.2736 100 23

R2: 0.995, Adjusted R2: 0.99, and Predicted R2: 0.977.
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Figure 9. Effect of the main factors on the E.
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Figure 10. Interaction plots: (a) BD interaction, (b) CD interaction, and (b,c) BCD interaction.

Similarly, the reduced ANOVA table for the σpeak, peak strength is presented in Table 6.
According to the σpeak ANOVA table, the factors that significantly influence σpeak are CF
incorporation, RD, and cell type. The two-source interaction terms, including RD and cell
type, and cell size and cell type, have a significant influence on the σpeak. Furthermore, RD
and cell size interact significantly with the other two parameters, CF and cell type. The most
significant effects are caused by changing the RD variable (71.68%), followed by cell type
(23.87%). Figure 11 demonstrates the directional influence of the main components, whereas
Figure 12 shows the two- and three-source interaction terms. Figure 11 shows that the TPMS
structures with Diamond-cell type exhibit the highest σpeak, whereas the Primitive-based
cell type structures show the lowest. Compressive strength is proportionally influenced
by RD; increasing RD results in an increase in σpeak (Figure 11). Regarding CF, Figure 11
demonstrates that σpeak decreases as CF increases. The interaction between cell type and
size is illustrated in Figure 12b, which demonstrates that as cell size increases, the σpeak of
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the Diamond and Primitive structures improve while the σpeak of the Gyroid structures
decreases. Figure 12d shows how the interaction of the RD, cell size, and cell type affects
the σpeak. For instance, the σpeak of the Diamond-based structures improved at high RD
(44%) but decreased at low RD (30%) as the cell size increased.

Table 6. Reduced ANOVA Table of σpeak.

Source Sum of Squares Contribution % df Mean Square F-Value p-Value

Model 255.66 99.88 15 17.04 448.56 <0.0001 significant
A-CF 1.33 0.52 1 1.33 34.97 0.0004
B-RD 183.47 71.68 1 183.47 4828.63 <0.0001

C-Cell_Size 0.0775 0.03 1 0.0775 2.04 0.191
D-Cell_Type 61.1 23.87 2 30.55 804.05 <0.0001

AB 0.0171 0.01 1 0.0171 0.4495 0.5215
AC 0.0597 0.02 1 0.0597 1.57 0.2454
BC 0.0994 0.04 1 0.0994 2.62 0.1444
BD 1.5 0.59 2 0.75 19.74 0.0008
CD 0.7668 0.3 2 0.3834 10.09 0.0065

ABC 0.5298 0.21 1 0.5298 13.94 0.0058
BCD 6.7 2.62 2 3.35 88.2 <0.0001

Residual 0.304 0.12 8 0.038
Cor Total 255.96 100 23

R2: 0.999, Adjusted R2: 0.997, and Predicted R2: 0.989.
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The reduced ANOVA table for SEA is presented in Table 7. The results indicate that
the cell type, CF incorporation, and RD have a significant influence on the SEA. In addition,
the two-source interaction between the cell type and CF has a significant influence on the
SEA. The most important effects are contributed by the cell type (70.51%), followed by RD
(22.44%), and then the CF and cell type interaction (2.66%). The influence of the main factors
is also graphically presented in Figure 13. Similar to the compressive modulus and strength,
Diamond-based cell types exhibit the best SEA. SEA is proportionally influenced by RD, i.e.,
an increase in RD results in an upsurge in SEA. Figure 13 demonstrates that SEA decreases
as CF increases. This influence, however, varies depending on the cell type, as illustrated in
Figure 14. For instance, Diamond-based TPMS structures show an enhancement in SEA
with an increase in CF (Figure 14a,b), whereas Primitive-based TPMS structures show a
decrease in SEA (Figure 14a,d). Furthermore, Table 7 demonstrates the significant influence
of the interaction between the CF and cell type (shown in Figure 14a) on SEA, providing
further evidence that CF’s influence on SEA is dependent on the cell topology.
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Figure 12. Interaction influence on the σpeak: (a) BD interaction, (b) CD interaction, (c) ABC interac-
tion, and (d) BCD interaction.
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Table 7. Reduced ANOVA Table of SEA.

Source Sum of Squares Contribution % df Mean Square F-Value p-Value

Model 225.92 97.02 6 37.65 92.36 <0.0001 significant
A-CF 3.28 1.41 1 3.28 8.03 0.0114
B-RD 52.26 22.44 1 52.26 128.19 <0.0001

D-Cell_Type 164.18 70.51 2 82.09 201.37 <0.0001
AD 6.2 2.66 2 3.1 7.61 0.0044

Residual 6.93 2.98 17 0.4077
Cor Total 232.85 100 23

R2: 0.97, Adjusted R2: 0.96, and Predicted R2: 0.941.
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3.3. Mathematical and ANFIS Prediction Models

Mathematical relationships between the responses, including E, σpeak, and SEA, and
the investigated variables were developed based on the reduced models in the ANOVA
analysis, e.g., Tables 5–7. The developed mathematical models are presented in Table 8.

Similarly, the ANFIS models were developed to predict the performance of the TPMS
structures in terms of E, σpeak, and SEA. An advantage of this type of modeling is that it
eliminates the requirement to strictly adhere to predetermined settings for any variable
in the DOE, where any change in that setting will most likely impact the results. For
instance, the ANOVA analysis results (Section 3.2) proved that RD contributed the most
to the mechanical properties, including E, σpeak, and SEA. Thus, a variation in the actual
RD from the designed RD will certainly lead to a variation in the mechanical properties.
In this regard, actual RD should be used instead of using the designed one, particularly
when there is a high variation, which cannot be avoided. Using the actual RDs makes the
analysis and modeling more accurate. Variations between the actual and designed RDs are
attributed to a number of reasons depending on the AM process. For instance, deviation in
wall thickness and the presence of voids and cracks are reasons to deviate RD in the FDM
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process [5,41]. Excess porosity is an example of the source RD deviation in the SLS process,
as elaborated by [42]. In laser-powder bed fusion (L-PBF), unmelted powder particles
that have no pathway to get out of the structure, closed pores due to powder clog [43],
deviation in wall thickness, voids and cracks, and surface roughness [16] are reasons for
RD deviation. Therefore, a modeling approach such as ANFIS will be more accurate as it
can consider the measured RDs instead of the designed ones.

Table 8. Mathematical prediction models of E, σpeak, and SEA.

Response Topology Mathematical Model

E

G −0.625663 + 0.00266637A + 0.0240777B + 0.0481099C − 0.00123144BC

D 0.551474 + 0.00266637A − 0.00698681B − 0.0525257C + 0.00168178BC

P −0.253648 + 0.00266637 + 0.011005B − 0.000032C + 0.000253839BC

σpeak

G −20.3991 + 0.44013A + 0.844853B + 1.63904C − 0.013642AB − 0.0490301AC − 0.0475763BC + 0.00141501ABC

D 14.1892 + 0.44013A − 0.0749332B − 1.53656C − 0.013642AB − 0.0490301AC + 0.0437816BC + 0.00141501ABC

P −13.6707+ 0.44013A+ 0.584075B+ 0.575688C− 0.013642AB− 0.0490301AC− 0.0142519BC+ 0.00141501ABC

SEA

G 2.89235 − 0.0244981A + 0.2108B

D 5.42397 + 0.0185767A + 0.2108B

P 0.232705 − 0.141851A + 0.2108B

In this study, the ANFIS models were developed during the training phase based on the
full factorial results (as training data) presented in Table 4. The ANFIS technique allows for
the utilization of input data even if it does not comply with a specific DOE. It should be noted
that the actual RDs were used instead of the designed RDs when developing ANFIS models in
both the training and testing phases. Thus, more realistic models could be developed, resulting
in improved prediction accuracy. The accuracy of the developed models was evaluated with
the testing data set presented in Table 9. For each TPMS performance (e.g., E, σpeak, and SEA),
the accuracy of the developed ANFIS models was evaluated using the root mean square error
(RMSE), which was calculated using Equation (6).

RMSE =

√
1
n ∑n

i=1(Expi − Predi)
2 (6)

where n is the number of testing data while Expi and Predi are the experimental and
predicted results of the ith testing experiment, respectively.

Table 9. Testing data set.

Testing Data Set

Run# CF (%) RD (%) Cell Size (mm) Cell Type Act. RD

Test-1 0 37 8 P 37.07
Test-2 0 37 8 G 35.20
Test-3 0 37 8 D 35.62
Test-4 15 37 8 P 37.14
Test-5 15 37 8 G 34.91
Test-6 15 37 8 D 35.36

Furthermore, for each TPMS performance, RMSE was used during the training phase
for tuning and selecting the fuzzy inference parameters to minimize the RMSE. The fuzzy
inference parameters and their settings that resulted in the lowest RMSE are presented
in Table 10. An illustration of the ANFIS structure of the σpeak response is provided in
Figure 15.
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Table 10. Fuzzy inference parameters settings.

Response Training Opt. Method MF Type Output Function No. MFs Epochs

E Hybrid trimf Constant 2 2 3 4 210
σpeak Hybrid pimf Linear 2 2 2 3 30
SEA Hybrid trimf Linear 2 2 2 2 30

Strength

CF

RD

Cell Size

Cell Type

σpeak

Figure 15. ANFIS structure network for modeling the σpeak with “2 2 2 3” number of MFs.

In Figure 16, the predicted values for E, σpeak, and SEA based on the mathematical
and ANFIS models are shown alongside the experimental results. Figure 16a,c,e depict the
experimental and predicted findings for the training data, demonstrating that experimental
and predicted results obtained from both methods are comparable. Figure 17a–c show
evidence of the close agreement between predicted results obtained by both models and the
experimental results in terms of R2 for E, σpeak, and SEA. Similarly, Figure 16b,d,f depict the
experimental and predicted findings for the testing data, showing that the predicted results
obtained from ANFIS methods are much close to the experimental results. Furthermore, an
enhancement is clearly shown in ANFIS predicting results for E, σpeak, and SEA compared
with mathematical results. For instance, the R2 of ANFIS prediction for σpeak is 0.977, which
is significantly higher than that of mathematical prediction, which is 0.763.

Table 11 compares the RMSE performance of the mathematical and ANFIS models
with respect to testing experiments, revealing that ANFIS models have outperformed
mathematical models in all responses. Furthermore, a comparison between mathemat-
ical and ANFIS results for each test experiment in terms of absolute percent deviation
(Dev. =

∣∣∣ Expi−Predi
Expi

∣∣∣ ∗ 100) is presented in Table 12. From Table 12, the maximum devia-
tion in the ANFIS’ prediction results was 7.61% (the 3rd test experiment, σpeak), while a
deviation of 21.11% (the 5th test experiment, σpeak) was found for the mathematical model.
It should be noted that the maximum deviation in the mathematical prediction results
(21.11%) occurred in the 5th testing experiment, which showed a high RD deviation (actual
and designed RDs are 37% and 34.91%, respectively). Furthermore, mathematical models
also displayed some deviations exceeding 10%, contrary to ANFIS deviation values.
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Figure 16. Comparison between experimental, mathematical, and ANFIS results for the training and
testing data sets: (a) training data of E, (b) testing data of E, (c) training data of σpeak, (d) testing data
of σpeak, (e) testing data of SEA, and (f) training data of SEA.

Table 11. RMSE of the mathematical and ANFIS prediction models based on the testing data set.

Response Math. RMSE ANFIS’ RMSE

E 0.017 0.012
σpeak 1.181 0.418
SEA 0.851 0.416

The results shown in Figures 16 and 17 and Tables 11 and 12 highlight the significance
of employing AI models such as the ANFIS model for predicting the performances of TPMS
lattice structures while accounting for the issues associated with 3D printing, such as RD
deviation. Table 12 shows that whenever the actual RD is close to the designed RD, both
models provide accurate predictions. However, for a high variation in RD, the ANFIS
model is preferable. This indicates the ability of both modeling approaches to predict
various mechanical properties of TPMS structures while considering different variables,
including material composition, geometry, and RD.
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Figure 17. Experimental results vs. mathematical and ANFIS predicted results for the training and
testing data sets: (a) training data of E, (b) training data of σpeak, (c) training data of SEA, (d) testing
data of E, (e) testing data of σpeak, and (f) testing data of SEA.

Table 12. Experimental and predicted results of the testing data sets.

No. (RD
Dev.%)

E (GPa) σpeak (MPa) SEA (J/g) Dev. (E) Dev. (Str.) Dev. (SEA)
Exp. Math. ANFIS Exp. Math. ANFIS Exp. Math. ANFIS Math. ANFIS Math. ANFIS Math. ANFIS

1(0.2) 0.23 0.23 0.24 8.37 8.33 8.84 7.92 8.03 8.19 0.13 3.93 0.56 5.62 1.37 3.39
2(4.9) 0.28 0.29 0.27 8.48 9.89 8.37 9.77 10.69 10.39 2.09 4.91 16.67 1.21 9.46 6.41
3(3.7) 0.36 0.37 0.34 10.40 12.08 11.19 12.10 13.22 12.83 3.91 4.30 16.23 7.61 9.33 6.08
4(0.4) 0.28 0.27 0.29 8.08 7.76 8.18 7.10 5.90 7.06 5.50 1.08 4.04 1.26 16.81 0.50
5(5.7) 0.29 0.33 0.31 7.70 9.32 7.75 9.67 10.32 9.82 12.52 6.14 21.11 0.69 6.76 1.51
6(4.4) 0.40 0.41 0.41 10.63 11.51 11.05 12.91 13.50 12.81 1.38 0.99 8.30 3.96 4.60 0.78

3.4. Multi-Objective Optimization

Desirability analysis was used to select the best settings of the CF incorporation, rela-
tive density, cell type, and cell size RD that led to maximizing the σpeak, E, and SEA. Table 13
shows the optimal combination values of the considered variables for multi-objective op-
timization. Diamond topology, 12 mm cell size, 15% CF, and 44% RD should be used to
achieve an overall desirability of 97.8%. Nevertheless, if, for whatever reason, either Gyroid
or Primitive cell topologies are selected, the optimal combinations as well as the overall
desirability values for both designs are illustrated in Table 14. Tables 13 and 14 present
the significance of carefully selecting the cell topology, cell size, and CF incorporation, as
different combinations of these factors result in varying performances.
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Table 13. Optimal parameter settings obtained by multi-objective desirability analysis.

Cell Topology Cell Size (mm) CF (%) RD (%) E (GPa) σpeak (MPa) SEA (J/g) Desirability %

D 12 15 44 0.542 15.55 14.978 97.0

Table 14. Optimal parameter settings considering Gyroid and Primitive cell topologies.

Cell Topology Cell Size (mm) CF (%) RD (%) E (GPa) σpeak (MPa) SEA (J/g) Desirability %

G
8.178(~8) 15 44 0.424 12.28 11.80 68.6

8.06 (~8) 0 44 0.385 13.112 12.168 68.6

P 12 0 44 0.364 11.412 9.508 54.4

Table 15 shows the validation experiments related to the multi-objective optimization
findings reported in Tables 13 and 14, demonstrating a good agreement between the
multi-objective optimization and experimental results.

Table 15. Validation experiments for multi-objective optimization.

Cell Topology Cell Size (mm) CF (%) RD (%) E (GPa) σpeak (MPa) SEA (J/g)

D 12 15 44 0.549 15.768 15.591

G 8 15 44 0.421 12.367 12.044

G 12 0 44 0.364 11.411 11.673

P 12 0 44 0.370 11.541 9.636

4. Discussion

Stress-strain curves depicted in Figure 6 show evident variations in the mechanical
response during the compression testing. Variations are clearly detected in terms of stress,
compressive modulus, and deformation patterns. Primitive structures showed a wave pat-
tern of deformation (Figure 6e,f (e.g., run #17–24)), while Diamond structures (Figure 6a,b)
and Gyroid structures (Figure 6c,d) seemed to deform uniformly, giving them the advantage
of accumulating the load-bearing capacity (e.g., run #1–8 for Diamond and run #9–16 for
Gyroid. Compared with D (Figure 6a) and G (Figure 6c), samples with 0% CF, which exhibit
a sharp reduction in stress following elastic deformation, D (Figure 6b) and G (Figure 6d)
samples with 15% CF demonstrate more plastic deformation. However, Figure 6f shows
that incorporating CF into the Primitive structures, particularly with samples of 12 mm cell
sizes (run#22 and run#22 24), makes the deformation more wavy than in samples with 0%
CF (Figure 6e).

From the results presented in Table 4, Diamond-based TPMS lattice structures showed
the best mechanical properties, including compressive modulus, σpeak, and SEA. For
instance, the maximum compressive modulus (0.549 GPa), σpeak (15.768 MPa), and SEA
(15.591 J/g) were observed with Diamond, 15% CF, 44% RD, and 12 mm cell size (run #8).
On the other hand, the worst mechanical responses were obtained by Primitive-based cell-
type TPMS structures. The minimum compressive modulus (0.144 GPa) was obtained with
Primitive, 0% CF, 30% RD, and 8 mm cell size (run #17), while the lowest σpeak (4.583 MPa)
was observed with Primitive, 15% CF, 30% RD, and 8 mm cell size (run #21). Similarly, the
minimum SEA (3.759 J/g) was observed with Primitive, 15% CF, 30% RD, and 12 mm cell
size (run #22). The walls’ orientation and better material distribution within the geometry
of the Diamond structures improve wall contact and reduce the empty spaces, making it
less susceptible to fracture initiation [5,24]. For illustration, Figure 18 shows cross-sections
of lattice structures with 12 mm cell size and 44% RD. It is evident from the cross sections
that empty spaces between walls in the Diamond structure (Figure 18a) are less than those
in Gyroid and Primitive structures; Figure 18b,c, respectively.
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12 mm cell size and 44% RD: (a) Diamond, (b) Gyroid, and (c) Primitive.

The influence of all considered parameters, including cell topology and size, CF
incorporation, and RD, as well as their different combinations on the compressive response
of the TPMS structures, was statistically significant. Results showed that RD had the
greatest impact on mechanical response among the four studied variables, followed by cell
type and CF incorporation. Cell size had the least impact. The authors of [44] stated that
RD is the key factor in mechanical performance, including elastic modulus and strength of
a given lattice structure. This is in line with the statistical findings, which show that RD has
a high influence on both the E and σpeak (58.95% and 71.68%, respectively). The statistical
analysis confirms that cell type and RD influence the compressive modulus, σpeak, and SEA
of the TPMS lattice structures. This finding is in line with previous studies that investigated
the effect of TPMS cell topologies and RDs on E, σpeak, and SEA characteristics, such that
these properties were enhanced as RD increased [16]. Diamond structures showed the
best performance, while Primitive structures were the worst [24]. In this regard, when
statistically investigating the influence of design parameters, such as strut/wall thickness
and cell type and size, RD has to be controlled; otherwise, the results could be misleading.

CF incorporation was found to be a statistically significant influence on the mechanical
properties and SEA. These findings are consistent with [3]: CF-reinforced PLA lattices
showed enhanced compressive modulus and energy absorption. According to results in [3],
the shear forces acting on the polymer melt during extrusion cause fibers to align along
the printing direction, enhancing the structures’ mechanical stability. Furthermore, results
reported in [4] stated that the tensile modulus and energy absorption at the break of chiral
structures were significantly enhanced (by two times) when incorporating CF into PLA.
The interaction of CF incorporation with the cell topology significantly influenced the SEA.
This finding agrees with [5] in that the CF incorporation evidently enhanced the energy
absorption in the octahedral lattices, while a slight influence was found on the octet lattices.
This study confirms these previous findings by demonstrating that CF increases the SEA
of Diamond-based structures while (Figure 14b) decreasing the SEA of Primitive-based
structures (Figure 14d). This influence of CF and cell type interaction on the SEA is also
depicted in Figure 19 using ANFIS 3D surface plot.

Cell size had the smallest effect, and the statistical analysis confirmed its influence only
on the compressive modulus. However, its interactions with cell type and RD significantly
influenced the compressive modulus and strength, as seen in Tables 5 and 6. Moreover, the
influence of the combination of cell size, CF incorporation, and RD on the σpeak was significant.
Even though the combination of the three factors had no statistical influence on the SEA
contrary to [28] (Truncated octahedron lattices), the negative influence on SEA was consistent
with [28]. Findings in [41] stated that certain combinations of wall thickness and cell size
(which control the structure RD) of Gyroid structures outperformed others, suggesting the
need for predicting the optimal combination of wall thickness and cell size. This observation is
noteworthy since it implies that different combinations of design, RD, and material composition
(e.g., CF incorporation) factors could be used to attain the desired performance.

72



Polymers 2023, 15, 1720

Polymers 2023, 15, x FOR PEER REVIEW 27 of 32 
 

 

reported in [4] stated that the tensile modulus and energy absorption at the break of chiral 

structures were significantly enhanced (by two times) when incorporating CF into PLA. 

The interaction of CF incorporation with the cell topology significantly influenced the 

SEA. This finding agrees with [5] in that the CF incorporation evidently enhanced the 

energy absorption in the octahedral lattices, while a slight influence was found on the octet 

lattices. This study confirms these previous findings by demonstrating that CF increases 

the SEA of Diamond-based structures while (Figure 14b) decreasing the SEA of Primitive-

based structures (Figure 14d). This influence of CF and cell type interaction on the SEA is 

also depicted in Figure 19 using ANFIS 3D surface plot. 

 

Figure 19. ANFIS 3D surface plot of SEA variation with the CF and cell type interaction at a cell size 

of 12 mm and RD of 44%; 1, 2, and 3 denote Diamond, Gyroid, and Primitive, respectively. 

Cell size had the smallest effect, and the statistical analysis confirmed its influence 

only on the compressive modulus. However, its interactions with cell type and RD signif-

icantly influenced the compressive modulus and strength, as seen in Tables 5 and 6. More-

over, the influence of the combination of cell size, CF incorporation, and RD on the σpeak 

was significant. Even though the combination of the three factors had no statistical influ-

ence on the SEA contrary to [28] (Truncated octahedron lattices), the negative influence 

on SEA was consistent with [28]. Findings in [41] stated that certain combinations of wall 

thickness and cell size (which control the structure RD) of Gyroid structures outperformed 

others, suggesting the need for predicting the optimal combination of wall thickness and 

cell size. This observation is noteworthy since it implies that different combinations of 

design, RD, and material composition (e.g., CF incorporation) factors could be used to 

attain the desired performance.  

For the training data set, factorial design experiments presented in Table 4, both pre-

diction models, mathematical and ANFIS models, performed well in predicting E, σpeak, 

and SEA, as illustrated in Figures 16 and 17. However, regarding the testing data set pre-

sented in Table 9, ANFIS models clearly outperformed the mathematical models in terms 

of MAPE (Table 11) and the absolute percent deviation (Table 12). Furthermore, Table 12 

and Table 16 demonstrate that mathematical modeling predictions deviated more from 

experimental results compared with ANFIS predictions, notably for experiments having 

high RD deviation. This implies a connection between mathematical prediction perfor-

mance and RD deviation. From the ANOVA analysis, Section 3.1, the RD influenced E, 

σpeak, and SEA with a contribution of 58.95%, 71.68%, and 22.44%, respectively.  

A correlation was observed between the contribution percentage of the RD influence 

on the TPMS structure performance (e.g., E, σpeak, and SEA) reported in ANOVA analysis 

(Tables 5–7) and the performance of the mathematical predictions. In other words, a high 

contribution percentage of RD influence on a TPMS structure’s performance (e.g., E, σpeak, 

or SEA) indicates a high error in mathematical modeling predictions for experiments hav-

ing a high RD deviation. For instance, the higher mathematical modeling prediction 

Figure 19. ANFIS 3D surface plot of SEA variation with the CF and cell type interaction at a cell size
of 12 mm and RD of 44%; 1, 2, and 3 denote Diamond, Gyroid, and Primitive, respectively.

For the training data set, factorial design experiments presented in Table 4, both
prediction models, mathematical and ANFIS models, performed well in predicting E, σpeak,
and SEA, as illustrated in Figures 16 and 17. However, regarding the testing data set
presented in Table 9, ANFIS models clearly outperformed the mathematical models in
terms of RMSE (Table 11) and the absolute percent deviation (Table 12). Furthermore,
Tables 12 and 16 demonstrate that mathematical modeling predictions deviated more
from experimental results compared with ANFIS predictions, notably for experiments
having high RD deviation. This implies a connection between mathematical prediction
performance and RD deviation. From the ANOVA analysis, Section 3.1, the RD influenced
E, σpeak, and SEA with a contribution of 58.95%, 71.68%, and 22.44%, respectively.

Table 16. Relationship between RD absolute percent deviation, RD contribution, and mathematical
prediction absolute percent deviation.

Test No. RD Dev. (%)

RD Contribution %

58.95 71.68 22.44

E
Math. Dev. (%) σpeak Math. Dev. (%) SEA

Math. Dev. (%)

1 0.2 0.13 0.56 1.37

2 4.9 2.09 16.67 9.46

3 3.7 3.91 16.23 9.33

4 0.4 5.50 4.04 16.81

5 5.7 12.52 21.11 6.76

6 4.4 1.38 8.30 4.60

A correlation was observed between the contribution percentage of the RD influence
on the TPMS structure performance (e.g., E, σpeak, and SEA) reported in ANOVA analysis
(Tables 5–7) and the performance of the mathematical predictions. In other words, a high
contribution percentage of RD influence on a TPMS structure’s performance (e.g., E, σpeak,
or SEA) indicates a high error in mathematical modeling predictions for experiments
having a high RD deviation. For instance, the higher mathematical modeling prediction
deviations for σpeak (16.67%, 16.23%, 21.11%, and 8.30%) were observed for the testing
experiments (2, 3, 5, and 6, respectively), with relatively high RD deviations; see Table 16.
The fourth testing experiment (i.e., regarding the mathematical prediction deviations for
the E and SEA) was an exceptional case where the aforementioned phenomenon was not
valid. Furthermore, Figure 20 depicts the relationship between the RD deviation and the
mathematical prediction deviation for E, σpeak, and SEA. A high correlation between the
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RD deviation and mathematical prediction deviation in the case of σpeak (R2 = 0.802) can be
observed, while a low correlation is in the case of SEA. Table 17 presents the results of the
Spearman Rho correlation test, indicating a significant correlation (0.943) between the RD
deviation and mathematical prediction performance in the case of σpeak, which is highly
influenced by the RD variable (71.68%).
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Figure 20. Relationship between RD absolute percent deviation, RD contribution, and mathematical
prediction absolute percent deviation.

Table 17. Correlation between RD absolute percent deviation and mathematical prediction absolute
percent deviation of E, σpeak, and SEA.

Math. Prediction Dev.

E σpeak SEA

RD Dev.
Correlation 0.486 0.943 0.143

p-value 0.329 0.005 0.787

5. Conclusions

In this study, the influence of different TPMS-based cell topologies with varying unit
cell sizes, relative densities, and CF incorporation on the mechanical and specific energy
absorption was statistically investigated. The FDM 3D-printed lattices were tested using
a uniaxial compression testing, and their E, σpeak, and SEA were evaluated. Prediction
models were developed using ANFIS and mathematical modeling. By using the ANFIS
models, we were able to predict mechanical characteristics considering imperfections in 3D
printing, such as an RD variation. This was achieved by using the actual RDs instead of the
designed RDs. Multi-objective optimization was conducted using the desirability approach
with the objective of maximizing E, σpeak, and SEA. The following inferences can be made
from this study’s findings:

• The findings demonstrated a change in the E (0.144 GPa to 0.549 GPa), σpeak (4.583 MPa
to 15.768 MPa), and SEA (3.759 J/g to 15.591 J/g) due to the impact of the
considered variables.

• RD had a significant influence on both E and σpeak, with a contribution of 58.95% and
71.68%, respectively. The cell type had the highest impact on the SEA, contributing to
70.51% of the total influence. In general, RD had the highest influence on mechanical
responses among the four studied variables, followed by cell type, CF incorporation,
and finally, cell size having the least impact.
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• The findings revealed the importance of statistically evaluating the influence of the
design, RD, and material composition (e.g., CF incorporation) parameters and their
combination to attain the desired TPMS lattice structure performance.

• For the training data set (factorial design experiments), both mathematical and ANFIS
models predicted E, σpeak, and SEA well. However, when it comes to the testing
data set (validation experiments), ANFIS models clearly outperformed mathematical
models in terms of RMSE and absolute percent deviation in predicting all mechanical
characteristics. For instance, the maximum absolute percent deviation was 7.61% for
ANFIS prediction, while it was 21.11% for mathematical prediction.

• The accuracy of mathematical predictions is highly influenced by the degree of RD
deviation; a higher deviation in RD results in lower accuracy of predictions. Further-
more, a correlation between the mathematical models’ prediction accuracy and the
RD deviation was found when the RD influence contribution on a TPMS performance
was high. For instance, when RD accounted for 71.68% of the variation in σpeak, there
was a significant correlation (94.3%) between the accuracy of mathematical predictions
and RD deviation. Therefore, for a high variation in RD, ANFIS models are preferable.

• Whenever the actual RD is close to the designed RD, both models provide accurate
prediction models. This also indicates the ability of both models to predict different
mechanical properties of TPMS structures, taking into account different variables,
including material composition, geometry, and the RD.

• This study provides a better understanding of PLA and CFRPLA TPMS structures, as
well as an ability to better predict their mechanical behavior. For instance, based on the
multi-objective optimization using the desirability approach, the Diamond topology,
12 mm cell size, 15% CF, and 44% RD combination are the best settings that achieved
an overall desirability of 97.8% for E, σpeak, and SEA.
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Abstract: This study aims to elucidate the structure–property–process relationship of 3D printed
polyamide and short carbon fibre-reinforced polyamide composites. The macroscopic properties
(tensile modulus) of the 3D printed samples are quantitatively correlated to the printing process-
induced intrinsic microstructure with multiple interfaces. The samples were printed with different
layer thicknesses (0.1, 0.125 and 0.2 mm) to obtain the varied number of interface densities (number of
interfaces per unit sample thickness). The result shows that the printed short carbon fibre-reinforced
polyamide composites had inferior partially bonded interfaces compared to the printed polyamide,
and consequently exhibited interface-dependent elastic performance. The tensile modulus of 3 mm
thick composites decreased up to 18% as a function of interface density, whilst the other influencing
aspects including porosity, crystallinity and fibre volume fraction (9%) were the same. Injection
moulding was also employed to fabricate samples without induced interfaces, and their tensile
properties were used as a benchmark. Predictions based on the shear-lag model were in close
agreement (<5%) with the experimental data for the injection-moulded composites, whereas the
tensile modulus of the printed composites was up to 38% lower than the predicted modulus due to
the partial bonded interfaces.

Keywords: additive manufacturing; defects; short fibre-reinforced polymer; tensile properties

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is a fabrication process which
adds materials through a successive deposition method (layer by layer) until a final 3D object
is fabricated. Compared to traditional subtractive manufacturing methods, AM technology
has advantages such as negligible material wastage and manufacturing complex structures
without using a mould or assemblies [1]. This leads to significant cost-saving, and therefore
AM technology attracts increasing interest from the aerospace [2] and automotive sectors [3].

The material extrusion (ME) method is one of the most-used AM technologies due
to its simplicity, and especially recent developments in materials and printers. Available
material for ME is mainly thermoplastics such as polylactide (PLA) [4–7], acrylonitrile
butadiene styrene (ABS) [8–11], polycarbonate [12–14] and polyamide [15–17]. However,
the mechanical performance of the ME-printed thermoplastics shown in Table 1 may not
be satisfactory for structural parts. Specifically, the highest tensile strength and tensile
modulus of ME-printed PLA reported so far are 40–62 MPa and 3.4~4.7 GPa, respectively.
The ME-printed ABS also has a relatively low maximum tensile strength (20~35 MPa) and
tensile modulus (1.8~2.2 GPa). The tensile modulus of ME-printed polyamide is up to
0.9 GPa. The unsatisfactory mechanical performance may limit the wide application of
ME-printed parts as structural parts in the industry.
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Table 1. The mechanical properties of ME-printed thermoplastic polymer reported in the literature.

Authors Materials Test Type Standard Results *

Song et al. [18] PLA Tensile; Compressive Not reported (NR) σt : 55 MPa; Et : 4.0 GPa;
σc : 98 MPa; Ec : 4.7 GPa

Yao et al. [4] PLA Tensile; Flexural ISO 527;
ISO 14125 σt : 46 MPa; σf : 82 MPa

Ning et al. [19] ABS Tensile ASTM D638 σt : 34 MPa; Et : 1.9 GPa
Love et al. [20] ABS Tensile ASTM D638 σt : 35 MPa; Et : 2.2 GPa

Omuro et al. [21] PLA Tensile; Flexural NR σt : 40 MPa; Et : 4.7 GPa;
σf : 65 MPa; E f : 2.5 GPa

Tian et al. [22] PLA Tensile;
Flexural

GB/T 1447;
GB/T 1449

σt : 62 MPa; Et : 4.2 GPa;
σf : 100 MPa; E f : 4.0 GPa

Van Der Klift et al. [23] Polyamide Tensile JIS K 7073 Et : 0.9 GPa;
Tymrak et al. [8] ABS; PLA Tensile ASTM D638 ABS: σt : 29 MPa; Et : 1.8 GPa;

PLA: σt : 57 MPa; Et : 3.4 GPa;
Cantrell et al. [24] ABS; PC Tensile ASTM D638 ABS: σt : 30 MPa; Et : 2.0 GPa;

PC: σt : 54 MPa; Et : 1.9 GPa;
McLouth et al. [25] ABS Fracture Toughness ASTM D5045 1.97 MPa m1/2

D’Amico et al. [9] ABS Tensile; Flexural ASTM D638;
ASTM D790 σt : 20 MPa; σf : 21 MPa;

Rahmatabadi et al. [26] PLA-polyurethane Tensile; Compressive;
Flexural

ASTM D638; ISO604:2002;
ASTM D790

σt : 54 MPa; σc : 43 MPa
σf : 124 MPa;

Rahmatabadi et al. [27] Poly vinyl chloride Tensile; Compressive;
Flexural

ASTM D638; ISO604:2002;
ASTM D790

σt : 77 MPa; Et : 0.7 GPa
σc : 57 MPa; Ec : 0.8 GPa

σf : 201 MPa; E f : 1.3 GPa
Moradi et al. [28] polyamide Tensile ASTM D638 Elongation: 596%

* σt, σf , σc refer to tensile strength, flexural strength and compressive strength, respectively. Et, E f , Ec refer to
tensile modulus, flexural modulus and compressive modulus, respectively.

Fibre reinforcement is an effective approach to alleviate the drawback of ME-printed ther-
moplastic applied in the industry. Recent developments in available materials for ME enabled
the printing of carbon nanotube [29,30], graphite [31,32], short carbon fibre [19,33–35], short
glass fibre [36,37], short basalt fibre [38,39] and continuous fibre [40–43] - reinforced poly-
mer composites. The fibre reinforcements significantly improve the mechanical properties
of ME-printed parts. The improvements reported in the literature are summarised in Table 2.
For example, the tensile strengths of PLA and ABS with the inclusion of the short carbon
fibre reinforcement are seen to improve by up to almost 220% and 240%, respectively. The
tensile modulus of continuous carbon fibre-reinforced polyamide is more than an order of
magnitude higher than that of the polyamide matrix.

Table 2. The mechanical improvement of fibre-reinforced polymer manufactured via ME.

Authors FRPs Fibre Fraction Test Type Standard Mechanical Improvements *

Ning et al. [19] Short carbon fibre/ABS 5 wt% Tensile ASTM D638 σt : 24%; Et : 32%;
Love et al. [20] Short carbon fibre/ABS 13 wt% Tensile ASTM D638 σt : 236%; Et : 427%;
Mahajan and
Cormier [44]

Short carbon
fibre/epoxy 15 wt% Tensile ASTM D638 σt : 41%; Et : 45%;

Omuro et al. [21] Continuous carbon
fibre/PLA 30 vol% Tensile; Flexural NR σt : 1389%; Et : 1356%;

σf : 1012%; E f : 242%

Ferreira et al. [33] Short carbon fibre/PLA 15 wt% Tensile;
Shear

ASTM D638;
ASTM D3518

σt : 220%;
σs : 5%; Es : 116%;

Tekinalp et al. [45] Short carbon fibre/ABS 30 wt% Tensile ASTM D638 σt : 115%; Et : 700%;

Tian et al. [22] Continuous carbon
fibre/PLA 9 vol% Tensile; Flexural GB/T 1447;

GB/T 1449
σt : 313%; Et : 390%;
σf : 260%; E f : 230%

Hinchcliffe et al. [46] Continuous flax
fibre/PLA NR Tensile ASTM D638 σt : 116%; Et : 62%;

σf : 14%; E f : 10%

Matsuzaki et al. [47] Continuous carbon
fibre/PLA 6 vol% Tensile JIS K 7162 σt : 363%; Et : 400%

Shofner et al. [29] Nanocarbon fibre/ABS 10 wt% Tensile ASTM D638 σt : 39%; Et : 40%

Dutra et al. [48] Continuous carbon
fibre/polyamide 30 vol% Tensile ASTM D3039 Et : 894%

Caminero et al. [49]

Continuous carbon
fibre/polyamide;

Continuous Kevlar
fibre/polyamide;
Continuous glass
fibre/polyamide

50 wt% Impact ASTM D6110

Impact resistance:
Continuous carbon
fibre/polyamide:

181%;
Continuous Kevlar
fibre/polyamide/:

513%;
Continuous glass
fibre/polyamide:

1225%
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Table 2. Cont.

Authors FRPs Fibre Fraction Test Type Standard Mechanical Improvements *

Naranjo-Lozada et al.
[50]

Short carbon
fibre/polyamide;

Continuous carbon
fibre/polyamide

NR;
50 wt% Tensile ASTM D638

Short fibre:
σt : 46%; Et : 115%
Continuous fibre:

σt : 2826%; Et : 3848%

Dickson et al. [51]

Continuous carbon
fibre/polyamide;

Continuous Kevlar
fibre/polyamide;
Continuous glass
fibre/polyamide

8–11 vol% Tensile;
Flexural

ASTM D3039;
ASTM D7264

Continuous carbon
fibre/polyamide:

σt : 254%; Et : 1358%;
σf : 260%; E f : 1128%
Continuous Kevlar
fibre/polyamide:

σt : 169%; Et : 725%;
σf : 200%; E f : 527%
Continuous glass
fibre/polyamide:

σt : 238%; Et : 608%;
σf : 369%; E f : 297%

* σt, σf , σc, σs refer to the improvements of tensile strength, flexural strength, compressive strength and shear
strength, compared to printed polymer matrix, respectively. Et, E f , Ec, Es refer to the improvements of ten-
sile modulus, flexural modulus, compressive modulus and shear modulus, compared to printed polymer
matrix, respectively.

Although the mechanical performance of ME-printed fibre-reinforced polymers
(FRPs) is improved, it is not comparable to that of FRPs manufactured via the traditional
process, e.g., autoclaves [52]. Firstly, the fibre fraction is relatively low as it is limited
by the ME process. The reported maximum fibre contents of short carbon fibre and
continuous fibre are 30–40 wt% [45,53] and 50 wt% [21,48], respectively. Increasing
fibre content increases the viscosity of the composite, typically leading to nozzle clog
interrupting the printing process [45,54,55]. Furthermore, manufacturing defects such
as voids may result in high porosity and partial bonded filaments. The porosity of
ME-printed FRPs reported so far varies from 7% [56] to 22% [41], and the voids may
cause premature failure. Ferreira et al. [33] found noticeable voids in printed short
fibred carbon fibre-reinforced PLA and the tensile strength was 53.4 MPa, which was
similar to that of pure PLA (54.7 MPa). Zhang et al. [57] found that the tensile strength
of short carbon fibre-reinforced ABS was even lower than that of the matrix due to
the high porosity. Furthermore, the partial bonded interfaces due to the imperfect
coalescence of adjacent filaments may affect the strain distribution of a single layer.
Increased strain was found by Christensen et al. [58] at the interfaces between adjacent
filaments of transversely printed single-layer sodium alginate relative to the tensile
load direction.

The porosity or the partial bonded interfaces may be sensitive to ME parameters such as
nozzle temperature and printing speed [59–61]. The Markforged© series are provided with
an optimised ME process for specific materials, while limiting users’ access to ME parameters.
Therefore, the printing process is stable, and the quality of fabricated samples is consistent.
Due to this advantage, the Markforged company has an estimated USD 2.1 billion value, and
their desktops printers have been adopted widely by the industry [62]. Despite the limited
access to ME parameters, there are several options for layer thickness which determine the
number of layers printed for a certain sample thickness. As interfaces take place between
adjacent layers, the number of interfaces of printed samples can also be determined by layer
thickness accordingly.

S. Sommacal et al. [63] analysed the microstructure of ME-printed short fibre-reinforced
polyether ether ketone using micro-CT scanning. They found voids in the printed samples
aligned in rows parallel to the printing direction. The porosity of printed parts ranged from
19% to 21%, which was independent of the printing parameters. The authors also found
the internal microstructure, i.e., voids’ distribution, and the number of interfaces between
layers were determined by key printing parameters such as layer thickness and printing
temperature. However, the relationship between the microstructure and the mechanical
properties of ME-printed samples is not well understood. A quantitative investigation is
important for designing and predicting the mechanical performance of ME-printed parts
with partial bonded interfaces.
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In this paper, the relationship between the ME process-induced microstructure and
the properties of printed samples is elucidated by investigating the tensile properties of
printed (short carbon fibre-reinforced) polyamide with a different number of interfaces. A
Markforged desktop, i.e., Mark Two was used to print polyamide and short fibre-reinforced
polyamide samples. The structure of the printed samples was obtained by cryofracture and
was observed by scanning electron microscopy (SEM). Prior to the tensile test, influencing
factors including porosity, crystallinity and fibre volume fraction were measured and
compared. Injection moulding was used to fabricate samples without interfaces, and their
tensile performance was used as a benchmark in investigating the effect of interfaces.

2. Methods
2.1. Materials

The materials were purchased from Markforged© and the polyamide (brand name:
nylon) was PA6 indicated by the manufacturer datasheet [64]. Polyamide and short fibre-
reinforced nylon (SFRN) filaments (brand name: Onyx) of 1.75 mm diameter from one spool
were used to print all specimens via a Mark Two (Markforged, Somerville, MA, USA). The
fibre volume fraction of the SFRN filament was about 9% determined by the densities of the
matrix and composites measured by a He psycnometry (Accupyc II 1340, Micromeritics Ltd.,
Hexton, UK). The filaments were conditioned in a vacuum oven at 60 ◦C for at least 24 h
prior to printing as the polyamide is sensitive to moisture [65].

2.2. Preparation of Dog-Bone Polyamide and SFRN Samples
2.2.1. ME-Printed Dog-Bone Samples

Tensile test specimens with dog-bone geometry were printed in accordance with the
ASTM D638-14 type V [66]. The dimension of the gauge section was 9.53 × 3.18 mm2.
Consecutive layers were printed in alternating +45 and −45 (+135) degrees relative to the
X-axis due to the default printing directions as shown in Figure 1. Specifically, the first
layer was printed in +45 degrees, while the second layer was printed in −45 degrees. The
specimens were printed in a rectangular infill pattern with 100% infill density, which may
provide the highest tensile properties [50]. The printing temperature was pre-set at 275 ◦C
and the default printing speed was estimated to be 17 mm/s. The setting values were kept
constant during the printing process for all the specimens.

Polymers 2022, 14, x FOR PEER REVIEW 5 of 23 
 

 

2.2. Preparation of Dog-Bone Polyamide and SFRN Samples 

2.2.1. ME-Printed Dog-Bone Samples 

Tensile test specimens with dog-bone geometry were printed in accordance with the 

ASTM D638-14 type V [66]. The dimension of the gauge section was 9.53 × 3.18 mm2. Con-

secutive layers were printed in alternating +45 and −45 (+135) degrees relative to the X-

axis due to the default printing directions as shown in Figure 1. Specifically, the first layer 

was printed in +45 degrees, while the second layer was printed in −45 degrees. The speci-

mens were printed in a rectangular infill pattern with 100% infill density, which may pro-

vide the highest tensile properties [50]. The printing temperature was pre-set at 275 °C 

and the default printing speed was estimated to be 17 mm/s. The setting values were kept 

constant during the printing process for all the specimens. 

  

  

Figure 1. Schematic of sample layouts on the printing platform: (a) [+45, −45] and (b) [0, 90]. The 

raster’s arrangement within two consecutive layers: (c) [+45, −45] and (d) [0, 90]. 

The above-mentioned printing directions were consistent and set by the printer-con-

trol software, i.e., Eiger. However, two raster patterns, i.e., [+45, −45] and [0, 90] relative 

to the tensile load direction, could be printed by rotating the specimen layout on the print-

ing platform by 0° and 45°, respectively. Figure 1 shows the schematic of the specimen 

layout in Eiger and the raster patterns within the specimens. Specimens printed with the 

[+45, −45] and [0, 90] patterns had interfaces at +45/−45 and 0/90 degrees relative to the 

tensile load direction, respectively. 

Layer thickness values were also set by Eiger, and all available options (0.1, 0.125 and 

0.2 mm) were chosen to obtain different interface densities, i.e., the number of interfaces 

per unit sample thickness. The thickness values of samples were 2, 3 and 4 mm to obtain 

the integer number of total printed layers which equalled the sample thickness divided 

by layer thickness, and meanwhile the sample thickness was under 4 mm for the type V 

specimen for the tensile test in accordance with ASTM D638-14. The sample thickness was 

changed to investigate the effect of the interface density on the tensile properties of 

printed SFRN with the different total number of layers. The polyamides printed with 0.1, 

0.125 and 0.2 mm layer thicknesses were named polyamide_0.1, polyamide_0.125 and pol-

yamide_0.2, respectively. Similarly, the SFRN samples were named SFRN_0.1, 

SFRN_0.125 and SFRN_0.2. 

2.2.2. Injection-Moulded Dog-Bone Samples 

Materials from the same spool for the ME-printed samples were also used for injec-

tion moulding (HaakeMinijet II, ThermoFisher Scientific, Hampshire, UK). Pellets cut 

from the spools were melted in a barrel at 260 °C for 120 s prior to injection and then 

Figure 1. Schematic of sample layouts on the printing platform: (a) [+45, −45] and (b) [0, 90]. The
raster’s arrangement within two consecutive layers: (c) [+45, −45] and (d) [0, 90].

The above-mentioned printing directions were consistent and set by the printer-control
software, i.e., Eiger. However, two raster patterns, i.e., [+45, −45] and [0, 90] relative to
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the tensile load direction, could be printed by rotating the specimen layout on the printing
platform by 0◦ and 45◦, respectively. Figure 1 shows the schematic of the specimen layout in
Eiger and the raster patterns within the specimens. Specimens printed with the [+45, −45]
and [0, 90] patterns had interfaces at +45/−45 and 0/90 degrees relative to the tensile load
direction, respectively.

Layer thickness values were also set by Eiger, and all available options (0.1, 0.125 and
0.2 mm) were chosen to obtain different interface densities, i.e., the number of interfaces
per unit sample thickness. The thickness values of samples were 2, 3 and 4 mm to obtain
the integer number of total printed layers which equalled the sample thickness divided
by layer thickness, and meanwhile the sample thickness was under 4 mm for the type V
specimen for the tensile test in accordance with ASTM D638-14. The sample thickness
was changed to investigate the effect of the interface density on the tensile properties of
printed SFRN with the different total number of layers. The polyamides printed with
0.1, 0.125 and 0.2 mm layer thicknesses were named polyamide_0.1, polyamide_0.125
and polyamide_0.2, respectively. Similarly, the SFRN samples were named SFRN_0.1,
SFRN_0.125 and SFRN_0.2.

2.2.2. Injection-Moulded Dog-Bone Samples

Materials from the same spool for the ME-printed samples were also used for injection
moulding (HaakeMinijet II, ThermoFisher Scientific, Hampshire, UK). Pellets cut from the
spools were melted in a barrel at 260 ◦C for 120 s prior to injection and then injected into
a mould at 80 ◦C under the pressure of 600 bar for 10 s. A post-pressure of 100 bar was
maintained for 60 s after the injection process. The injection-moulded samples were 3 mm
thick and had the same geometry and dimensions as the ME-printed samples.

2.3. Porosity Measurement of Filaments and Fabricated Samples

The polyamide and the SFRN filaments were cylindrical, and they were cut into seg-
ments of about 1 m length. The cross-section diameter (d) of the segments (five specimens)
was measured using a calliper. The bulk density (ρ1) was calculated after weighing the
mass (m) of the segments following Equation (1):

ρ1 =
m
v

=
m

1 × π ×
(

d
2

)2 (1)

The bulk density of fabricated samples for the tensile test was measured by dividing
the weighed sample mass by their envelope volume, which was evaluated by a computer-
aided design software (SolidWorks® 2018). The density of pellets cut from the spools using
a pelletizer machine (VariCut Pelletizer, Thermo Fisher Scientific Inc., Waltham, MA, USA)
was measured by He pycnometry (Accupyc II 1340, Micromeritics Ltd., Hexton, UK). The
pellets were assumed to have no voids, and their density referred to the true density (ρt) of
the materials. The porosity (P) of the samples was measured due to the difference between
the measured bulk densities (ρb) and the true density. The measurement was conducted
as follows:

P [%] =

(
1 − ρb

ρt

)
× 100 (2)

2.4. Crystallinity of Filaments and Fabricated Samples

The crystallinity and the melting temperature of the filaments and the fabricated
samples for the tensile tests were measured by differential scanning calorimetry (DSC,
Discovery DSC, TA Instruments, Newcastle, UK). Samples consisting of five specimens
with about 3–5 mg were heated in a nitrogen atmosphere from 20 ◦C to 275 ◦C, and then
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cooled to 20 ◦C prior to a second heating to 275 ◦C. Both the heating and the cooling rates
were 5 ◦C min−1. The crystallinity (χc) was measured as below:

χc =
∆Hm

(1 − α)∆H∅ (3)

where ∆Hm refers to the melting enthalpy of the samples measured by calculating the
area under the endothermic peak shown on the heating curves. ∆H∅ denotes the melting
enthalpy of pure polyamide, taken as 230 J/g [65]. The symbol α refers to the mass fraction
of carbon fibre, and it was taken as zero for the polyamide samples.

2.5. Tensile Properties of Fabricated Polyamide and SFRN

Tensile tests on the fabricated dog-bone samples were conducted on an Instron uni-
versal machine (Model 5960, Instron, Norwood, MA, USA) equipped with a 10 kN load
cell following the ASTM D638-14. A speckle pattern was applied to the gauge section of
the specimens using an ink stamp. The strain of the specimens subjected to 10 mm min−1

displacement was measured by monitoring the patterns’ movement using a non-contact
video extensometer (iMetrum Video Gauge, Bristol, UK). Each sample consisted of five
specimens, and the tensile test was repeated twice for each sample.

2.6. Shear-Lag Model

The tensile properties of the short fibre-reinforced composites can be described by the
shear-lag theory developed by Cox and Krenchel [67,68]. The assumptions of the theory
are as follows: (1) both fibre and matrix deform elastically, (2) the fibre/matrix interface is
intact and (3) no load at the fibre ends. The shear-lag theory generally underestimates the
stiffness of short fibre composites as it neglects stress at the fibre ends [69]. The predicted
tensile modulus (Ec) of composites based on the shear-lag model is given by

Ec = ï0ïLVf E f +
(

1 − Vf

)
Em (4)

where Em and E f refer to the tensile modulus of matrix and fibre, respectively. Vf refers to
the fibre volume fraction of composites. ïL is a length correction factor due to the finite
length of fibre written as

ïL = 1 −
tanh

(
βL
2d

)

βL
2d

(5)

β =

√√√√ 2Em

E f (1 + νm) ln
(

1
Vf

) (6)

where L and d refer to the length and the diameter of the fibre, respectively. νm is the
Poisson’s ratio of matrix. ï0 is a fibre-orientation factor referring to the fraction of fibre
(Vf , n) aligning at angle θn relative to the tensile load written as

ï0 =
∑n Vf , n cos4 θn

∑n Vf , n
(7)

2.7. Structure Morphology of Fabricated Polyamide and SFRN

The fabricated samples were cryofractured by placing them in liquid nitrogen for 10 min,
and then the cross-section structure was observed by scanning electron microscopy (SEM,
Hitachi S-3700N, Tokyo, Japan). The samples were firstly mounted onto aluminum stubs with
carbon tabs and then coated with Au (Agar Auto Sputter Coater, Essex, UK) with a coating
current of 40 mA for 60 s. The short carbon fibre in SFRN filaments was observed by optical
microscope (Axioscope, Zeiss, Germany), and its dimension was measured by ImageJ software
(Rasband, W.S., ImageJ, USA).
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3. Results and Discussion
3.1. Thermal Properties of Filaments and Fabricated Samples

The crystallinity of the filaments and the fabricated samples was measured based on
the DSC curves shown in Figure 2. The DSC results for the ME-printed samples are shown
by a representative curve for simplicity, as the DSC curves of the printed samples are similar.
All the heating curves show an endothermic peak corresponding to the melting process
of polyamide. The peak point is about 200 ◦C referring to the melting temperature of the
samples, and the value is close to the results from the literature for polyamide 6 [65,70].
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Table 3 summarises the crystallinity and the melting temperature (Tm) of the filaments
and the fabricated samples based on the heating curves. Both the ME-printed samples
and the injection-moulded samples have similar crystallinity. Specifically, the crystallinity
of the ME-printed samples based on the 1st heating curves is 16–19%, whereas that of
the injection-moulded samples is 18%. Furthermore, the polyamide filaments have 35%
crystallinity, which is higher than that of the printed polyamide. The ME process is a rapid
manufacturing process and the printed samples may cool down to ambient temperature
in seconds [71], resulting in insufficient time for crystallisation. After the thermal history
induced by the manufacturing process was removed by the 1st heating, the printed samples
had similar crystallinity as that of filaments on the 2nd heating curves.
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Table 3. The crystallinity and melting temperature of filaments, fabricated polyamide and SFRN
samples.

Polyamide SFRN

Raster Pattern Layer Thickness
(mm) Tm (◦C) Crystallinity (%) Tm (◦C) Crystallinity (%)

[0, 90]

0.1 1st heating 200 18 199 17
2nd heating 202 20 200 18

0.125 1st heating 200 16 200 17
2nd heating 201 17 200 17

0.2 1st heating 199 16 199 17
2nd heating 200 19 200 18

[+45, −45]

0.1 1st heating 199 19 197 17
2nd heating 201 20 200 20

0.125 1st heating 200 17 197 16
2nd heating 201 18 200 18

0.2 1st heating 201 18 197 18
2nd heating 202 19 199 20

Filament 1st heating 200 35 199 21
2nd heating 201 19 201 20

Injection-moulded 1st heating 199 18 199 18
2nd heating 198 20 199 20

The first heating curves reveal the crystallinity determined by the manufacturing process.
The similar crystallinity of the printed samples indicates the crystallisation is not influenced
by the raster patterns and the layer thickness. All the ME-printed samples and the injection-
moulded samples have similar crystallinity, indicating that the factor of crystallinity would
not result in any variation in the tensile properties of the fabricated samples.

3.2. The Structure of the Fabricated Samples

Firstly, the porosity of the polyamide and the SFRN filaments is 2–3%, while the
printed polyamide and the SFRN samples have the porosities of 5% and 10%, respectively.
The higher porosity indicates the printing process may induce extra voids in the printed
samples. Therefore, the structure of the printed samples was analysed to investigate the
voids induced by the printing process.

Figure 3 shows the cryofracture surface of the printed 3 mm thick [0, 90] polyamide
samples with 0.1, 0.125 and 0.2 mm layer thicknesses. Triangular voids with 29 µm to 47 µm
edge length were found between adjacent filaments due to their partial coalescence. The
reason for this incomplete fusion of filaments is the rapid cooling and solidification of the
extruded materials. Therefore, the printed samples have partial bonded interfaces between
filaments induced by the manufacturing process. The partial bonded interfaces may exist
along the filament’s longitudinal direction, thereby resulting in micro-size channels. The
number of the interfaces is a function of the number of printed layers, which is determined
by layer thickness. Specifically, 0.1 mm layer thickness has the greatest number of interfaces
when compared to 0.125 or 0.2 mm layer thickness for the same sample thickness, leading
to the greatest interface density.

Compared with the printed polyamide samples, the structure of the printed [0, 90]
SFRN samples (see Figure 4) shows large-size voids (edge length: 75~93 µm) taking place
between the filaments. Voids are not only triangular in shape but form quadrilateral shapes
resulting from the joining of two triangular voids. This indicates the manufacturing process-
induced interfaces of the printed SFRN samples are inferior to those of the printed polyamide.
Consequently, the printed SFRN samples have higher porosity (10%) than that (5%) of the
printed polyamide. The SFRN filaments in 0◦ direction are more distinguishable due to the
inferior interfaces. The number of 0◦ filaments at the gauge section (width: 3.18 mm) is
eight, which is independent of sample thickness and layer thickness. Therefore, interfaces
within a layer are consistent, and the interface density is only determined by layer thickness.
Furthermore, fibres with round cross-sections were observed in 0◦ SFRN filaments. This
indicates fibres relatively align along filaments’ longitudinal direction (printing direction).
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(a) polyamide_0.1, (b) polyamide_0.125, (c) polyamide_0.2; 100×: (d) polyamide_0.1, (e) polyamide_0.125,
(f) polyamide_0.2; 200×: (g) polyamide_0.1, (h) polyamide_0.125, (i) polyamide_0.2.

It is worth mentioning that the porosity of the printed SFRN with the same sample
thickness is independent of layer thickness (interface density). On the one hand, the lower
layer thickness determines the greater number of layers printed within the sample, which
may result in the greater number of heating cycles. The thermal conduction from the
upper layers can improve the filaments’ fusion of bottomed layers [71,72] and lead to lower
porosity of the bottom part [63]. However, the greater number of partial bonded interfaces
could take place when more layers are printed.

The structure of printed SFRN samples with 2 mm and 4 mm shown in Figure 5 also
shows the inferior interfaces in triangular and quadrilateral geometry. The porosity of
2 mm and 4 mm thick samples is 12% and 8%, respectively, which was measured using
the method described in Section 2.3. The lower porosity might have resulted from the
slower cooling of the 4 mm thick sample, as the cooling rate depends on the sample
thickness. The slower cooling rate may lead to the better fusion and coalescence of the
printed filaments [71]. The influences of key printing parameters on material fusion and
the resulting porosity of printed parts need more research efforts.
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The porosities of 2 mm and 4 mm thick polyamide samples are similar (about 5%).
The printed polyamide has superior interfaces due to better filaments’ fusion, and therefore
the porosity is less dependent on the sample thickness or layer thickness. The structure
of injection-moulded samples (see Figure 6) was also investigated for comparison with
the printed samples. Voids as well as the partial bonded interfaces were not found in the
samples and the resulting porosity is less than 1%. Therefore, the number of interfaces of
injection-moulded samples would be assumed as zero.
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Figure 6. The structure of injection-moulded polyamide: (a) 25× and (b) 100×; injection-moulded
SFRN: (c) 25× and (d) 100×.

3.3. The Tensile Properties of the Fabricated Samples
3.3.1. Comparison between the Injection-Moulded Samples and the Printed Samples

The stress–strain curves of the fabricated samples with 3 mm thickness are plotted
in Figure 7. The standard deviation of each sample (six specimens) is presented by the
upper and lower bounds of the stress–strain bands. Strain values obtained from the video
extensometer and tensile properties (yield stress and tensile modulus) were determined
from the stress–strain curves.

The yield stress is considered as the point on the stress–strain curve where the stress
did not increase with increasing strain (zero slope). The yield stress of SFRN refers to
yield strength at the yield point, and all SFRN specimens broke at the gauge section area.
The tensile modulus is determined by the slope of linear regression lines in the strain
range of 0.05% and 0.25%. The measured tensile properties of the fabricated samples are
summarised in Table 4.
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Figure 7. The strain–stress curves of the fabricated samples with 3 mm thick: (a) injection-moulded and
[0, 90] polyamide; (b) [+45, −45] polyamide; (c) injection-moulded and [0, 90] SFRN; (d) [+45, −45] SFRN.

Table 4. The tensile properties of the printed and injection-moulded samples.

Polyamide SFRN

Thick
(mm)

Layer Thickness
(mm) Raster Pattern Yield Stress (MPa) Tensile Modulus

(GPa) Yield Stress (MPa) Tensile Modulus
(GPa)

2

0.1 [0, 90] 32.5 ± 0.6 1.19 ± 0.04 51.5 ± 3.6 3.25 ± 0.10
[+45, −45] 30.3 ± 0.2 1.11 ± 0.05 53.7 ± 1.2 3.00 ± 0.08

0.125 [0, 90] 32.3 ± 0.7 1.17 ± 0.02 53.8 ± 1.6 3.57 ± 0.19
[+45, −45] 30.4 ± 0.5 1.16 ± 0.10 57.3 ± 2.1 3.16 ± 0.08

0.2 [0, 90] 33.8 ± 0.4 1.21 ± 0.07 55.2 ± 1.3 4.08 ± 0.21
[+45, −45] 31.2 ± 0.9 1.14 ± 0.07 57.5 ± 2.6 3.56 ± 0.10

3

0.1 [0, 90] 33.5 ± 1.1 1.12 ± 0.06 54.5 ± 2.6 3.88 ± 0.18
[+45, −45] 34.3 ± 0.9 1.18 ± 0.11 56.8 ± 1.6 3.66 ± 0.17

0.125 [0, 90] 33.2 ± 0.8 1.13 ± 0.09 54.7 ± 1.9 4.03 ± 0.22
[+45, −45] 34.0 ± 0.9 1.12 ± 0.09 56.7 ± 2.1 3.82 ± 0.24

0.2 [0, 90] 33.3 ± 1.5 1.17 ± 0.07 56.8 ± 2.4 4.57 ± 0.27
[+45, −45] 34.1 ± 0.4 1.16 ± 0.11 58.5 ± 1.7 4.11 ± 0.21

Injection-moulded - 37.6 ± 0.4 1.43 ± 0.22 78.1 ± 3.5 6.67 ± 0.22

4

0.1 [0, 90] 34.3 ± 0.5 1.19 ± 0.05 55.7 ± 3.7 4.25 ± 0.19
[+45, −45] 32.9 ± 0.4 1.19 ± 0.09 58.8 ± 1.9 4.13 ± 0.30

0.125 [0, 90] 32.9 ± 0.7 1.20 ± 0.03 56.6 ± 1.7 4.48 ± 0.25
[+45, −45] 32.5 ± 0.4 1.11 ± 0.07 60.1 ± 2.4 4.25 ± 0.24

0.2 [0, 90] 32.9 ± 0.7 1.16 ± 0.08 59.5 ± 3.7 4.90 ± 0.23
[+45, −45] 34.1 ± 0.4 1.21 ± 0.08 59.8 ± 4.2 4.57 ± 0.21

Firstly, the tensile properties of the injection-moulded samples are compared to the
printed samples. The yield stress and the tensile modulus of the injection-moulded
polyamide are 37.6 MPa and 1.43 GPa, respectively. The yield stress and the tensile modulus
of the printed polyamide are 9–12% and 17–22% lower compared to the injection-moulded
sample, respectively. The printed polyamide has higher porosity and the partial bonded
interfaces, which may contribute to the lower tensile properties as interfaces could cause
non-uniform strain distribution and lead to premature failure. Furthermore, the failure
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strain of the injection-moulded SFRN is about 20 ± 1%, whereas the printed [0, 90] and
[+45, −45] SFRN samples fail at about 10 ± 1% and 17 ± 2%, respectively. The lower
failure strain of printed samples indicates premature failure took place due to the induced
interfaces. The result also indicates the interfaces in [0, 90] SFRN have a more significant
impact on premature failure compared to the interface in [+45, −45] SFRN. The transverse
interfaces relative to tensile load direction in the printed [0, 90] may act as cracks leading to
stress concentration and premature failure.

The yield stress and the tensile modulus of the injection-moulded SFRN are 78.1 MPa
and 6.67 MPa, respectively. Compared to the injection-moulded samples, the yield stress
and the tensile modulus are 25–30% and 31–45% lower, respectively. The printed SFRN
samples have a more significant reduction in tensile properties than the printed polyamide,
due to the inferior partial bonded interfaces. The contact area of adjacent SFRN filaments
is reduced by the larger-size interfaces as well as the connected interfaces, resulting in a
more substantial decrease in load-transfer efficiency. Therefore, the influence of the partial
bonded interfaces is more significant on the tensile properties of the printed SFRN.

Table 4 also summarises the tensile properties of the printed samples with 2 mm
and 4 mm thickness. The yield stress and the tensile modulus of the printed polyamide
are 30.3–34.1 MPa and 1.11–1.21 GPa, respectively. The tensile properties of the printed
polyamide are close and not influenced by sample thickness. However, the tensile modulus
of the printed SFRN increases with the sample thickness. For example, the tensile modulus
of [0, 90] SFRN_0.2 with 4 mm thickness is 29.6% higher than that of [0, 90] SFRN_0.2 with
2 mm thickness. The reason might be the porosity of the printed SFRN decreasing with
the sample thickness. The higher porosity of 2 mm thick SFRN samples may result in the
lower tensile modulus.

3.3.2. Shear-Lag Theory Analysis

The shear-lag effect happens in discontinuous fibre composites in which the fibre and
polymer matrix have an apparent mismatch in the modulus. According to shear-lag theory,
the efficiency of short carbon fibre is limited due to its discontinuity, and axial stress is
transferred to fibre by shear stress at the fibre/matrix interface. Consequently, the stiffness
of composites degrades due to the inefficiency of short fibre.

The measured fibre volume fraction of fabricated SFRN is about 9%. The length and
the diameter of short fibre are 140 ± 10 µm and 7 ± 0.5 µm based on the microscope images
of fibres shown in Figure 8. The 0 values for printed SFRN and injection SFRN are taken as
0.56 and 0.80 based on the literature [69,73], respectively. The tensile modulus of carbon
fibre is 230 GPa [74] and the tensile modulus of polyamide is 1.4 GPa due to the tensile
result of the injection-moulded polyamide. The Poisson’s ratio of polyamide is assumed to
be 0.39 as suggested in the literature [75].
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The predicted tensile modulus of the injection-moulded SFRN based on the shear-lag
model is 6.36 GPa, which is in good agreement (<5% difference) with the experimental value
(6.67 GPa). This result indicates the loss on the tensile modulus of the fabricated SFRN due
to the limited fibre length and the reduced efficiency of fibre reinforcement. However, the
predicted tensile modulus (4.84 GPa) is greater than the experimental measured modulus
of the printed SFRN, except the 4 mm SFRN_0.2 sample. The tensile modulus of 2 mm
[+45, −45] SFRN_0.1 is almost 38% lower than the predicted modulus. The reasons could
be the printing-induced partial bonded interfaces in SFRN which are not considered in the
theory. Furthermore, the shear-lag effect between the fibre/matrix may not be sufficient in
explaining the variation on the tensile modulus of the printed SFRN with multiple partial
bonded interfaces.

3.3.3. The Effect of Interfaces on the Tensile Modulus of the Printed Samples

As discussed above, inferior interfaces with a larger size were found between adjacent
SFRN filaments compared to the polyamide, resulting in a more significant reduction in
the tensile properties. The partial bonded interfaces may continuously distribute along the
filament direction, and therefore the printed [0, 90] and [−45, +45] samples may consist of
90◦ and 45◦ interfaces relative to the tensile load, respectively. The load transfer in laminates
subject to the tensile load is degraded due to the off-axis pre-existing defects where the load
carried by the layers is transferred to the neighbouring layers. The degraded load transfer
resulting in the reduction in stiffness is described by various approaches such as shear-lag
models [76–78], McCartney’s models [79] and crack-opening-displacement models [80]. The
schematic of the transverse interfaces in [0, 90] samples is shown in Figure 9. The transverse
interfaces may also influence the load transfer of the printed samples subject to tensile load,
and then lead to the reduction in the tensile modulus.
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Figure 9. The schematic of transverse interfaces in [0, 90] samples: (a) edge view; (b) top view.

The average tensile modulus of the printed polyamide summarised in Table 4 is about
1.15 GPa, which is independent of the layer thickness and raster pattern. However, the
tensile modulus of the printed SFRN samples increases with the layer thickness. For
example, the tensile modulus of 3 mm thick [0, 90] SFRN_0.1 is 4.9% and 17.8% lower than
that of SFRN_0.125 and SFRN_0.2, respectively. The tensile modulus of 2 mm and 4 mm
thick SFRN samples also increases with the layer thickness.

Layer thickness determines the number of printed layers for certain sample thicknesses,
i.e., more interfaces (higher interface density) may take place. The interfaces may result
in the reduction in tensile modulus, and a higher interface density may lead to a more
significant reduction. The number of interfaces as well as interface density are summarised
in Table 5. The relationship between interface density and tensile modulus is quantitatively
correlated in Figure 10. The correlation coefficients are summarised in Table 5.
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Table 5. The interface density of the printed SFRN samples.

Sample Thick
(TS, mm)

Layer Thickness
(TL, mm)

Number of
Interfaces
(TS/TL−1)

Interface Density
( 1

TL
− 1

TS
), /mm)

Linear
Correlation

[0, 90]

Linear
Correlation
[+45, −45]

2
0.1 20 9.50

0.9990.125 16 7.50 0.983
0.2 10 4.50

3
0.1 30 9.67

0.9600.125 24 7.67 0.998
0.2 15 4.67

4
0.1 40 9.75

0.9970.125 32 7.75 0.980
0.2 20 4.75Polymers 2022, 14, x FOR PEER REVIEW 18 of 23 
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Figure 10. The tensile modulus of the printed SFRN samples as a function of interface density: (a): [0, 90]
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The correlation suggests that the tensile modulus of the printed SFRN samples de-
creases linearly with the interface density as described below:

E = α·Id + E0 (8)

where E and E0 refer to the tensile modulus of the printed SFRN samples and the tensile
modulus of the printed SFRN having no interfaces or porosity, respectively. Id refers to
interface density and α is a coefficient. Firstly, the coefficient α for [0, 90] and [+45, −45]
SFRN is about −0.16~−0.13 and −0.09~−0.11, respectively. The negative coefficients reveal
the interface density has a negative influence on the tensile modulus of the SFRN samples.
The [0, 90] SFRN samples have a relatively higher coefficient α compared to [+45, −45].
This indicates the transverse partial bonded interfaces relative to load direction in [0, 90]
samples could degrade the load transfer more significantly, resulting in the greater loss of
stiffness. Secondly, the y-intercept refers to the tensile modulus (E0) of printed samples
without interfaces. The E0 of [+45, −45] SFRN samples ranges from about 4.1 GPa to 5.0
GPa, which is relatively lower compared to [0, 90] SFRN (4.8 GPa to 5.5 GPa), which may
have resulted from the anisotropic performance due to the filament orientations. Fires
were found to relatively align along the filaments’ orientation, and therefore the printed
SFRN samples may exhibit an anisotropic performance. The tensile modulus of the fibre-
reinforced polymer composite with [0, 90] layup sequence has been reported to be higher
compared to [−45, +45] layup [74].
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It is worthy to mention that the E0 of the printed SFRN decreases with sample thickness
due to the increasing porosity. The 2, 3 and 4 mm SFRNs have 7%, 10% and 12% void
contents, respectively. This also explains that the E0 of the printed SFRN is still lower than
that of the injection-moulded SFRN (6.67 GPa) as the samples have less than 1% porosity.
As the correlations are based on the limited range of interface density, more research work
would be helpful to improve accuracy and applicability.

4. Conclusions

This study investigates the influence of printing-induced defects at the interface on
the tensile properties of (short carbon fibre-reinforced) polyamide. A correlation between
the interface density and the tensile properties is analysed and quantified. The main
achievements are summarised below:

• Firstly, relying on the commercial Markforged printer with limited access to processing
parameters except layer thickness, the printed samples exhibit consistent quality
including porosity, crystallinity and fibre volume fraction.

• Secondly, printing process-induced interfaces are found in both printed polyamide and
SFRN samples. The partial bonded interfaces are distributed at the interface between
printed filaments. The interface density increases when layer thickness decreases from
0.2 mm to 0.1 mm. Compared to the printed polyamide, the printed SFRN samples
have inferior interfaces with a larger size.

• Consequently, the tensile properties of the printed SFRN are more significantly lower
than those of the injection-moulded SFRN. The printed polyamide exhibits a relatively
lower yield stress (9–12%) and tensile modulus (17–22%) compared to the injection-
moulded sample, whereas the yield stress and the tensile modulus of the printed
SFRN are 25–30% and 31–45% lower, respectively.

• Furthermore, the tensile modulus of the printed SFRN decreases as a function of
interface density, while the tensile modulus of the printed polyamide is indepen-
dent of interface density. The tensile modulus of the 3 mm thick [0, 90] SFRN_0.1
is 4.9% and 17.8% lower compared to SFRN_0.125 and SFRN_0.2, respectively. A
shear-lag model is found to predict the tensile modulus in good agreement with the
experimentally measured modulus of the injection-moulded SFRN. However, the
experimental modulus of the printed SFRN is lower than the predicted modulus due
to the printing-induced interfaces in SFRN.

• Lastly, the quantitative correlation between the tensile modulus of the SFRN and the
interface density is analysed. An empirical model is developed based on data fitting,
and the model shows that the tensile modulus of the printed SFRN decreases with
interface density following a linear function. This result suggests that the quantitative
degradation of the stiffness due to interfaces should be considered when designing
3D printed parts for engineering applications. The microstructure can be improved to
achieve a maximum and interface-independent mechanical performance.
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Abstract: The limited number of materials and mechanical weakness of fused deposition modeling
(FDM) parts are deficiencies of FDM technology. The preparation of polymer composites parts with
suitable filler is a promising method to improve the properties of the 3D printed parts. However, the
agglomerate of filler makes its difficult disperse in the matrix. In this work, graphene nanoplatelets
(GnPs) were surface modified with chemical, low-temperature plasma and in situ methods, in
order to apply them as fillers for thermoplastic polyurethane (TPU). Following its modification, the
surface chemical composition of GnPs was analyzed. Three wt% of surface-modified GnPs were
incorporated into TPU to produce FDM filaments using a melting compounding process. Their
effects on rheology properties and electrical conductivity on TPU/GnPs composites, as well as the
dimensional accuracy and mechanical properties of FDM parts, are compared. The images of sample
facture surfaces were examined by scanning electron microscope (SEM) to determine the dispersion
of GnPs. Results indicate that chemical treatment of GnPs with zwitterionic surfactant is a good
candidate to significantly enhance TPU filaments, when considering the FDM parts demonstrated
the highest mechanical properties and lowest dimensional accuracy.

Keywords: FDM; graphene nanoplatelets; low-temperature plasma; surface modification

1. Introduction

Three-dimensional (3D) printing is revolutionizing different important industrial areas,
as it is distinguished from traditional processing techniques by its ability to manufacture
components from prototypes to complex geometries with great design flexibility, high
recyclability and less material waste [1,2]. Among the different 3D printing techniques,
fused deposition modeling (FDM) has been widely used because of its easy handling,
relative inexpensiveness and low chemical toxicity [3].

Although there is abundant availability of FDM machines, in many cases, FDM pro-
cesses lack in providing consistency and reliability in terms of part properties, accuracy
and finish, which limits the widespread application of FDM. These deficiencies depend
mainly on the materials used, process parameters and post-processing techniques. Sev-
eral studies and reviews of the literature have confirmed the effectiveness of optimizing
the geometry, operation-specific parameters and annealing treatment for improving the
manufactured parts [4–7]. With regard to the materials, till now, only a few commercial ther-
moplastic filaments have been available for FDM techniques, such polylactic acid (PLA),
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polyamide (Nylon), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane
(TPU), polyetheretherketone (PEEK), etc. [8]. High-performance materials are highly de-
manded due to the versatility of FDM applications, such as engineering, automotive
composites and aviation fields. The incorporation of fillers such as glass fiber, carbon fiber,
ceramic or carbon-based nano-size are common approaches to attain this goal [9].

In recent years, graphene and its derivatives have received considerable attention
due to their excellent properties. However, low-cost, high-quality and eco-friendly pro-
cesses for manufacturing graphene are still challenging [10]. Compared with graphene
oxide and other graphene-related materials, graphene nanoplatelets (GnPs) can be eas-
ily produced in large scale with physical methods and are commercially available with
different particle sizes at a relatively low cost and have been identified as a substitute
for graphene. GnPs exhibit exciting properties such as light weight and high electrical
conductivity and mechanical strength. Polymer/GnPs composites exhibit more efficient im-
provement in terms of strength and thermal stability as compared with reduced graphene
oxide (rGO), graphene oxide (GO), and multiwalled carbon nanotubes (MWCNT) [11,12].
Consequently, polymer/GnPs nanocomposites are popular and widely researched for many
applications including 3D printing materials, low-cost composites films, wearable devices,
medical hydrogels and many more [13]. Masarra and Batistella et al. [14] fabricated an
electrically conductive circuit using PLA/PLC/GnPs by FDM. Misra and Ostadhossein
et al. [15] constructed a multidrug-eluting stent using direct 3D printing from polycapro-
lactone/GnPs biodegradable composites. Jing and Chen et al. [16] prepared high thermal
conductive polyethylene/GnPs nanocomposites for heat diffusion application of some
advanced electronic devices. Li et al. [17] FDM printed a wearable pressure sensor based
on TPU/GnPs nanocomposites. However, the platelet structure of GnPs exhibits some
disadvantages. During the preparation of nanocomposites, GnPs tend to agglomerate,
because of a considerable extent of π–π stacking interactions and their weak interactions
with the polymer chains [18]. Agglomerates decrease the surface area of GnPs and, cor-
respondingly, deteriorate reinforcement performance [19–21]. Attempts have been made
to develop the dispersion of GnPs in nanocomposites, including utilizing chemical and
physical surfactants modification, covalent functionalization and low-temperature plasma
modification [18,22–24].

Based on the above, this work aims to investigate a series of approaches to treat
GnPs, including chemical, low-temperature plasma and in situ modification, providing a
comparative overview of the effect of surface modification on the quality of FDM-printed
TPU/GnPs, in terms of dimensional accuracy and mechanical performance.

2. Materials and Methods
2.1. Materials

Thermoplastic polyurethane (TPU), LM-95A, was purchased from The Lubrizol Cor-
poration (Wickliffe, OH, USA). Graphene nanoplatelets (GnPs), HGP-10, were supplied
by Qingdao Yanhai Carbon Materials Co., Ltd. (Qingdao, China), with the average di-
ameter around 8 µm and 1~15 nm thickness of graphene stacked into GnPs particle.
12-aminododecanoic acid (ADA), 98% purity, was bought from Shanghai Macklin Biochem-
ical Co., Ltd. (Shanghai, China). Dimethylformamide (DMF), 97% purity, was purchased
from Xilong Scientific Co., Ltd. (Shantou, China).

2.2. GnPs Surface Modification
2.2.1. Low-Temperature Plasma Modification (PGnPs)

Plasma treatment was conducted in a plasma cleaner, model JS-P200, Hefei Jieshuo
Vacuum Technology (Hefei, China). GnPs were exposed to air plasma for 50 min under
powder condition of 100 W. During the treatment, the gas flow and gas low rate were kept
as 40 Pa and 5 sccm.
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2.2.2. Chemical Modification of GnPs (CGnPs)

The GnPs and the zwitterionic surfactant ADA (GnPs:ADA = 10:1, weight ratio) were
dispersed in DMF followed by stirring overnight at 85 ◦C, then the dispersion was sonicated
for 3 h using an ultrasonic cleaner (SB-3200DTD, Ningbo Scientz Biotechnology, Ningbo,
China) at frequency of 37 kHz. After that, the GnPs was separated from the suspension
and washed by the DMF. Finally, the GnPs was dried for 48 h under vacuum at 90 ◦C [13].

2.2.3. In Situ Modification (IGnPs)

The GnPs were premixed with the ADA prior to the extrusion process. The ratio of
ADA to GnPs was 1:10 (wt/wt). Then, melt mixing of TPU and the GnPs/ADA hybrids
(3 wt%) composites were processed using a signal-screw extruder (Wuhan Yiyang Plastic
Machinery, Wuhan, China). The screw speed was 25 rpm. Extruder barrel temperatures
were set as follows: 195 ◦C, 190 ◦C and 185 ◦C.

2.3. Filament Fabrication

To produce the desired filament size (1.75 mm) for use in FDM 3D printer, a twin-
screw extruder (SHJ-20C, Nanjing Giant Machinery, Nanjing, China) was used. To ensure a
homogenous dispersion of 3% GnPs into TPU, the TPU and GnPs were stir-mixed prior to
melt compounding. The mixture was then fed into the extruder. The recommended
starting extrusion temperature of TPU is 138 ◦C. To solve the die swelling problems
and increase the dispersion of GnPs in the matrix, the barrel temperatures were set at
170 ◦C/180 ◦C/190 ◦C/185 ◦C/180 ◦C/170 ◦C, in order. The filament was subsequently
cooled and then wound onto a reel.

2.4. Dog-Bone Specimens Printed by FDM

The preparation of the filament and the FDM printing process are shown in Figure 1.
Initially, the FDM parts were modeled on CAD software according to the standard of
ISO-527-2-2012 type-1BA with 5 mm thickness and exported in STL format. The STL file
was sliced and transformed into G-code file by slicing software (Ultimaker Cura Version
4.2, Shenzhen, China). The dog-bone FDM parts were prepared by a commercial desktop
FDM 3D printer (4Max Pro2.0, Shenzhen Anycubic, Shenzhen, China). In order to focus
on the effect of GnPs, 3D printing process parameters such as layer thickness, feed rate,
fill pattern, fill percentage or temperature were fixed for all the samples. Table 1 shows
the values of these parameters. After printing, the supports were removed, and no further
post-processing process was required.
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Table 1. 3D printer parameters.

Parameters Value

Material TPU-GnPs
Nozzle diameter 0.4 mm
Layer thickness 0.1 mm
Printing speed 40 mm/s

Nozzle temperature 190 ◦C
Bed Temperature 60 ◦C

Top/Bottom solid layers 1.2 mm
Outline/perimeters shell 1.2 mm

Internal fill pattern Mesh
External fill pattern Rectilinear

Internal fill percentage 20%
Filament diameter 1.75 mm

2.5. Characterization
2.5.1. Fourier Transfer Infrared (FTIR) Spectroscopy

Fourier transfer infrared (FTIR) spectra of modified GnPs were collected in the
wavenumber range of 400–4000 cm−1 with a VERTEX70 (Bruker, Ettlingen, Germany)
spectrometer. The samples were prepared by KBr-disk method [25,26].

2.5.2. Rheological Properties

A capillary rheometer (MLW-400B, Changchun Intelligent Instrument and Equipment,
Changchun, China) was used to measure the rheological properties, having a die of 1 mm
diameter and 10 mm length. The apparent viscosity of the blends was determined in the
shear rates ranging from 100 to 1500 s−1 at 190 ◦C [27,28].

The melt flow index (MFI) [29,30] was carried out through the XNR-400C melt flow
indexer (Jinhe Instruments, Chengde, China) at 190 ◦C by applying a 3.24 kg load to extrude
the molten polymers. A 100 g rod was used a plunger. The MFI values were generated
from at least five determinations.

2.5.3. Electrical Conductivity Measurement

The electrical conductivity was measured by using a resistance tester (AT683, Applent
Instruments, Changzhou, China). The electrical conductivity (σ, S/m) was calculated using
the following Equation (1) [31]:

σ = 1/ρ = L/RS (1)

where ρ is the resistivity and R is the resistance. S and L are the length and cross-sectional
area of the filament.

2.5.4. Dimensional Accuracy

Dimensions of the 3D-printed dog-bone specimens in length direction were measured
using a digital Vernier caliper and compared with CAD dimensions. The dimensional
deviations in length were calculated for different TPU/GnPs-composite-based dog-bone
specimens and compared with CAD dimensions.

2.5.5. Surface Roughness

The average surface roughness (Ra) of the top surface of FDM parts is measured with a
surface roughness tester (TR150A, Timech, Beijing, China) at 1 mm/s tracing speed, tracing
length at 6 mm.
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2.5.6. Tensile Properties

Tensile strength and elongation at break were conducted using a universal testing
machine, YF-900 (Yuanfeng, Yangzhou, China) based on the ISO 527-1-2021, at a crosshead
speed of 200 mm/min, and the sample length between benchmarks was 50 mm. At least
five specimens were tested for each composite, and the medial values were reported.

2.5.7. Morphological Properties

The fracture surface morphologies of composites were investigated by field emission
scanning electron microscopy (FE-SEM, FEI Nova NanoSEM 450, Brno, Czech Republic).
The GnPs and facture surfaces of various TPU/GnPs filaments were sputtered with a thin
layer of aurum [32].

3. Results
3.1. GnPs Characterization

FTIR was applied to analyze changes in chemical groups on the surface of GnPs
before and after surface modification. Figure 2a presents the FTIR spectra of the GnP,
PGnPs and CGnPs. The FTIR spectra of GnPs without any treatment shows bands at
2921–2765 cm−1 resulting from the C–H stretching. The amount 1151–1074 cm−1 cor-
responds to the C-O bending, and the C–H bending assigned at 1398, 860, 771 cm−1 is
observed. Comparing pristine GnPs and PGnPs spectra, the low-temperature plasma
treatment grafts’ various functional polar groups on the GnPs surface, including O–H, N–H
or NH2 stretching ranging from 3056 to 3689 cm−1, C=O stretching at 1747 cm−1 and C–N
or C–O stretching at 1000–1294 cm−1 wavenumber, the existence of the characteristic bands
confirmed the functional polar groups that contain oxygen or nitrogen on the surface of
GnPs after plasma treatment (Figure 2b). The polar groups on PGnPs surface will benefit
the homogenous dispersion of GnPs in the matrix and the interfacial adhesion between
filler and macromolecules. Noticeably, in the FTIR spectra of CGnPs, the additional peaks
at 3451, 1380 cm−1 and 1741 cm−1 are assigned to O–H bending and C=O stretching of the
carboxylic groups. The peaks at 3451, 1639 and 1461 cm−1 ascribe to the N–H bending and
stretching of the amine group, while the broad brands at 1226–1025 cm−1 are the uptake
for C–N. From the results of the FTIR spectra, we conclude that the modification of GnPs
by ADA was successful (Figure 2b) [33–39]. The organophilic absorption between the
aliphatic chain of ADD and the TPU matrix leads to uniform dispersion of particles in the
TPU matrix.

3.2. Rheological Properties

Rheological properties can confirm the molecular entanglement and molecular relax-
ation of the polymer composites and guideline of the final construction of FDM parts [40,41].
Figure 3a,b demonstrate the relationship between shear stress and shear viscosity on the
steady shear rate of the different TPU/GnPs composites. All composites display the non-
Newtonian characteristics; the shear viscosity of all TPU/GnPs composites decrease sharply
with increasing shear rate, showing shear thinning behavior. As revealed in Figure 3a,b,
at low shear rate, in the range of 100–800 s−1, the shear stresses and shear viscosities of
TPU/PGnPs and TPU/CGnPs are higher than those of TPU/GnPs. It is considered that
PGnPs and CGnPs impede the chain mobility of TPU, during which their stresses and
viscosities increase. However, the addition of IGnPs in TPU results in an obvious reduction
in the shear stress and shear viscosity. This change indicates that the zwitterionic surfactant
ADA is more of a plasticizer in the TPU/IGnPs composites than a surface modifier for
GnPs during in situ treatment. Hence, the TPU/IGnPs filament shows a smoother surface
than other filaments (Figure 3e). Over the entire range of shear rates investigated, all
the non-Newtonian fluids followed a power-law relationship. At higher shear rates, the
shear stress and shear viscosity of all the composites are revealed comparable regardless
of the incorporation of fillers [41]. Figure 3c shows log–log plots of shear viscosity versus
shear rate and the power-law index (n) for all TPU/GnPs composites at 190 ◦C. Compar-

101



Polymers 2022, 14, 5182

ing with TPU/GnPs composites (n = 0.39), both TPU/PGnPs (n = 0.22) and TPU/CGnPs
(n = 0.31) composites have lower power-law index values, indicating that the surface
modification of GnPs surface increases the interaction between TPU polymer chains and
GnPs. The apparent viscosity of polymer melts is inversely proportional to their melt flow
index (MFI). As shown in Figure 3d, the MFI of TPU/IGnPs increases slightly, while the
TPU/PGnPs and TPU/CGnPs MFI values are smaller than that of TPU/GnPs. The varia-
tion is consistent with the shear viscosity. In summary, the four composites exhibit different
viscosities (also different interactions between filler and polymer chains) in the order of
TPU/IGnPs < TPU/GnPs < TPU/PGnPs < TPU/CGnPs [42,43].
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3.3. Effect of GnPs on Electrical Conductivity of TPU/GnPs Composites

Figure 4 depicts the electrical conductivity of various TPU/GnPs composites. It
is observed that the electrical conductivity was associated with surface modification of
GnPs. However, these differences were not very significant or diverse in the same order of
magnitude. The highest conductivity is achieved by TPU/CGnPs; the electrical conductivity
increased by 196%. The functionalization of GnPs helps in the uniform dispersion of GnPs
flakes throughout the polymer matrix, forming an inter-connected network for electrical
conduction. As a result, electrical properties will be increased [44,45].
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3.4. Mechanical Properties of FDM Parts

The change in functional groups on the surface of GnPs can differ polymer–filler inter-
actions in the respective composites. To confirm the attractive polymer–filler interaction
in TPU and GnPs experimentally, the mechanical properties of the various TPU/GnPs
composites were examined and compared, and the tensile strength and elongation at break
of the different TPU/GnPs composites are presented in Figure 5a,b. A serious relation
between the surface treatment of GnPs and mechanical properties of composites can clearly
be observed. IGnPs reduced the tensile strength of the composites, but when using PGnPs
and CGnPs, the increase was 22% and 23%, respectively, which could improve the structural
application of the composites. This result indicates that the polymer–filler interactions
between TPU and PGnPs or CGnPs are stronger than those between TPU and IGnPs,
which agree with the results of the rheological properties of composites. Meanwhile, the
elongation at break values of the surface-modified GnPs exhibits slightly more greatly
than the virgin GnPs composites. An application of CGnPs significantly increases the
tensile strength and elongation at the break of composites, i.e., up to 69.79 MPa and 645%,
respectively [37].

3.5. Dimensional Accuracy

Table 2 summarizes the mean values and standard deviations of dimensional varia-
tion in length between the FDM-printed parts, the CAD dimensions and the top surface
roughness of the prototypes. Specimens showed values of positive differences, meaning
that the length value exceed the CAD files. TPU/CGnPs composites show the most dimen-
sional accuracy, while TPU/PGnPs show the least dimensional accuracy. More specifically,
TPU/CGnPs and TPU/PGnPs show a mean error of 1.96% and 2.58%, respectively, while
TPU/GnPs and TPU/IGnPs depict a mean error of 2.52% and 2.12%, respectively. In short,
surface modification of GnPs can affect the dimensional accuracy of TPU/GnPs composites
specimens; moreover, TPU/CGnPs samples show the best dimensional performance, prob-
ably because of the high viscosity of TPU/CGnPs. High viscosity allows for an increase
in the content of spaces between paths [46–50]. Table 2 also indicates that homogenous
distribution of modified GnPs in TPU helps in enhancement of the surface roughness.
However, all specimens have high roughness values due to the layer-by-layer deposition
process of the FDM technique.
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Table 2. Mean value and standard deviation of the dimensional deviation and surface roughness.

Property Samples Mean Value Standard Deviation

Dimensional deviation (%)

TPU/GnPs 2.52 0.015

TPU/IGnPs 2.12 0.108

TPU/PGnPs 2.58 0.077

TPU/CGnPs 1.96 0.081

Surface roughness (µm)

TPU/GnPs 1.98 0.384

TPU/IGnPs 1.91 0.233

TPU/PGnPs 1.78 0.265

TPU/CGnPs 1.82 0.252

3.6. Morphologies of Various TPU/GnPs Composites

Homogenous dispersion and distribution of the GnPs in the TPU matrix is a vertical
factor for the property enhancement of the 3D-printed nanocomposites. The morphologies
of pristine GnPs and the fracture surfaces of the various TPU/GnPs filaments characterized
by FE-SEM are displayed in Figure 6. As Figure 6a shows, the GnPs is quite thin with
smooth surface, and certain GnPs are aggregated and corrugated with a diameter of a few
micrometers. The fracture surfaces of the TPU/GnPs (Figure 6b) and TPU/IGnPs (Figure 6c)
filaments are significantly different from the fracture surfaces of TPU/GnPs (Figure 6d) and
TPU/IGnPs (Figure 6e) filaments. Figure 6b,c shows rough and tortuous pathways, and the
surfaces of the composites containing platelets projecting outside from the surfaces, mean-
ing a weak adhesion to the matrix, and GnPs particles agglomerated into big agglomerates
segregate in the TPU matrix. In contrast, the facture surfaces of the TPU/CGnPs filament
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(Figure 6d) are quite smooth and flat; the CGnPs seem to be well-embedded in the TPU
matrix, and bundle formations gradually disappear for the composites, an indication of
strong interfacial interactions between the TPU and CGnPs, which are in good agreement
with the high mechanical properties of TPU/CGnPs composites [51,52].
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of the TPU/CGnPs filament (Figure 6d) are quite smooth and flat; the CGnPs seem to be 
well-embedded in the TPU matrix, and bundle formations gradually disappear for the 
composites, an indication of strong interfacial interactions between the TPU and CGnPs, 
which are in good agreement with the high mechanical properties of TPU/CGnPs compo-
sites [51,52]. 
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Figure 6. FE-SEM images of (a) GnPs and the fracture surfaces of (b) TPU/GnPs, (c) TPU/IGnPs,
(d) TPU/PGnPs and (e) TPU/CGnPs filaments.

4. Conclusions

In this work, the three different surface treatments for GnPs have been compared,
and their effects on the rheological properties of TPU/GnPs composites, as well as the
mechanical performance, dimensional accuracy and surface roughness of FDM-printed
TPU/GnPs specimens, have been analyzed. Furthermore, microscope imaging has pro-
vided insight into the reasons behind the observed changes in mechanical performance.
The introduction of IGnPs decreased the viscosity of TPU/IGnPs composites. There were
no significant rheological differences between TPU/PGnPs and TPU/CGnPs composites,
but TPU/CGnPs composites exhibited higher electrical conductivity. TPU/CGnPs FDM
parts showed a significant improvement of the dimensional accuracy and mechanical prop-
erties over the other three materials, mainly because the stronger interfacial interactions
between TPU and CGnPs. However, the PGnPs is more inclined to reduce the dimensional
accuracy of FDM parts. The TPU/IGnP composites exhibited comparable dimensional
accuracy compared with the TPU/CGnPs composites. However, it is also noted that the
TPU/IGnPS composites demonstrated the lowest tensile strength among the four types of

106



Polymers 2022, 14, 5182

composites. All specimens present similar but high surface roughness due to the nature of
FDM techniques; post-processing is necessary for further application. The results suggest
that GnPs modified with ADA is more effective in improving the multifunctional properties
of TPU.
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Abstract: Polyvinylidene fluoride (PVDF) presents highly useful piezo and pyro electric properties
but they are predicated upon the processing methods and the ensuing volume fraction of the β-phase.
Production of PVDF with higher β-phase content for additive manufacturing (AM) is particularly
desirable because it can enable the creation of custom parts with enhanced properties. Necessary steps
from compounding to the testing of a 3D printed piezo sensitive sensor are presented in this paper.
AM process variables and the influence of zinc oxide (ZnO) nanofiller on crystallinity, viscosity, and
electromechanical properties of PVDF, have been explored. Fourier-transform infrared spectroscopy
(FTIR) measurements confirm that a high cooling rate (HCR) of 30 ◦C·min−1 promotes the conversion
of the α-into the β-phase, reaching a maximum of 80% conversion with 7.5–12.5% ZnO content.
These processing conditions increase the elastic modulus up to 40%, while maintaining the ultimate
strength, ≈46 MPa. Furthermore, HCR 10% ZnO-PVDF produces four times higher volts per Newton
when compared to low cooling rate, 5 ◦C·min−1, pristine PVDF. A piezoelectric biomedical sensor
application has been presented using HCR and ZnO nanofiller. This technique also reduces the need
for post-poling which can reduce manufacturing time and cost.

Keywords: zinc oxide; PVDF; 3D printing; cooling rates; poling

1. Introduction

Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer with a monomer unit
of CH2–CF2 [1]. It has gained considerable attention in recent years due to its excellent
piezoelectric and pyroelectric properties [2–5]. PVDF has a piezoelectric constant d33 of
20 × 10−12 CN−1 and a voltage constant g33 of 160 × 10−3 mVN−1 [6]. PVDF polymer
shows less acoustic impedance and lower density compared to piezoelectric crystals [7,8].
PVDF has been used in sensors and actuators because it can convert mechanical deforma-
tions into coupled electric signals [4,9–11]. PVDF has also been employed in spin-valve
devices because of its inherent properties such as thermal stability, short switching time,
and large polarization. PVDF has also been used in capacitors, piezoelectric nanogenera-
tors, [12–16], and nerve tissue engineering in biomedical applications [11]. From the five
major crystalline polymorphs of PVDF, namely α, β, γ, δ and ε, β-phase PVDF is of singular
interest because the all-trans planar zigzag structure of molecules in this phase induces a
net dipole moment that results in the aforementioned piezoelectric properties [17]. Thus, a
variety of methods have been reported in the scientific literature to obtain β-phase PVDF.
However, to the authors’ knowledge, there is minimal research available on mechanically
compounding and 3D printing PVDF in the β-phase without poling.

Traditionally, the α to β transformation takes place when the α-phase is mechanically
drawn or stretched [18] at temperatures less than 100 °C, with stretch ratios ranging from
1 to 5 [19]. Solvent casting techniques such as electrospinning and spin coating have
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been widely used to obtain thin-film composites or a raw material to fabricate filaments
for Fused Deposition Manufacturing (FDM) [20–25]. A variety of nanofillers have also
been used to nucleate β-phase crystals such as barium titanate, zinc oxide (ZnO) and
titanium dioxide (TiO2) [26–29]. Certain PVDF copolymers such as P(VDF-TrFE) possess
piezoelectric properties, as previously reported in the literature [23,30,31]. Dodds et al.
found increased residual polarization with the addition of ZnO composites and speculated
greater film piezoelectricity. Hu et al. also showed encouraging results demonstrating
remnant polarization and β-phase crystallization with comparatively less amount of the
nano-filler (graphene oxide or carbon nanotubes) [24]. Kim et al., Xiong et al., and Haddadi
et al. used this process to obtain PVDF/silica composites where a marked transition from α
to β phase was observed in all three cases, but a mixed result was seen in an attempt to
enhance the mechanical properties of pure PVDF films [21,22,32].

Castanet et al. extruded a ZnO-PVDF nanocomposite and reported increments in β
phase proportional to the amount of ZnO [27]. Kim et al. and Kennedy et al. employed
a DMF solvent-cast approach to mix the nano-filler with PVDF before extruding the mix
into FDM or Fused Filament Fabrication (FFF) or 3D print filaments. The 3D printed
nanocomposite of Kim et al. used BaTiO3 as filler, and it was thermally poled after printing
the samples [33,34]. Kennedy et al. used multiwalled-carbon nanotube (MWCNT) as a
filler, and the 3D printed to be used as chemresistors rather than a piezoelectric sensor [35].
Porter et al. 3D printed PVDF films and demonstrated measurable piezoelectricity after a
corona poling was applied [36]. Recently, a rapid precipitation 3D printing technique where
a DMF-PVDF solution is 3D printed into a reservoir containing a non-solvent demonstrated
a 78% improvement on the β-phase fraction after hot-pressing and poling the 3D printed
samples [37]. Most of these procedures have only been utilized for obtaining thin films,
limiting the capabilities of 3D printers, which is a flexible technique that can be employed
to fabricate complex bulk specimens. Minimum research has been done on 3D printing
bulk samples of piezoelectric plastics such as PVDF. Moreover, the few studies that have
3D printed PVDF composite thin films have also required the need of additional techniques
such as thermal poling or solvent evaporation to obtain a higher concentration of β-phase
PVDF or are limited to the mechanical and printability properties of PVDF [10,25,33–35].

The research presented in this paper distinguishes itself from prior works by demon-
strating how the flexibility of 3D printing can be harnessed to create PVDF parts directly
in the β-phase. This effectively eliminates restrictions on sample/part shape and avoids
time-cost intensive post processes, opening the possibility to 3D print sensors or bistable
morphing generators [38]. Specifically, ZnO filler was used to promote β-phase PVDF
formation in situ during the printing of the polymer composite material without poling.
A simple and scalable manufacturing procedure (Figure 1) was envisioned by melt com-
pounding PVDF and ZnO nanoparticles into a composite polymer filament to be used
in commercially available FDM 3D printers. The extruded filaments were analyzed by
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier trans-
form infrared (FTIR) spectroscopy, and rheometry. Furthermore, this study expands on the
effect that cooling rates have on the formation of the β-phase, without poling or stretching,
to 3D print a ZnO-PVDF nanocomposite with an increased percentage of β phase con-
tent. Based on the material characterization results, two different 3D printing parameters
were identified to directly affect the percentage of β-phase in the final printed specimen.
Furthermore, the electrical and mechanical characterization methodology devised in this
study demonstrates significant potential for creating 3D printed ZnO-PVDF sensors that
are of custom design and could be integrated into shoe insoles to monitor human motion
and posture. The various steps from the compounding of the ZnO-PVDF polymer to the
creation and testing of the shoe insole sensor are illustrated in Figure 1 to explain the
significance of the work from the materials and process design to application development.
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Figure 1. Materials, fabrication, and testing: (a) PVDF, (b) ZnO, (c) compounding and extrusion of
the ZnO-PVDF nanocomposite into (d) 2.8 mm filaments were vacuum dried at 40 °C for 40 min,
(e) 3D printing of test specimens, (f) electrically insulated test support with copper electrodes where
the sample painted with conductive pain will rest, (g) lock-in amplifier connected directly to the test
support electrodes, (h) walking profile with a 2 mm amplitude programmed into an MTS testing
frame, and (i) measuring voltage generated during testing with an oscilloscope.

2. Materials and Methods
2.1. Materials

PVDF composite filaments were extruded with PVDF from ARKEMA Kynar® 740 with
a molecular weight of 250,000 gmol−1 [3], melt flow rate ASTM D1238 of 1.5–3 kg, a density
of 0.961 gcm−3, and melting point of 165–172 °C. Zinc oxide (30-1405, CAS 1314-13-2)
with an average size of 20 nm and a density of 5.606 gcm−3 was purchased from Strem
Chemicals. The conductive nickel paint (841AR Super Shield Nickel Conductive Coating)
with a surface resistance of 0.7 Ωsq−1 for a thickness of 0.05 mm was purchased from MG
Chemicals, Burlington, ON, Canada.

2.2. Extrusion

ZnO nanopowders were mixed in isopropyl alcohol and sonicated for 15 min, then
PVDF pellets were added, and the mixture was sonicated for another 15 min. This mixture
was placed in a vacuum oven at 40 °C to dry. The mixture was then compounded in an
filament extruder (EX-2 from Filabot, Barre, VT, USA) with a 3 mm nozzle and placed
285 mm above the air path, which was set at 100% fan speed, to cool the extruded filament
to ensure its roundness. The mixture was compounded for several passes to improve the
uniform distribution of the ZnO nanoparticles throughout the whole filament. The first
two passes were extruded at 170 °C at the maximum extruder speed and half speed of
the spooler. Under these conditions, a 1.5 mm filament was achieved. The temperature
was raised to 210 °C for the next three passes while maintaining the extruder and spooler
speeds. In between each pass, the filament was mechanically pelletized and placed back
into the extruder. The final pass was performed at an extruder temperature of 170 °C.
The extruder and spooler speeds were decreased to ≈50% and ≈0.9 turns, respectively,
to achieve a diameter of ≈2.5 mm required by the Ultimaker3 3D printer. At 170 °C , the
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extruder did not have enough torque to produce a uniform filament for 20% concentration
of ZnO; thus the velocity of the extruder was reduced to accommodate this limitation.

2.3. 3D Printing

An Ultimaker3 3D printer (Ultimaker, Utrecht, The Netherlands) with a closed environ-
ment was used to print all samples. The mechanical properties of the PVDF nanocomposites
were tested on four types of specimens. A 20 mm diameter by 1 mm thick rheometer speci-
mens, 50× 6× 1 mm DMA specimen, ASTM D790 50.8× 12.7× 1.6 mm three-point bending
specimen, and ASTM D638 Type V tensile specimen for tensile tests. 3D printer g-code was
generated using Cura with 100% infill following the conditions shown in Table 1. Three
samples of each specimen type were printed for both cooling profiles, High and Low Cool-
ing Rates (HCR and LCR), and also for each zinc oxide percentage. The LCR profile was
achieved by turning off the printer cooling fan, increasing the nozzle and bed temperatures,
and maintaining a closed-door during the print. Due to the enclosed environment and the
higher temperatures, there is a smaller temperature differential between the melted plastic
and the environment. Instead, the HCR profile had a lower bed, and nozzle temperature, an
open door, and the printer cooling fan was also on to maximum speed, thus forcing cooler
room air on the printed specimen. Although PVDF does not absorbe water, all filaments
were dried for 40 min in a vacuum dry oven at a 40 °C.

Table 1. 3D printing parameters.

Parameter Units LCR HCR

Initial layer height mm 0.27 0.27
Layer height mm 0.1 0.1
Line width mm 0.35 0.35
Infill direction ° [0, 0] & [45, 135]
Infill percentage % 100 100
Printing temperature °C 250 225
Build plate temperature °C 100 50
Printing speed mm s−1 20 20
Cooling fan % 0 100

2.4. SEM Imaging and EDS

A field emission scanning electron microscope (FE-SEM) (Supra 35 VP FEG from Zeiss,
Jena Germany) with an X-ray microanalysis system (XEDS) (Quantax 100 from Bruker,
Billerica, MA, USA) was employed to analyze the fracture of the specimens. All specimens
were coated with 5 nm of gold, and the images were taken at 5 KV to minimize charging
with a working distance of 4 mm. Further characterization used mapping XEDS, and
these spectra were collected using an accelerating voltage of 20 keV over a span of 300 live
seconds at a 10k× magnification and 10 mm of working distance. The most prominent
elements were fluorine (F), and zinc (Zn) which were used to identify the agglomeration of
the ZnO nanoparticles.

2.5. Thermo-Gravimetric Analysis—TGA

The thermal stability of the ZnO-PVDF and PVDF-TiO2 composite and the filler
concentration were measured via a thermogravimetric analyzer (TGA) (TGAQ500 from TA
Instruments, New Castle, DE, USA). All samples were heated in a nitrogen (N2) atmosphere
up to 850 °C at a heating rate of 10 ◦C·min−1. Three random samples from the ends and the
middle section of each filament were tested and analyzed using the TA Universal Analysis
software (TA Instruments, New Castle, DE, USA).

2.6. Differential Scanning Calorimetry—DSC

Differential scanning calorimetry (DSC) was employed to identify the melting (Tm),
crystallization (Tc), and glass transition (Tg) temperature of the samples. Two cooling rates
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were tested to identify the cooling rate’s effect on the crystallization of PVDF nanocom-
posites, a LCR of 5 ◦C·min−1, and a HCR of 30 ◦C·min−1. Tm was always measured at a
heating rate of 5 ◦C·min−1. Considering that higher heating rates provide a better resolu-
tion to identify the Tg point, a 10 ◦C·min−1 was selected for these experiments. All DSC
data were collected on the third run. Three samples from the ends of each filament were
characterized using DSC TAQ100 (TA Instruments, New Castle, DE, USA). The collected
data were analyzed with TA Universal Analysis software (TA Instruments, New Castle,
DE, USA).

2.7. Fourier Transform Infrared Spectroscopy—FTIR

The polymeric nanocomposite material was 3D printed into specimens following the
printing procedure stated earlier. The samples were characterized using a Nicolet™ iS™ 5
FTIR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). FTIR measurements
were collected at one cm−1 with 32 scans. All DSC samples and all printed DMA specimens
were analyzed by FTIR.

2.8. Rheometry

The rheology data was collected on a HAAKE RheoWin 4.82.00 with a MARS 40
measuring device (Thermo Fisher Scientific, Waltham, MA, USA). A PP20 Adapter-01180765
was used for measuring the geometry. The PDVF-ZnO samples in Table S1 were all analyzed
on the rheometer at three temperatures, 200 °C, 225 °C and 250 °C. The instrument was
heated to the target temperature and then the sample was loaded into the test chamber.
The instrument then allowed the sample to heat up for 120 s. Following the temperature
adjustment, the instrument then began collecting data and ran for 100 s. During the 100 s−1

test interval, the instrument measured steady viscosity (Pa·s) vs. the shear rate (s−1).

2.9. DMA

The width and thicknesses of all DMA specimens were measured at three different
points, and the average dimension was used in the stress and strain calculations. A RS3
DMA (TA Instruments, New Castle, DE, USA) was used to measure the storage modulus
(E’), loss modulus ( E”), and tan(δ) (E”/E’). During testing, specimens were allowed to
stabilize at room temperature of 23 °C by introducing an isothermal segment of 2 min
before a ramp-up cycle up to 150 °C at a rate of 5 ◦C·min−1. Data were collected at an
interval of 10 s.

2.10. Tensile and Flexion

Tensile tests were conducted according to the ASTM D638 standard type V for tensile
properties of reinforced plastics using [39]. Similar to the DMA test, the widths and thick-
nesses of all the samples were measured at three different points, and the average of these
dimensions was used for the calculation of tensile strength and modulus of the specimen.
The crosshead speed was set at 1 mm·mm−1·min−1 according to the standard [39]. The
specimen was allowed to reach the rupture point. The load and the extension and of
each specimen were recorded every 50 ms. Three samples for each printing condition and
material combination were tested.

Flexural tests were conducted according to the ASTM D790 standard. In this case,
a 3 point bend test fixture was fitted in the grippers of 30 kN Instron. Subsequently, the
specimen was tested by placing them centrally on the supports. The crosshead speed was
set at 1 mm·min−1 according to the standard [40]. Similar to the tensile test, the dimensions
were taken at three different points and the average was used for the calculation of flexural
modulus. The load and the extension of each specimen were recorded every 20 ms. Three
samples for each printing condition and material combination were tested. Both tensile
and flexural tests were performed on a Universal test frame (series 5960 Instron, Norwood,
MA, USA).
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2.11. Electrical Response

The electrical response of the 3D printed PVDF and ZnO-PVDF nanocomposite was
measure in a three-point bending test under a cyclic strain of 0.2–0.4% at 6 Hz initially
and later at 0.8 and 4 Hz to match the walking gait profile of an average person [41]. The
ASTM D790 3-point bending specimens were coated with a conductive nickel paint with
an approximate thickness of 0.5 mm. The RS3 DMA (TA Instruments, New Castle, DE,
USA) was employed to strain the sample for 10 s. A 3-point bending plastic support with a
25 mm span (Figure 1) fitted with copper electrodes was mounted on the DMA. The copper
electrodes were connected with a BNC cable to a lock-in amplifier (SR810 from Stanford
Research Systems, Sunnyvale, CA, USA) and the output signal was measured with an
oscilloscope (SDS1104X-E from Siglent, Shenzhen China). The applied force was calculated
using the measured dimensions and the average modulus of elasticity of the samples. The
simulated walking gait profile was programmed into a hydraulic MTS load frame (100 kN
Landmark from MTS, Eden Prairie, MN, USA) and use the same electrical connections as
previous tests. Two samples samples for each printing condition and material combination
were tested.

3. Results and Discussion

During the filament extrusion provides the first insights on the behavior concentration
of ZnO nanopowder

3.1. Materials Characterization

Since 3D printing PVDF requires a nozzle temperature of 250 °C and PVDF decom-
poses in toxic fumes, the thermal stability of the PVDF nanocomposite was first evaluated.
Thermogravimetric analysis of ZnO-PVDF (Figure 2) shows a thermal stability increase as a
function of the ZnO content. The decomposition temperature increases up to 25 °C higher
than that of pristine PVDF for a 20% content of ZnO. This increased thermal stability is
attributed to the interaction between the polymer and ZnO nanoparticles. TGA data also
determined the amount of ZnO present in each compound filament. Table S1 shows the
average amount of ZnO remaining after the calcination of PVDF, while there was a loss of
ZnO during compounding, TGA measurements show a low standard deviation and error
on the ZnO weight left after PVDF’s calcination, suggesting a uniform extruded filament.
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Figure 2. TGA measurements (inset shows a magnification in the area of interest).

The glass transition temperature (Figure S1), measured using a differential scanning
calorimetry, increased as a function of the percentage of ZnO content of the samples. In
agreement with existing literature, smaller changes were noticed for samples with less than
7.5% of ZnO, which presented Tg at −40.1 °C and 30.9 °C for pristine PVDF and 7.5%
of ZnO, respectively. 20% ZnO samples showed the highest Tg at −7.5 °C (Figure S1).
The increasing Tg can be explained by the lower molecular mobility of the PVDF chains
induced by the ZnO nanoparticles’ and the crystallinity of ZnO [42].
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The crystallinity of PVDF and ZnO-PVDF nanocomposite samples (Figure 3) was
calculated using Equation (1) with a melting enthalpy of 100% PVDF H∗

f equal to 104.6 Jg−1,
and heat flow ∆H f equal to the area under the crystallization peak (Figure S2) [43–45].
The overall crystallization time (Figure 3) was calculated by subtracting the time at the
crystallization peak temperature from the on-set temperature-time (Figure S2). The effect
of the cooling rate on the crystallinity and time of crystallization was analyzed by cooling
the samples at two different rates: a LCR of 5 ◦C·min−1 and a HCR of 30 ◦C·min−1.

Xc =
∆H f

∆H∗
f
× 100%. (1)
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Figure 3. Comparison of the crystallinity percentage and the time of crystallization, tc as function of
the ZnO sample content and cooling rate.

High cooling rate samples produced a slightly larger percentage of crystallization
(Figure 3) than the low cooling rate samples, while with HCR, the degree of crystallization
is relatively stable until 15% of ZnO; thereafter, the crystallinity decreases. This behavior
is also observable on LCR, where the crystallinity of the samples drops for contents of
ZnO larger than 12.5%. This reduction of crystallinity could be attributed to the reduction
of nucleation sites due to the agglomeration of the ZnO nanoparticles as shown on the
mapping XEDS (Figure S3) due to the increased content of ZnO as previously reported by
Castanet et al. [27]. ZnO nanoparticles have a significant contribution, mainly in the range
of 10–15% of ZnO, on the reduction of the time to crystallization (Figure S1), ≈35% and
≈12% for the HCR and LCR, respectively, with respect to pristine PVDF. The reduction of
the time to crystallization can be attributed to the increased nucleation sites created by the
presence of the ZnO nanoparticles. The ZnO nanofiller also increased the temperature of
crystallization (Figure S2), reaching up to ≈7 °C higher for both cooling rates. Samples
with 10–15% ZnO also depict a narrower crystalization peak compared to pristine PVDF,
suggesting a narrow crystallite size distribution [46,47].

Following the crystallization cycles, both high and low cooling rate samples were
melted at 5 ◦C·min−1. DSC melting cycles following LCR exhibited a lower temperature
shoulder or a decrease of the melting temperature, with respect to pristine PVDF, 170.3 °C,
for all ZnO-PVDF samples above 5% of ZnO (Figure 4). Samples with 7.5% of ZnO
presented the lowest melting temperature at 167.9 °C for LCR samples. Instead, HCR
produced a double melting peak or a shoulder of the main melting temperature peak for
all samples. This lower-temperature melting peak decreased with the increase of ZnO
content until reaching a minimum with 15% of ZnO content at 164.4 °C, which is the
melting temperature of β-phase of PVDF. Sencadas et al., Harstad et al. and Soin et al.
reported the formation of a shoulder and a second peak at 165 °C to be proportional to
the increment the PVDF β-phase [48–50]. Literature also indicates that the γ-phase have a
175 ◦C < Tm < 175 ◦C , the α-phase have a 172 ◦C < Tm < 180 ◦C, and the β-phase has a
165 ◦C < Tm < 172 ◦C [12,14,16,50,51]. Both HCR and LCR samples, present no visisble
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peaks or shoulders at temperatures above 175 °C, suggesting a minimum presence of the γ
phase on the ZnO-PVDF nanocomposite [51].
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Figure 4. DSC melting temperature for (a) 5 °C min−1 LCR, and (b) 30 °C min−1 HCR.

FTIR spectra (Figure S4) were collected from the bottom of the DSC samples after
cooling the samples at HCR and LCR on the third DSC cycle. There are no appreciable
shoulders on 1234 cm−1, suggesting the lack or minimum content of the γ-phase. The
840 cm−1, which represents the β phase and the γ-phase, decreases its transmittance as
a function of the ZnO reaching a minimum transmission with 10–12.5% of ZnO, for both
HCR and LCR samples. Similarly, the 1275 cm−1 peak, which represents the β phase
solely, decreases its transmittance as a function of the amount of ZnO reaching a minimum
transmission with 10% of ZnO, while the α phase 760 cm−1 increase for both HCR and LCR
samples. These findings are in agreement with existing literature [14,37,51,52]. Moreover,
FTIR result corroborate the findings from DSC melting temperatures. Based on these
findings, two FDM or 3D printing profiles were designed, Table 1, to mimic as close as
possible both DSC, high and low, cooling rates. It is important to mention that the 3D
printed LCR profile was limited by the 3D printing environmental control, which produced
a cooling rate higher than 5 ◦C·min−1. Specimens for rheometry, DMA, tensile and flexural
tests were 3D printed for subsequent analysis of the PVDF and ZnO-PVDF nanocomposite
mechanical properties.

FTIR measurements (Figure S5) were also performed on the upper surface of all the
3D printed DMA specimens. These spectra exhibit a reduction of the transmittance on the
400–500 cm−1 band assigned to the characteristic stretching mode of Zn-O bond propor-
tional to the ZnO percentage in the sample. In addition (Figure 5), the α peak, 760 cm−1,
increases its transmittance as a function of the ZnO percentage, reaching a maximum at
10–12.5% of ZnO, while the β − γ peak, 840 cm−1, and the β peak, 1275 cm−1, decrease
their transmittance proportionally to the percentage of ZnO. A minimum transmittance for
the peak of the 840 cm−1, and 1275 cm−1 peaks was found at concentrations of 10–12.5% of
ZnO. Similarly to the DSC samples, there is no apparent change to the 1234 cm−1 γ peak.
When comparing the changes in transmittance, there is also a reduction proportional to
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the ZnO percentage with a maximum of 80% reduction (Figure 5) of the α minus β ratio
with respect to the pristine PVDF for the 10% ZnO samples. Due to the smaller difference
in cooling rates of the 3D printed samples compared to the DSC samples, there are no
statistical differences between the two printing profiles.
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Figure 5. Comparison of transmittance changes for the α and β peaks as a function of the ZnO sample
content and cooling rate.

3.2. Rheological and Mechanical Properties

Lower shear viscosity and elasticity have been related to ease of 3D printing and qual-
ity [53,54]. The viscosity curves (Figure 6) obtained from the rheometer show a broad plateau
of constant shear viscosity, e.g., below shear rates of 10 s−1 for pristine PVDF. Above shear
rates of 10 s−1, there is a significant reduction, e.g., one order of magnitude, of the shear
viscosity as a function of the temperature. There are no significant differences between the
HCR and LCR samples using pristine PVDF. However, ZnO-PVDF nanocomposite sam-
ples exhibit increased shear stress (Supporting Information Figure S5) and shear viscosity
(Figure 6) at temperatures below 200 °C. Suggesting, a reinforcing effect due to the ZnO
nanoparticles. This effect also increased pressure on the extruder for ZnO concentration
above 15%, resulting in a reduction of the extrusion speed to produce a uniform filament.
However, at higher temperatures, above 225 °C, ZnO produced a reduction of the shear
viscosity of ≈678 and ≈827 Pa·s for the LCR and HCR, respectively, at lower shear rates of
≈2 s−1 than the pristine PVDF. The thinning effect of the ZnO is more significant with HCR
of PVDF nanocomposites, reaching a minimum shear viscosity of ≈68 Pa·s, and shear stress
of ≈680 Pa, at 250 °C and 10 s−1, for a ZnO concentration of 7.5–12.5%. The ZnO thinning
effect can be attributed to the ZnO nanoparticle size being smaller than the polymer’s RMS
radius of gyration as seen before by Mackay et al. and Kairn et al. [55,56]. However, as the
concentration of ZnO increases above 12.5%, the shear viscosity (Figure 6) and shear stress
of PVDF (Figure S6) began to increase. The filler-like behavior is attributed to the large
concentration of ZnO and agglomeration of the nanoparticles (Supporting Information
Figure S3). Similar thinning behavior, for <12.5% ZnO, and filler-like behavior, for >12.5%
ZnO, is present in both the LCR and HCR samples for temperatures above 225 °C. Due to
the thinning effect of ZnO, PVDF-ZnO nanocomposites have significant lower viscosities,
≈10 Pa·s, than pristine PVDF, ≈100 Pa·s, at higher shear rates, e.g., ≥100 s−1. Thus, making
PVDF-ZnO nanocomposite a better option for FDM 3D printers since typical shear rates at
the nozzle are in the range of 102–103 s−1 depending on the printing filament speeds [54].
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Figure 6. Shear viscosity η versus shear rate γ at different temperature profiles for low and high
cooling rate 3D printed samples.

DMA specimens of both 3D printing profiles show a storage modulus (Figure 7), an
order of magnitude higher than the loss modulus (Figure S7). Hence, material elasticity
remains dominant at lower temperatures. In the high-temperature region, the difference in
the magnitudes of the two moduli reduces to an extent, yet the loss modulus remains lower
than the storage modulus. In the LCR samples, E’ (Figure 7a) and E” (Figure S7a) decrease
with the increasing percentage of ZnO. A similar trend was observed in the material
viscosity (Figure 6). The HCR specimens show a proportional elastic modulus (Figure 7b)
and loss modulus (Figure S7b) to the percentage of ZnO. The stiffening effect could be
due to the lower time to crystallization (Figure 3), good dispersion of the nanoparticles in
the matrix, and the high surface area of the ZnO particles as reported by Cao et al. [57].
The increment in the storage modulus (Figure 7b) indicates that HCR condition with ZnO-
PVDF nanocomposite material creates higher resilience to high temperatures. The opposite
trend observed in LCR specimens (Figure 7a) indicates that lower cooling rates hinder the
stiffening effect of ZnO nanoparticles. Similar results were obtained by Flyagina et al. [58].
The larger crystallites may explain the softening effect that slow cooling has on ZnO-PVDF
nanocomposite due to the longer time to crystallization of ZnO-PVDF nanocomposite
(Figure 3).
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Figure 7. Storage modulus (E’) of DMA specimens 3D printed with: (a) low cooling rate (LCR), and
(b) high cooling rate (HCR).

Tensile and flexural tests were also carried out following ASTM D638 and D790 for both
cooling rates specimens [39,40]. Two infill configurations were studied; an infill orientation
[0°, 0°], and an infill orientation of [45°, 135°] with respect of the tensile force. Pristine
PVDF has a natural elongation, which decreases with an increased percentage of ZnO filler
(Supporting Information Figure S8a,b) when printed at LCR regardless of the printing infill
direction. HCR printed samples produced a higher elongation than LCR for pristine PVDF
at low concentrations of ZnO, e.g., <5%, (Supporting Information Figure S8c,d) regardless
of the infill printing orientation. SEM images of the tested specimens also corroborate these
findings. LCR presented minimum deformation at the breaking point, while HCR showed
(Figure 8) a plastic deformation before rupture. PVDF and PVDF-ZnO nanocomposite
produced high-quality prints (Figure 9) with no appreciable difference between HCR and
LCR printing profiles.

500μm
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500μm 500μm

a)

d)c)

Figure 8. SEM micrographs of representative tensile specimens 3D printed with a [45°, 135°] infill
direction: (a) LCR pristine PVDF, (b) HCR pristine PVDF, (c) LCR of 10% ZnO-PVDF, and (d) HCR
of 10% ZnO-PVDF. The red circles shows elongation characteristic of the ductile failure of the
HCR sample.
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Figure 9. Optical image comparing DMA specimens 3D printed with a [45°, 135°] with HCR and
LCR printing profiles.

Further analysis of the tensile specimens showed an increase of ≈25% in the elastic
modulus (Figure 10b,d) between pristine PVDF and the 20% of ZnO HCR sample with
a [45°, 135°] infill. The modulus for specimens printed with [0°, 0°] infill orientation and
HCR (Figure 10a,c) also increases proportionally to the percentage ZnO in the samples,
to a maximum of 0.9 GPa, approximately 30% larger than the modulus of pristine PVDF.
The lower modulus of the [0°, 0°] infill direction samples is attributed to a higher degree
of anisotropy and defects of the [0°, 0°] printed samples. Three-point flexion tests of the
HCR samples also display a similar increase of the elastic modulus (Figure 10c,d) with the
increasing percentage of ZnO nanofiller, with a maximum elastic modulus of 2.0–2.3 GPa,
which is ≈40% greater than that of pristine PVDF. The elastic modulus of the LCR samples
printed with [0°, 0°] infill direction shows no statistically significant difference between
the pristine PVDF and ZnO-PVDF nanocomposite specimens. The elastic modulus of LCR
samples printed with a [45°,135°] infill pattern decreased as the content of ZnO is increased
in the ZnO-PVDF nanocomposite. 3D printed specimens, regardless of the infill direction,
with HCR produced a significant increase in the elastic modulus (Figure 10b,d) as a function
of the ZnO content. The elastic modulus increase could be attributed to the lower time to
crystallization (Figure 3), increased β phase formation (Figure 5), and the stiffening due to
the nanofiller as reported previously in the literature [27,59].

The strength of the 3D printed specimens (Figure 10e,f) with HCR did not show
any statistically significant difference between pristine PVDF samples and ZnO-PVDF
nanocomposite for either of the infill directions [0°, 0°] and [45°, 135°]. LCR produced
stronger pristine PVDF specimens, but the strength reduces with increased content of ZnO.
These results were confirmed by testing the filament used to print the specimens (Figure S9).
The extruded filament was cooling down to room temperature using fans. Thus, its cooling
rate is comparable to the HCR rate of the 3D printed samples. The filament displayed
no statistical difference in strength, except for the 20% of ZnO. The filament composite
displayed an increase of the elastic modulus proportional to the content of ZnO with a
maximum elastic modulus of ≈2.1 GPa, an increase of 30% with respect to the pristine
PVDF. This result is in agreement with the strength and elastic modulus of the specimens
3D printed with HCR and a [45°, 135°] infill pattern.

121



Polymers 2022, 14, 4312

Te
n.
	M
od
ul
us
	[G
Pa
]

0.6

0.8

1

1.2

1.4

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

LCR
HCR

a)	[0∘,0∘]	direction Te
n.
	M
od
ul
us
	[G
Pa
]

1

1.5

2

2.5

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

b)	[45∘,135∘]	direction
Fl
ex
.	M
od
ul
us
	[G
Pa
]

1

1.5

2

2.5

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

c)	[0∘,0∘]	direction Fl
ex
.	M
od
ul
us
	[G
Pa
]

1

1.5

2

2.5

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

d)	[45∘,135∘]	direction

Te
n.
	S
tre
ng
th
	[M
Pa
]

30
35
40
45
50
55
60

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

e)	[0∘,0∘]	direction Te
n.
	S
tre
ng
th
	[M
Pa
]

30
35
40
45
50
55
60

Content	of	ZnO	[%]
0 2.5 5 7.5 10 12.5 15 20

f)	[45∘,135∘]	direction

Figure 10. Average tensile and flexural test results of specimens 3D printed with HCR (blue) and
LCR (red). Elastic modulus from tensile test (a) [0°, 0°] infill direction, (b) [45°, 135°] infill direction,
flexural modulus from three-point bending (c) [0°, 0°] infill direction, (d) [45°, 135°] infill direction,
tensile strength of 3D printed specimens with (e) [0°, 0°] infill direction, and (f) [45°, 135°] infill
direction.

3.3. Electrical Response

The electrical response (Video S1) of the 3D printed specimens was also measured. The
three DMA samples, with infill direction of [45°, 135°], were coated with conductive nickel
paint with an averageresistance of 2.2 ± 0.2 Ω at 25 mm. These samples were subjected
to 6 Hz cyclic loading, a 0.2% and 0.4% strain amplitude with a span of 25 mm. When
the locking amplifier was set to match the driven frequency of the DMA (Figures S10
and S11), the signal saturate at the peak voltage, reaching a maximum after two seconds
of oscillating input. The driving force of the DMA was calculated as a function of the
measured elastic modulus of the samples (Figure 10d) and the input strain. The measured
voltage was related to the force and plotted as a function of the content of ZnO (Figure 11).
Samples with 7.5–15% ZnO produced a two fold increment of the voltage per unit force
with respect of the pristine PVDF samples. Furthermore, the HCR samples produced
≈70% increment of the generated voltage compare to the LCR and approximately a four
times higher voltage per unit force (Figure 11) for HCR 10% ZnO-PVDF with respect of
LCR pristine PVDF. These results correlate with the FTIR (Figure 5) and DSC (Figure 4)
measurements, which show that samples with 7.5–15% ZnO had a larger percentage of β
phase. ZnO nanoparticles may have also improve the charge motion to the electrodes, in
accordance with Zhang et al. findings, and thus increasing the voltage signal [60].
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Figure 11. Average volts per newton generated by the 3D printed PVDF and ZnO-PVDF nanocom-
posite samples as function of the percentage of ZnO for low (red) and high (blue) cooling rates.

Experimental testing also revealed a frequency dependency of the signal generated
by the test samples. As the setting frequency on the locking amplifier increased above the
driven frequency, the signal of the PVDF-nano composite samples became sinusoidal and
its frequency increased proportional to the locking amplifier’s frequency set point. When
the locking amplifier matching frequency is set to two times the driven frequency, then the
specimen signal match (Figure 12a,b) the input force frequency. Setting the locking amplifier
at a higher matching frequency increases the signal frequency and decreases the signal
amplitude (Figure 12c,d), while the frequency response remains constant, ZnO increases
(Figure 11) the signal amplitude, with 10% of ZnO content producing the maximum volts
per newton of applied force, ≈0.0175 V/N. Similarly, HCR samples (Figures 11 and 12)
increase the voltage to force signal by approximately two times regardless of the ZnO
content, with the exception of the 5% of ZnO. 5ZnO also presents the lowest (Figure 5)
alpha to beta transmittance difference, and its melting point (Figure 4) is similar to pristine
PVDF, suggesting a lower percentage of β-phase formation. This effect is attributed to the
higher concentration and agglomeration of ZnO (Figure S3).
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Figure 12. Voltage signal generated by the 3D printed PVDF and ZnO-PVDF in response to a 0.2%
and 0.4% sinusoidal strain at a frequency of: (a) 4 Hz for LCR samples, (b) 4 Hz for HCR samples,
(c) 0.8 Hz for LCR samples, and (d) 0.8 Hz for HCR samples.
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Since the 10ZnO specimens produce a better electrical response, they were also tested
by applying a strain that simulates a walking profile (Figure 13) of an average person
(Video S2) [41,61]. The walking profile was set to a maximum deflection amplitude of
2 mm, while the MTS test frame measured the force, and the sample signal was amplified
and measured with the same setup from previous experiments. The 10Zn samples, HCR
and LCR, were capable of reproducing the input signal (Figure 13) with higher accuracy
than the signal of pristine PVDF samples (Video S2). Similar to the frequency tests on the
DMA samples (Figure 12) and due to the superimposed frequencies of the walking profile,
there is a frequency mismatch with respect to the applied wave. The HCR specimens for the
PVDF and 10Zn specimens produced ≈2 times more volts per newton compared to the LCR
specimens. The 10Zn also produced a ≈30% and ≈20% increase in V/N than pristine PVDF
samples for HCR and LCR specimens, respectively. The 10Zn samples, HCR and LCR, were
capable of reproducing the input signal (Figure 13) with higher accuracy than the pristine
PVDF samples (Video S2). The increased signal of the 10Zn samples with respect to pristine
PVDF is similar to the observed V/N at a constant driving frequency (Figure 12). Two
10ZnO samples were tested (Figure S12) under the same condition producing an equivalent
electrical response to the applied load. Similarly, the two PVDF specimens produced an
equivalent response. These results suggest that the 3D printed ZnO-PVDF composite
material is repeatable and correlates to the locking amplifier’s matching frequency. Thus,
the need for a frequency response characterization of the sensor, which is outside of the
scope of the current project.
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Figure 13. Voltage signal generated in response to a walking profile simulated on an MTS tensile
frame for by pristine PVDF and 10%ZnO PVDF nanocomposite samples created with: (a) LCR and
(b) HCR 3D printing profiles.

4. Conclusions

PVDF and PVDF metal oxide nanocomposites were compounded and extruded into
filaments for FDM or FFF 3D printers. The filaments properties were characterized by
analyzing thermal stability, crystallinity, and crystal phase composition by using TGA, DSC,
and FTIR. Furthermore, the filaments’ viscosity was studied at temperatures close to the
nozzle temperature to 3D print PVDF. The mechanical properties of 3D printed parts were
also characterized along with the electrical output to a mechanical strain. TGA analyses
exhibited an increase of ≈25 °C of the decomposition temperature with respect to pristine
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PVDF. DSC measurements also showed an increase in the glass transition temperature
as a function of the ZnO content. Although DSC did not show a significant increase in
crystallinity of the nanocomposite filament as a function of the ZnO content, it did exhibit a
≈35% and ≈12% reduction in the time of crystallinity for a HCR of 30 ◦C·min−1 and LCR
of 5 ◦C·min−1, respectively, for samples with a 12.5–15% ZnO. Samples with 10–15% of
ZnO also depict a narrower crystalization peak compared to pristine PVDF, suggesting a
narrow crystallite size distribution. DSC melting cycles following a HCR of 30 ◦C·min−1

produced a double melting peak. The lower temperature melting peak increase with the
ZnO content until reaching a minimum with 15% at 164.4 °C, which is typically attributed
to PVDF β-phase. FTIR corroborated the DSC measurements and showed a decrease of
the 840 cm−1 and 1275 cm−1 peaks, which represent the β phase, reaching a minimum
transmission with 10–12.5% of ZnO content. The α-phase 760 cm−1 increased as a function
of the amount of ZnO, reaching an 80% reduction of the α/βratio with 10–12.5% of ZnO.
The ZnO-PVDF nanocomposite filament’s shear viscosity reduced as a function of the
ZnO percentage reaching a minimum at 7.5–12.5% of ZnO, due to the size of the ZnO
nanoparticles. Overall the HCR ZnO-PVDF produces up to ≈40% increase of the elastic
modulus while maintaining the same ultimate strength of the pristine PVDF. Furthermore,
concentrations of ZnO up to 5% increased the toughness of the ZnO-PVDF nanocomposite.
Printing infill direction does not affect HCR samples, but it increases the PVDF and ZnO-
PVDF nanocomposite strength when 3D printed with an LCR. FTIR measurements indicate
that 7.5–12.5% of ZnO promote up to 80% conversion of the α into β phase, in agreement
with the DSC measurement. Finally, the electrical response measured by applying a
cyclic strain of 6 Hz generated up to 70% higher voltage per unit force for samples with
7.5–12.5% of ZnO compared to pristine PVDF. High cooling rate printed samples generate
an electrical signal up two times large for the same amount of force compared to the
LCR specimens. Thus, an overall four times higher voltage per unit force for HCR 10%
ZnO-PVDF with respect to LCR pristine PVDF. Furthermore, 10%ZnO-PVDF printed
were capable of reproducing a walking profile more accurately than pristine PVDF,and
HCR 10% ZnO-PVDF samples also generated a higher volt signal. Thus, suggesting that
under the proper printing conditions, the ZnO can be used to promote β phase of PVDF
nanocomposite material by directly 3D print the desired part without post poling and
samples thicker than a thin film. The advantages of the proposed technique for creating
parts with PVDF include improved mechanical properties, higher thermal decomposition,
increased electrical response and elimination of extra poling steps. Optimization of the
process has helped identify the ideal cooling rates and filler content.
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Abstract: Samples of composite materials based on high-performance semicrystalline polyimide
R-BAPB (based on the dianhydride R: 1,3-bis-(3′,4,-dicarboxyphenoxy)benzene and diamine BAPB:
4,4′-bis-(4′′-aminophenoxy)diphenyl)) filled with carbon nanofibers and micron-sized discrete carbon
fibers were obtained by FFF printing for the first time. The viscosity of melts of the composites based
on R-BAPB, thermal, mechanical characteristics of the obtained composite samples, their internal
structure, and biocompatibility were studied. Simultaneously with FFF printing, samples were
obtained by injection molding. The optimal concentrations of carbon fillers in polyimide R-BAPB for
their further use in FFF printing were determined. The effect of the incorporation of carbon fillers on
the porosity of the printed samples was investigated. It was shown that the incorporation of carbon
nanofibers reduces the porosity of the printed samples, which leads to an increase in deformation
at break. Modification of polyimide with discrete carbon fibers increases the strength and Young’s
modulus sufficiently but decreases the deformation at break. The cytotoxicity analysis showed that
the obtained composite materials are bioinert.

Keywords: polyimide; FFF-printing; additive technologies; nanocomposites; carbon fiber; biocom-
patibility

1. Introduction

Fused filament fabrication is the most popular approach among the additive technolo-
gies [1,2]. The frequency of application of the FFF method can be explained by the low cost
of printing equipment, easy maintenance, and, at the same time, the possibility of obtaining
high-quality parts of complex configuration. One of the main problems of FFF technology
for functional application is the low mechanical properties of the obtained products in
comparison with traditional production methods, such as extrusion or injection molding.
This is due to the unavoidable presence of pores because of the layered deposition of the
material [3,4], insufficient adhesion between the layers, as well as the tendency of thermo-
plastic polymers to shrink while cooling during printing [5]. To improve the mechanical
characteristics of these products, there are two main solutions: use of new materials or
modification of existing ones [6,7]. Currently, FFF printing most often uses such polymers
as ABS (acrylonitrile butadiene styrene) plastic and polylactide, as well as polyamides
with low mechanical characteristics (their strength does not exceed 60 MPa). To increase
the mechanical properties of polymer samples processed by FFF, it is necessary to involve
high-performance thermoplastic polymers for this type of printing. Materials obtained
from high-performance thermoplastics are distinguished not only by high strength charac-
teristics, but also have increased thermal, fire, and frost resistance, high fracture toughness,
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chemical resistance to aggressive liquids, and some other special properties. One of the
representatives of this class of thermoplastics are polyimides. Products from this class
of thermoplastics primarily ensure the stable operation of products obtained from them
at high temperatures [8]. Polyimides are used in the production of structural materials,
coatings in the aerospace industry, and the bases of flexible printed circuit boards, and they
are also promising structural materials for biomedical purposes, due to such operational
characteristics as heat resistance, chemical stability, hydrophobicity, and bioinertness [9].

One of the promising thermoplastic polyimides is the semicrystalline polyimide R-
BAPB based on the dianhydride R: 1,3-bis-(3′,4,-dicarboxyphenoxy)benzene and diamine
BAPB: 4,4′-bis-(4′′-aminophenoxy)diphenyl) (Figure 1).
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Figure 1. Chemical structure of the polyimide R-BAPB.

The glass transition temperature of R-BAPB is about 205 ◦C and the melting point
is about 318 ◦C [10]. A main feature of polyimide R-BAPB is the ability to control crys-
tallization and recrystallization at low melt viscosity (up to 1000 Pa·s at 360 ◦C), which
contributes to its processing by traditional methods suitable for thermoplastics (injection
molding, extrusion, hot pressing, etc.). The ability to crystallize from the melt allows one
to increase the actual temperature of operation, wear resistance, chemical resistance, and
several other operational characteristics of products. To increase the crystallization rate, it
is possible to add some nucleants, for example, various carbon nanoparticles [11].

Along with the use of high-performance plastics, an effective way to improve the
3D-printing process and the characteristics of the resulting products is the introduction of
various fillers into the polymer material [12,13]. Composite materials are used to achieve
the desired mechanical and functional properties by improving the matrix material by
adding particles, fibers, or nanomaterials [14–16].

Over the last decade, polymer nanocomposites have received much attention, both
in fundamental and applied research, due to the possibility of controlling the operational
properties of lightweight materials based on them by adding nanofillers. The reason for this
is that the nanofillers have a significantly higher ratio of surface area to volume compared
to micro- and macrofillers [17]. In particular, the incorporation of carbon nanotubes and
nanofibers has a positive effect on the mechanical characteristics of products, increasing
the Young’s modulus and tensile strength [18].

The study [19] compared the behavior of amorphous polyetherimide (PEI) (ODPA-P3)
with semicrystalline (BPDA-P3) with the incorporation of single-walled carbon nanotubes
(SWCNT; 0.1–4.4 vol.%). Tensile tests showed that the yield strength was the same for both
polyimides when loading SWCNT up to 0.3 vol.%. Above this concentration, the yield
strength for the BPDA-P3 nanocomposites remained constant, whereas for the ODPA-P3
nanocomposites, it increased from 80 up to 126 MPa (1.2 vol.%). In our previous work [20],
we showed the influence of carbon nanofibers such as VGCF (vapor grown carbon fiber) on
the mechanical properties of polyethyrimide samples processed by FFF. The incorporation
of 1 wt.% VGCF into the polyethyrimide increased the strength and Young’s modulus of the
printed samples and these values approached those values of the PEI samples processed
by injection molding. In [21], it was noted that with an increase in the mass fraction of
the carbon nanofibers incorporated into ABS plastic, the tensile strength of FFF-printed
samples also increased. Incorporation of 2 wt.% carbon nanofibers into the ABS-matrix
resulted in a 40% increase in strength compared to pure ABS. Similarly, an increase of
26.1% in strength was observed for ABS with 1 wt.% carbon nanofibers. The authors in [22]
achieved an increase in strength and Young’s modulus for printed ABS samples filled with

130



Polymers 2022, 14, 3803

VGCF by 39% and 60%, respectively, compared with ABS without filler. The article [23]
reports that the tensile strength of the printed samples increased almost 3 times with the
addition of 7 wt.% of multi-walled carbon nanotubes in ABS.

Mostly, the improvement in strength with the incorporation of nanoparticles into a
volume of polymer is explained by the structure organization of the particles in the matrix,
and their additional orientation during printing that provides a small reinforcing effect.
The increase in the modulus is facilitated by an increase in the stiffness of products as the
particles limit the mobility of macromolecular chains. In addition, well-dispersed fillers
have more possibilities for physical or chemical bonding with the macromolecular chains
thanks to their large surface area and high surface energy. As a result, when cracks begin to
form, an effective stress transfer occurs between the polymer and the nanofillers.

If one talks about microfillers, short fibers with a high degree of anisometry are most
often used to modify the polymer matrix of materials for FFF [24]. Glass fibers and carbon
fibers are most often used to modify the polymer matrix of materials for FFF [25,26]. Carbon
fibers are in some way unique among the reinforcing fibers. The share of their use in the
production of the composite materials is constantly growing, which is explained by the
high level of their properties. Carbon fibers have the largest Young’s modulus among other
fibers and exceed all heat-resistant fibers in specific parameters.

The data in [27] showed that printed PEEK samples with reinforced carbon fiber had
significantly better strengths than the pure PEEK in the tensile and bending tests. The
tensile strength of PEEK with 5 wt.% of carbon fibers (CF) was 101 MPa. The results in [28]
suggest that the addition of carbon fiber or glass fiber to PEEK (polyetheretherketone)
can significantly increase the tensile and bending strength, but, at the same time, reduce
the deformation at break. The fiber content of 5 wt.% increased the tensile strength up
to 94 MPa. The study [29] showed that printed samples based on ABS with a carbon
fiber content of 5 wt.% had the highest average tensile strength, and the sample with a
carbon fiber content of 7.5 wt.% had the highest average value of Young’s modulus. The
tensile strength and Young’s modulus of the samples with a carbon fiber content of 5%
and 7.5% increased by 22.5% and 30.5%, respectively. At the same time, compared with
the sample made of pure plastic, the composite sample with a carbon fiber content of
5 wt.% had greater bending strength, flexural modulus, and fracture toughness. Products
made on the basis of high-performance polymers by the FFF can be used in a variety
of fields, for example, in the aerospace and automobile industry for the production of
durable and lightweight products of complex shape such as air ducts, turbine parts, and
aerodynamics elements. Aurora Flight Sciences, specializing in unmanned aerial vehicles
(UAVs), in collaboration with Stratasys, created a UAV from ULTEM using 80% FFF-printed
parts [30]. Another study reported on nanosatellites for space applications printed from
PEEK. Moreover, researchers created nuclear shielding materials. Their study found that
FFF-printing of PEEK composites allows the creation of cheaper and lightweight screens
that provide greater protection from low-energy gamma rays than from higher-energy
ones [31]. However, one of the most relevant areas of application of high-performance
polymers in additive technologies is medicine. Currently, stainless steel, titanium, and
their alloys are most often used to produce endoprostheses because of their good corrosion
resistance, high mechanical properties, and good biocompatibility. However, the obvious
hidden dangers are the harmfulness of the released metal ions and the radiopacity of metal
alloys in vivo. Another serious problem is the mismatch of the Young’s modulus between
the metal and the surrounding bone tissue, which can cause stress screening after surgery,
leading to bone resorption [32]. However, these risks can be avoided by replacing metals
with strong biocompatible polymers. In recent years, polyetheretherketone (PEEK) being a
highly efficient semicrystalline thermoplastic structural polymer has been recognized as
a suitable replacement for metal implants, mainly because the elastic modulus of PEEK
(3–4 GPa) is much closer to the modulus of human cortical bone (6–30 GPa), which is much
lower than the Young’s modulus of titanium and its alloys (more than 100 GPa) [33]. The
limiting factor in the use of polymers is still the sufficiently low strength characteristics (not
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exceeding 110 MPa) compared to metals. In this regard, active research has been conducted
in recent years to improve these parameters.

The aim of the study [34] was to compare the cytotoxicity of polyetheretherketone
(PEEK) and polyetherketoneketone (PEKK) with conventional materials for dental im-
plants and abutments, namely titanium alloy (Ti-6Al-4V) and tetragonal polycrystal of
zirconium dioxide stabilized with yttrium oxide (Y-TZP). According to the analysis of
cellular cytotoxicity and expression of proinflammatory cytokine genes, there were no
differences between the materials. The PEEK surface, where fibroblast culture showed
the best metabolic activity of cells, looks like the more promising material for the implant
abutment. In [35], a series of PEEK composites with different carbon fiber (CF) contents
(25 wt.% 30 wt.%, 35 wt.%, and 40 wt.%) was successfully obtained by injection molding.
Evaluation of mechanical properties showed that the CF-PEEK composites have a higher
bending strength, compressive strength, and hardness than pure PEEK, but lower impact
strength. The modulus of elasticity of the CF-PEEK composites was much closer to hu-
man bones than to metals. In [36], the structural changes of implants fixed on a sintered
polyamide skull model was investigated under the influence of mechanical stress in four
simplified models. In a simplified model with a quasistatic load, both implants withstood
forces exceeding those capable of causing skull fractures.

In one of our previous works [37], the cytotoxicity of samples based on polyetherimide
modified with nanofibers such as VGCF was investigated using the MTT test (tetrazolium
dye MTT, which is chemically 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide). The samples made of both pure polyimide and with the addition of 1 wt.% VGCF
did not have a negative effect on human fibroblast culture that may indicate their bioinert-
ness. These materials possess good cell adhesion to the surface and have suitable conditions
for cell proliferative activity.

Based on the foregoing, the purpose of the present work is to obtain new composite
materials for FFF printing based on high-performance semicrystalline polyimide such
as R-BAPB modified with nano- and microsized carbon fillers, as well as to study the
possibility of using these materials for medical purposes, investigating their cytotoxicity.

2. Materials and Methods

A polyimide R-BAPB was synthesized in the form of a powder based on R (1,3-bis(3′,4-
dicarboxyphenoxy) dianhydridebenzene), Tm ~164 ◦C (Techhimprom LLC, Yaroslavl, Rus-
sia), and diamine BAPB (4,4′-bis(4′′-aminophenoxy)biphenyl), Tm ~198–199 ◦C (VWR
International, Radnor, PA, USA). Phthalic anhydride, Tm ~131–134 ◦C (Sigma-Aldrich Co.,
LLC, St. Louis, MO, USA), was used as a chain growth limiter for the polycondensation
reaction. Acetic anhydride, benzene, and triethylamine were supplied by Sigma-Aldrich
Co., LLC.

The following fillers were used:

• VGCF—carbon nanofibers obtained by gas phase deposition (Pyrograf®-III, Cedarville,
OH, USA) with an outer diameter of ~100 nm and a length of 20 to 200 µm.

• CF—discrete carbon fibers (Umatex, Moscow, Russia) with a diameter of ~7 µm and a
length of ~7 mm.

2.1. Preparation of R-BAPB and R-BAPB-Based Composite Materials Modified with
Carbon Nanoparticles

Synthesis of R-BAPB was carried out by chemical imidization. A more detailed de-
scription of the synthesis is presented in our early works [10]. To obtain the nanocomposite,
the required number of VGCF particles was injected into the resulting polyamide acid
solution. As a result of synthesis, pure R-BAPB powder was obtained, as well as pow-
ders with different concentrations of the carbon nanofibers VGCF—0.5%, 1%, 3%, and 5%
(weight percentages). The synthesized polyimide had an average molecular weight of
Mw ~20,000 Da [38], determined by the light scattering method. Earlier, the structure of
polyimide was proven by IR (infrared) spectroscopy [39].
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2.2. Preparation of the Composite Materials Based on R-BAPB Modified with Micron-Sized
Discrete Carbon Fibers

To obtain a composite with discrete carbon fibers, polyimide powder obtained by the
method described above was mixed with the carbon fibers in proportions corresponding to
the concentrations studied. Before mixing, both powder and fibers were dried in a vacuum
thermostat at a temperature of 150 ◦C for 1 day. Mixing was carried out in a twin-screw
microextruder “DSM Xplore MC5” (Xplore, Sittard, The Netherlands) at a temperature of
370 ◦C and a screw rotation speed of 50 rpm for 10 min to ensure a more uniform dispersion
of the fiber in the melt. As a result, strands of the composite material with carbon fiber
concentrations of 10%, 20%, and 30% (weight percentages) were obtained.

2.3. Granulation of the Obtained Composite Materials

To achieve the most uniform loading of the material for obtaining filaments for FFF
printing, all composites were subjected to granulation. Strands were prepared from pure
R-BAPB, and the nanocomposites based on them according to the procedure described in
paragraph 2.2. After that, all the strands obtained, including composites with the discrete
carbon fibers, were crushed in a laboratory mill to granules~1–3 mm long and 1 mm
in diameter.

2.4. Study of the Viscosity of the Obtained Materials

The viscosity of the polymer melt was studied on the Physica MCR301 rheometric unit
(Anton Paar, Graz, Austria) in the CP25-2 cone-plane measuring system (diameter 25 mm,
angle 2◦, gap between the cone and the plane 0.05 mm) at a temperature of 360 ◦C. The
test was carried out in an oscillating mode in the frequency range from 100 rad/s down to
1 rad/s.

2.5. Thermal Analysis of the Samples

Thermal analysis of the samples was carried out using the method of differential
scanning calorimetry (DSC) at the “DSC 204 F1 Phoenix” device (NETZSCH, Selb, Germany)
in an inert medium (argon), in the temperature range from 25 ◦C up to 350 ◦C at a heating
rate of 10 K/min. The degree of crystallinity of the R-BAPB samples was estimated from
the enthalpy of melting ∆Hm calculated earlier for R-BAPB with a degree of crystallinity of
100%, which was equal to 90 J/g [10]. A total of 3 samples were tested for each material
(the deviation for each parameter did not exceed 0.5%).

To study the temperature of thermal degradation, thermogravimetric analysis (TGA)
was used, using the TG 209 F1 Iris device (NETZSCH, Selb, Germany). The sample was
heated in an inert medium (argon), ranging from a temperature of 30 ◦C to 800 ◦C at a
speed of 10 K/min.

2.6. Obtaining Samples by Injection Molding

To study the mechanical properties and internal structure, as well as to determine the
optimal concentrations of the fillers for the subsequent production of the filaments, the
samples were obtained from the granules of the studied materials by injection molding.
Before molding, all pellets were dried in a vacuum thermostat at a temperature of 150 ◦C for
1 day. Injection molding was carried out using the DSM Xplore MC5 microextruder (Xplore,
Sittard, The Netherlands) and the DSM Xplore IM5.5 micro-injector (Xplore, Sittard, The
Netherlands). The samples were prepared according to the following parameters:

• Pure R-BAPB: extruder temperature 360 ◦C, screw speed 50 rpm, cylinder temperature
370 ◦C, mold form temperature 180 ◦C, and pressure 16 bar.

• R-BAPB with carbon nanofibers VGCF: extruder temperature 360 ◦C, screw speed
50 rpm, cylinder temperature 370 ◦C, mold form temperature 190 ◦C, and pressure
16 bar.

• R-BAPB with discrete carbon fiber: extruder temperature 370 ◦C, screw speed 50 rpm,
cylinder temperature 380 ◦C, mold form temperature 190 ◦C, and pressure 16 bar.
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The material cooled in the mold form for about 10 s. As a result, “dog-bone” samples
with a width of 4 mm, a thickness of 2 mm, and a length of the working part of 25 mm
were obtained by injection molding.

2.7. Filaments Production

Based on studies of the viscosity, and thermal and mechanical properties of the pre-
pared materials, optimal concentrations for both types of the fillers were determined. First,
the composite granules were dried in a vacuum thermostat at a temperature of 150 ◦C for
12 h. Next, the granules were loaded into the DSM Xplore MC5 microextruder (Xplore,
Sittard, The Netherlands). After that, the filament was extracted from the melt using the
coil of the receiving device. The filaments were obtained with the following parameters:

• Pure R-BAPB: screw speed 35 rpm, chamber temperature 360 ◦C, chamber force 200 N,
and coil speed 250.

• R-BAPB with carbon nanofibers: screw speed 35 rpm, chamber temperature 360 ◦C,
chamber force 250 N, and coil speed 250.

• R-BAPB with discrete carbon fiber: screw speed 50 rpm, chamber temperature 370 ◦C,
chamber force 350 N, and coil speed 150.

• As a result, filaments were obtained from pure R-BAPB, R-BAPB with 1 wt.% VGCF,
and R-BAPB with 20 wt.% discrete carbon fiber with a diameter of 1.6–1.85 mm.

2.8. FFF Printing

FFF printing was performed on an experimental setup for 3D-printing with high-
temperature-resistant plastics. Samples were printed in “dog-bone” form with a width
of 4 mm, a thickness of 2 mm, and a working length of 25 mm, which corresponds to the
samples obtained by injection molding described in paragraph 2.6. The COMPASS-3D
software (ASKON, Saint-Petersburg, Russia) was used to create the “dog-bone” model.
The Cura v.4.13.0 software (Ultimaker, Utrecht, The Netherlands) was used as a slicer for
setting printing parameters.

Samples from different materials were printed with the following parameters:

• Pure R-BAPB: nozzle diameter 0.4 mm, extruder temperature 365 ◦C, build platform
temperature 180 ◦C, chamber temperature 150 ◦C, printing speed 50 mm/s, layer
thickness 0.1 mm, raster angle ± 45◦, and wall thickness 04 mm.

• R-BAPB + 1 wt.% VGCF: nozzle diameter 0.4 mm, extruder temperature 365 ◦C, build
platform temperature 180 ◦C, chamber temperature 150 ◦C, printing speed 50 mm/s,
layer thickness 0.1 mm, raster angle ± 45◦, and wall thickness 0.4 mm.

• R-BAPB + 20 wt.% CF: nozzle diameter 0.4 mm, extruder temperature 380 ◦C, build
platform temperature 180 ◦C, chamber temperature 150 ◦C, printing speed 50 mm/s,
layer thickness 0.1 mm, raster angle ± 45◦, and wall thickness 0.4 mm.

2.9. Investigation of the Mechanical Characteristics

The mechanical properties of the samples were studied at the ElectroPuls E1000
(Instron, Norwood, MA, USA). The samples were tested in the form of the “dog-bone”,
4 mm wide and 2 mm thick, and a working part with a length of 25 mm at a speed of
1 mm/min. At least 5 samples from each material were tested to measure the mechanical
properties. According to the test results, the Young’s modulus, tensile strength, and
deformation at break of each sample were determined.

2.10. Investigation of the Internal Structure of the Samples

The porosity of the samples was investigated using the pycnometric method. A sample
of the material was placed in a capillary pycnometer and filled with 96% ethanol at 25 ◦C.
Next, the volume occupied by the material was calculated as the difference with the volume
of a pycnometer filled with ethanol. The porosity was calculated based on the differences
between the theoretical and experimentally determined volume of the material according
to the following formula:
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P =
Vt − m

ρ

Vt
× 100% (1)

where P is porosity; Vt is the volume of the test sample determined by the pycnomet-
ric method; ρ is the density of the material; m is the mass of the sample measured on
analytical scales.

Micrographs of the fracture surface of the block samples at various magnifications were
obtained using a Supra-55 VP scanning electron microscope (SEM) (Carl Zeiss, Oberkochen,
Germany). To obtain a high-quality fracture surface, the sample was broken in liquid
nitrogen. The resulting cleavages of the samples were fixed with a special conductive glue
on the microscope holders and a thin layer of platinum was sprayed.

2.11. Cytotoxicity Study of the Printed Samples

Human osteosarcoma MG63 cell lines were used to study cytotoxicity. The cells were
cultured in a CO2 incubator at 37 ◦C in a humidified atmosphere containing air and 5% CO2
in an EMEM nutrient medium (Dulbecco’s modified Eagle’s medium; Gibco) containing
1% essential amino acids, 10% (by volume) thermally inactivated fetal bovine serum (FBS;
HyClone Marlborough, MA, USA), 1% L-glutamine, 50 U/mL of penicillin, and 50 mcg/mL
of streptomycin. For this experiment, the samples in the form of disks with a diameter of
11 mm printed by FFF were filled with 2 mL of complete nutrient medium and incubated
for 1 and 3 days. To assess cytotoxicity, cells in the amount of 5.0 × 103 cells/100 mcL/well
were plated in 96-well plates and cultivated for 24 h for their attachment. Then, 100 mcL of
the medium was added and then incubated for 72 h. At the end of the incubation period,
the medium was removed and 50 mcL/well of EMEM medium with MTT (0.1 mg/mL)
was introduced. The cells were incubated in a CO2 incubator for 2 h at 37 ◦C. After
removal of the supraplastic fluid, formazane crystals formed by metabolically vital cells
were dissolved in dimethyl sulfoxide (50 mcL/well) and the optical density was measured
at 570 nm on a flatbed spectrophotometer. Ethical Statement: The MG-63 osteosarcoma cell
lines were obtained from the Vertebrate Cell Culture Collection (Institute of Cytology RAS,
St-Petersburg, Russia).

Cell adhesion to the surface of the samples was studied using a Supra-55 scanning
electron microscope (Carl Zeiss, Oberkochen, Germany). Before placing the samples inside
the microscope chamber, a thin conductive layer of platinum was sprayed onto their surface.
The accelerating voltage was 3–5 kV.

3. Results and Discussion
3.1. Investigation of the Viscosity of Melts of Composites Based on R-BAPB

One of the most important parameters affecting the FFF printing process is the viscosity
of the materials. If the viscosity is too high, the movement of the melt may be hindered, and
its integrity at the outlet of the nozzle may also be disrupted. The introduction of VGCF
particles into the polymer matrix based on R-BAPB leads to an increase in the viscosity with
a decrease in angular frequency (Figure 2). The viscosity enhances with an increase in the
VGCF concentration. At the angular frequencies of about 1, it increases quite significantly
starting from 1 wt.% VGCF, which may be due to the high anisometry of the nanofibers.
This fact indicates a good dispersion of the nanoparticles in the polymer matrix [40]. With
deformations such as those occurring during the printing process, the melt viscosity is
in the range suitable for high-quality printing for all concentrations except 5 wt.% VGCF.
The introduction of the discrete carbon fibers leads to a noticeable increase in viscosity
(Figure 3). With the introduction of 30 wt.% CF, the melt viscosity reaches 4000 Pa·s, which
is too high for high-quality FFF printing as there is a pure flow and the appearance of
breaks in the melt jet. However, for 20 wt.% CF, the value of the complex viscosity at
10 rad/s does not exceed 2000 Pa·s, which is an acceptable value for processing by both
injection molding and FFF printing.
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3.2. Studies of Thermal Properties of Melts of the R-BAPB-Based Composites

According to the study of materials by the DSC method, the introduction of various
concentrations of both VGCF and discrete CF practically does not affect the glass transition
temperature (Table 1, Figure 4). At the same time, with an increase in the concentration of
VGCF, there is a significant increase in the degree of crystallinity of the nanocomposites
and the crystallization rate, which is observed on the DSC curve owing to the appearance
of a crystallization peak (Figure 3). All this indicates that the carbon nanofibers act as
crystallization centers for polyimide R-BAPB [11]. When the micron carbon fibers are
added, a weak peak of crystallization appears during DSC heating. It is worth noting that
the samples crystallize under sufficiently slow heating during the DSC experiment. When
samples are obtained by injection molding and FFF printing, the composites do not have
time to crystallize and remain in an amorphous state.
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Table 1. The dependence of the thermal properties of the composites based on R-BAPB on the
concentration of various fillers. (Tg is the glass transition temperature, Tm is the melting point, Tcr is
the crystallization temperature, χ is the degree of crystallinity, τ5 is the temperature at the loss of 5%
of the sample mass; the deviation for each value did not exceed 0.5%).

Sample Tg, ◦C Tm, ◦C Tcr, ◦C χ, % τ5, ◦C

R-BAPB 201 326 305 2.7 526
R-BAPB + 0.5% VGCF 201 320 289 3.7 513
R-BAPB + 1% VGCF 200 320 287 13.3 511
R-BAPB + 3% VGCF 201 320 287 16.3 510
R-BAPB + 5% VGCF 200 322 282 23.5 513
R-BAPB + 10% CF 199 320 290 6.5 534
R-BAPB + 20% CF 199 324 289 6.3 535

Polymers 2022, 14, x FOR PEER REVIEW 9 of 17 
 

 

3.2. Studies of Thermal Properties of Melts of the R-BAPB-Based Composites 
According to the study of materials by the DSC method, the introduction of various 

concentrations of both VGCF and discrete CF practically does not affect the glass transi-
tion temperature (Table 1, Figure 4). At the same time, with an increase in the concentra-
tion of VGCF, there is a significant increase in the degree of crystallinity of the nanocom-
posites and the crystallization rate, which is observed on the DSC curve owing to the ap-
pearance of a crystallization peak (Figure 3). All this indicates that the carbon nanofibers 
act as crystallization centers for polyimide R-BAPB [11]. When the micron carbon fibers 
are added, a weak peak of crystallization appears during DSC heating. It is worth noting 
that the samples crystallize under sufficiently slow heating during the DSC experiment. 
When samples are obtained by injection molding and FFF printing, the composites do not 
have time to crystallize and remain in an amorphous state. 

Table 1. The dependence of the thermal properties of the composites based on R-BAPB on the con-
centration of various fillers. (Tg is the glass transition temperature, Tm is the melting point, Tcr is the 
crystallization temperature, χ is the degree of crystallinity, τ5 is the temperature at the loss of 5% of 
the sample mass; the deviation for each value did not exceed 0.5%.) 

Sample Tg, °C Tm, °C Tcr, °C χ, % τ5, °C 
R-BAPB 201 326 305 2.7 526 

R-BAPB + 0.5% VGCF 201 320 289 3.7 513 
R-BAPB + 1% VGCF 200 320 287 13.3 511 
R-BAPB + 3% VGCF 201 320 287 16.3 510 
R-BAPB + 5% VGCF 200 322 282 23.5 513 
R-BAPB + 10% CF 199 320 290 6.5  534 
R-BAPB + 20% CF 199 324 289 6.3  535 

 
Figure 4. An example of the effect of VGCF on phase transitions in R-BAPB-based composites. 

The temperature of thermal degradation of the materials was determined with the 
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stage mechanism of thermal destruction. At the same time, a sharp increase in the rate of 
the thermal destruction process is observed with the loss of 5% of the sample mass. The 
addition of different concentrations of the nanofibers has no essential effect on the tem-
perature τ5; with the introduction of the discrete carbon fibers, the thermal degradation 
temperature increases due to the greater thermal stability of the fibers themselves (Table 
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Figure 4. An example of the effect of VGCF on phase transitions in R-BAPB-based composites.

The temperature of thermal degradation of the materials was determined with the
aid of the TGA method. The received data revealed that these materials have a single-
stage mechanism of thermal destruction. At the same time, a sharp increase in the rate
of the thermal destruction process is observed with the loss of 5% of the sample mass.
The addition of different concentrations of the nanofibers has no essential effect on the
temperature τ5; with the introduction of the discrete carbon fibers, the thermal degradation
temperature increases due to the greater thermal stability of the fibers themselves (Table 1).

3.3. Investigation of the Mechanical Characteristics and Internal Structure of the Molded and
Printed Samples Made of the R-BAPB-Based Composites

Tensile tests of molded samples were carried out to determine the optimal concen-
tration of the fillers for the preparation of the filament. Analysis of the data showed that
with the incorporation of VGCF, the strength and Young’s modulus slightly increase with
an increase in VGCF concentration, but the deformation at break significantly decreases
(Figure 5). The samples with concentrations of 0.5 wt.% and 1 wt.% VGCF retain about
50% of deformation regarding pure R-BAPB, in contrast to 3 wt.% and 5 wt.%. As the
mechanical characteristics of the samples with 0.5 wt.% and 1 wt.% VGCF turned out to be
quite close, the choice in favor of 1 wt.% VGCF was made due to a 3 times higher degree of
crystallinity (Table 1), because of the presence of a larger amount of crystallization centers.
This factor may be important in further studies of the crystallized samples obtained by FFF
printing, as this composite will be easier to transfer to a crystallized state due to a higher
crystallization rate.
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molded samples on the concentration of VGCF.

The incorporation of the discrete CF leads to a visible increase in the strength and
Young’s modulus of the studied samples, while the deformation at break is reduced by
more than 10 times starting from 10 wt.% CF (Figure 6). The sample with 30 wt.% CF has
a similar strength and a larger modulus than that with 20 wt.%, but due to the high melt
viscosity of this composite (Figure 3), a choice was made in favor of R-BAPB with 20 wt.%
of CF.

Based on the collected data on the composite’s viscosity, as well as on their thermal
and mechanical characteristics, the filaments and, consequently, the samples were obtained
by FFF printing from pure R-BAPB, and also filled with 1 wt.% VGCF and 20 wt.% CF.
The samples were printed with a raster angle of ±45◦, which is the optimal direction for
FFF printing to achieve good mechanical properties for most types of tests and can also
overlap the pores by changing the direction of the lines. The results of the tensile tests
(Figure 7) showed that the strength and Young’s modulus of the printed samples from
pure R-BAPB are very close to the parameters of the molded samples (91 and 93 MPa, 2462
and 2179 MPa, respectively). At the same time, the deformation at break in the case of
the printed samples does not exceed 10.5%, which is significantly lower than that of the
injection-molded samples. This fact is explained by the presence of voids inside the sample
caused by layer-by-layer deposition of materials (Figure 8b). FFF samples from R-BAPB
filled with 1 wt.% VGCF have a strength and Young’s modulus that are almost identical
to the printed samples from pure R-BAPB. However, the deformation at break is almost
4 times higher compared to the unmodified printed R-BAPB sample and this value is 37%.
This effect is probably caused by a decrease in porosity and a possible increase in adhesion
between layers [41]. The SEM analysis revealed that the voids in the R-BAPB samples with
1 wt.% VGCF become smaller compared to those of pure R-BAPB (Figure 8c,d), and the
boundaries between adjacent layers become blurred (Figure 8d). For pure R-BAPB, the
fracture surface is sufficiently smooth, which is a typical characteristic of brittle fracture
(Figure 8b) [42]. With the introduction of 1 wt.% VGCF, the texture of the fracture surface
of the printed sample (Figure 8g) becomes rougher, i.e., plastic destruction takes place.
All this suggests that VGCF effectively distorts the crack tip trajectory and increases the
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complexity of crack propagation [43], which leads to an increased value of deformation
at break in the printed R-BAPB sample with 1 wt.% VGCF compared to the pure R-BAPB
sample. The samples made of R-BAPB modified with the discrete CF, in turn, have low
deformation, but at the same time, their strength increases by almost 50%, and the modulus
is 2.5 times higher compared to pure R-BAPB. On the images of the fracture surface, it can
be seen how the fibers line up along the direction of laying the polymer thread under 45◦,
which provides a reinforcing effect (Figure 8e).
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For a more detailed study of the internal structure of the samples, their porosity was
investigated. The study by the pycnometric method showed that for all samples obtained
by injection molding, the porosity barely exceeds 2%, while for the samples obtained by
FFF printing, the porosity for pure R-BAPB is ~4% (Table 2), which leads to a decrease
in the deformation of the printed sample compared to molding by almost 7 times. The
porosity of the sample with 1 wt.% VGCF is only 1.9%, while the deformation and strength
properties are comparable to the samples obtained by injection molding, in particular,
the printed sample has a high deformation at break of 37%. It can be concluded that the
incorporation of VGCF reduces the number of pores in the sample that appear because
of the layered deposition of the material, which leads to the fact that the deformation
at break increases significantly. For 20 wt.% CF, the porosity of the printed sample is
~5%. In this case, the incorporation of the rigid carbon fibers results in a serious drop
in deformation and an increase in Young’s modulus. Summing up, in terms of strength
characteristics for FFF-printing, composites based on R-BAPB with discrete carbon fiber
exceed materials based on PEEK and Ultem with discrete reinforcing fibers. In turn, for
composite materials with carbon nanoparticles, the deformation at break of printed samples
exceeds all known analogs.
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was studied using an MTT test. Incubation of cells on the printed samples from pure R-
BAPB showed that this material does not have a pronounced cytotoxic effect on human 
osteosarcoma cell culture. At the same time, when comparing the optical densities of form-
azane solutions between the levels of proliferative activity of cells incubated on both pure 
R-BAPB and R-BAPB modified with various fillers, no statistically essential difference was 
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Figure 8. SEM images of the fracture surface of the studied samples (injection molding on the left;
FFF printing on the right) from: (a,b)—pure R-BAPB; (c,d)—R-BAPB + 1% VGCF; (e,f)—R-BAPB +
20% CF.

Table 2. Comparison of porosity of the samples from R-BAPB-based composites produced by injection
molding (IM) and FFF printing.

Sample IM FFF

R-BAPB 0.33 ± 0.07% 3.84 ± 0.13%
R-BAPB + 1% VGCF 1.04 ± 0.05% 1.90 ± 0.09%
R-BAPB + 20% CF 2.13 ± 0.11% 5.27 ± 0.15%
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3.4. Investigation of Cytotoxicity of the Obtained Products

Materials that will be in direct contact with living tissue should not have a negative
impact on the organism with which they will interact. Exposure to toxic materials can
lead to irreversible damage or even the death of cells. Therefore, for use in medicine, any
materials are first checked for the level of cytotoxicity through laboratory in vitro tests and
analyses. Cells interacting with the test material should not change their normal cycle of
functioning, and their proliferation should not be disrupted. In turn, the materials that are
planned to be used for implantation should ensure good attachment and growth of cells on
their surface.

The viability and proliferative activity of cells incubated on the surface of the material
was studied using an MTT test. Incubation of cells on the printed samples from pure
R-BAPB showed that this material does not have a pronounced cytotoxic effect on human
osteosarcoma cell culture. At the same time, when comparing the optical densities of
formazane solutions between the levels of proliferative activity of cells incubated on both
pure R-BAPB and R-BAPB modified with various fillers, no statistically essential difference
was revealed (Figure 9). In the photographs, where cell culture was recorded a day after
plating (Figure 10), taken with a scanning electron microscope, it is clear that the cells are
well spread out on the surface of the sample. This circumstance indicates that the material
does not have a pronounced toxic effect and the surface properties of the samples are
favorable for adhesion and proliferation of human osteosarcoma cells.
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4. Conclusions

In this work, composite materials based on semicrystalline polyimide R-BAPB filled
with the carbon nanofibers and micron-sized discrete carbon fibers were obtained.

Based on the study of the melt viscosity of the composites with R-BAPB, and ther-
mal and mechanical properties, the optimal concentration of the carbon nanoparticles in
polyimide R-BAPB was determined as 1 wt.%, and for the discrete carbon fibers—20 wt.%.

A study of the printed samples revealed that the introduction of 1 wt.% VGCF reduces
the porosity of the printed samples by more than 2 times, which leads to an increase in
deformation at break by more than 3 times compared to pure R-BAPB. When 20 wt.% of
discrete carbon fibers are added to R-BAPB, there is a sharp increase in the strength of the
printed samples to 135 MPa, and the modulus of elasticity to 6.2 GPa.

There was no cytotoxic effect of the polyimide composite materials on the culture of
human osteosarcoma cells. Moreover, a good cell adhesion on the surface of the material
was observed, indicating the bioinertness of the investigated composites.

Due to the high strength characteristics when incorporating discrete carbon fibers and
high deformation when incorporating carbon nanofibers, the developed biocompatible
composite materials for FFF can be widely used both in various industrial sectors and
in medicine.
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Abstract: Composite filament co-extrusion (CFC) additive manufacturing (AM) is a bi-matrix rapid
fabrication technique that is used to produce highly customisable composite parts. By this method,
pre-cured, thermoset-based composite carbon fibre (CCF) is simultaneously extruded along with
thermoplastic (TP) binding melt as the matrix. Like additive manufacturing, CFC technology also has
inherent challenges which include voids, defects and a reduction in CCF’s volume in the fabricated
parts. Nevertheless, CFC AM is an emerging composite processing technology, a highly customisable
and user-oriented manufacturing unit. A new TP-based composites processing technique has the
potential to be synergised with conventional processing techniques such as injection moulding
to produce lightweight composite parts. Thus, CFC AM can be a credible technology to replace
unsustainable subtractive manufacturing, if only the defects are minimised and processing reliability
is achieved. The main objective of this research is to investigate and reduce internal voids and defects
by utilising compression pressing as a rapid consolidation post-processing technique. Post-processing
techniques are known to reduce the internal voids in AM-manufactured parts, depending on the
TP matrices. Accordingly, the rapid consolidated neat polylactic acid (PLA) TP matrix showed the
highest reduction in internal voids, approximately 92%. The PLA and polyamide 6 (PA6) binding
matrix were reinforced with short carbon fibre (SCF) and long carbon fibre (LCF), respectively, to
compensate for the CCF’s fibre volume reduction. An increase in tensile strength (ca. 12%) and
modulus (ca. 30%) was observed in SCF-filled PLA. Furthermore, an approximately 53% increase in
tensile strength and a 76% increase in modulus for LCF-reinforced PA6 as the binding matrix was
observed. Similar trends were observed in CFC and rapidly consolidated CFC specimens’ flexural
properties, resulting due to reduced internal voids.

Keywords: additive manufacturing; rapid consolidation; composites; carbon fibres

1. Introduction

Composite filament co-extrusion (CFC) additive manufacturing (AM) is a newly
developed bi-matrix processing technology. CFC processing combines thermoplastic (TP)
filament as a binding matrix and pre-cured thermoset (TS)-based composite carbon fibre
(CCF) filament as a reinforcement. The CCF constituents are continuous carbon fibres
infused with low viscous epoxy-based thermoset and heat cured to form a filament-like
structure for CFC processing. The binding process of TP melt onto the CCF filament is
analogous to crosshead extrusion processing of wire and cable coating. This enables the
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user to select off-the-shelf filled and unfilled binding TP matrix filaments, such as polylactic
acid, polyolefin, polyamide, polyimide, et cetera. The carbon fibre volume fraction in
CCF is approximately 57 vol.% to 62 vol.% [1–3]. However, when combined with a TP
binding matrix the volume fraction is further reduced to approximately 18 vol.% to 35 vol.%
depending on CCF layer height settings [1,2,4,5].

The incompatibility of TP matrix and carbon fibre in continuous fibre AM, often
resulting due to high viscous TP, has been extensively reported by researchers [6–8]. The
CCF filament matrix is an epoxy-based low viscous TS that conforms to better carbon
fibre wetting, and the TS curing process results in the void and defect-free composite
filament [1,9]. According to Azarov et al. [1] and Adumitroaie et al. [5], the CCF filament
usage in CFC aims to overcome the perceived disadvantages of producing composite parts
entirely from TP or TS. The detailed study showed that the CFC technology is aimed at
fabricating lattice composites that are often difficult to fabricate by the existing automated
technologies [2,9]. Furthermore, researchers concluded that CFC AM, as such, is not suitable
to achieve significant improvement in the composite material properties because fabricating
defect-free composite parts is challenging [1]. Also, few studies have shown filling the
TP matrix [10] and reinforcing it with short [11] and long carbon fibre [12] can increase
the mechanical and thermal properties of material-extruded (MEX) AM specimens [13].
Likewise, to compensate for the reduction in CCF fibre volume fraction and increase the
flexural properties, the researchers used 20 wt. % short carbon fibre filled polyamide 6
as a binding matrix [14]. The short carbon fibre-filled polyamide 6 as a binding matrix
had improved flexural properties compared to the unfilled TP matrix. Furthermore, the
researchers found high process-induced voids within the CFC-fabricated specimens for
both TP matrices, and reduction in a high degree of voids is elusive due to low compaction
in situ consolidation during layered manufacturing.

Van de Werken et al. [15,16], used the hot isotactic pressing (HIP) technique to reduce
the process-induced voids by 51% and, improved the flexural strength and interlaminar
shear strength of TP-based continuous fibre additive manufactured coupons by 30%–45%.
Similarly, Savandaiah et al. [17] performed rapid consolidation on highly anisotropic
short and long carbon fibre-reinforced MEX specimens. The post-processing increased the
thermal and mechanical properties of MEX specimens comparable to the injection-moulded
specimens. The advantage of the rapid consolidation techniques such as compression
pressing is the ability to achieve higher densification and reduction in voids between 50%
to 75% at a reduced cycle time of less than 30 min [17]. However, in HIP the process
duration varies between 1 h to 4 h depending on the type of thermoplastic used in TP-based
continuous fibre AM.

Henceforth, the scope of the research was centred on the question of whether the
rapid consolidation technique is suitable to achieve better composite material properties in
CFC specimens. In this study, the researchers have investigated the influence of polylactic
acid (PLA), and polyamide 6 (PA6) as a binding matrix on processing and mechanical
properties. Similarly, short carbon fibre-filled PLA and long carbon fibre-reinforced PA6
were studied to quantify the influence of fibre reinforcement on CFC-printed specimens.
The tensile and flexural specimens were assessed to evaluate the mechanical properties of
CFC and post-processed CFC specimens. Computed tomography (CT) ensured the volume
of process-induced voids in the CFC and reduction in post-consolidated specimens.

2. Materials and Methods
2.1. Materials

PLA homopolymer [18], was bought from Total Corbion, Gorinchem, Netherlands.
The particulate carbon fibre without sizing, Tenax HT, was acquired from Teijin Carbon
Europe GmbH, Wuppertal, Germany. Film extrusion grade PA6 [19] was purchased from
DSM N. V, Geleen, Netherlands. The PLA and PA6 compounding, filament extrusion, and
injection moulding (IM) is based on the procedure detailed in the previously published
research work [14,17,20]. Short carbon fibre (20 wt.%, length 83 µm) filled PLA was filament-
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extruded in-house (1.75 mm) and a commercially available long carbon fibre (20 wt.%,
length 218 µm) reinforced PA6 filament (1.75 mm) was supplied by Prirevo 3D solutions
GmbH, Ried im Traunkreis, Austria. The CCF filament was purchased from Anisoprint
SARL, Mondercange, Luxembourg. For simplification, the nomenclature of the samples is
presented in Table 1, the thermal and mechanical test data are tabulated in Table 2, and the
tensile test data of CCF is given in Table 3.

Table 1. Material nomenclature.

Material Description Nomenclature

Neat PLA N-PLA
Injection-moulded neat PLA N-PLA-IM

Neat PLA material extruded with a raster angle of 0◦ N-PLA-MEX-0◦

Neat PLA as a binding matrix in CFC N-PLA-CFC
Post-consolidated neat PLA as a binding matrix in CFC N-PLA-CFC-PC

Short carbon fibre-filled PLA S-PLA
Injection-moulded short carbon fibre-filled PLA S-PLA-IM

Short carbon fibre-filled PLA material extruded with a raster angle of 0◦ S-PLA-MEX-0◦

Short carbon fibre-filled PLA as a binding matrix in CFC S-PLA-CFC
Post-consolidated short carbon fibre-filled PLA as a binding matrix in CFC S-PLA-CFC-PC

Neat PA6 N-PA6
Injection-moulded neat PA6 N-PA6-IM

Neat PA6 material extruded with a raster angle of 0◦ N-PA6-MEX-0◦

Neat PA6 as a binding matrix in CFC N-PA6-CFC
Post-consolidated neat PA6 as a binding matrix in CFC N-PA6-CFC-PC

Long carbon fibre-reinforced PA6 L-PA6
Injection-moulded long carbon fibre-reinforced PA6 L-PA6-IM

Long carbon fibre reinforced PA6 material extruded with a raster angle of 0◦ L-PA6-MEX-0◦

Long carbon fibre-reinforced PA6 as a binding matrix in CFC L-PA6-CFC
Post-consolidated long carbon fibre-reinforced PA6 as a binding matrix in CFC L-PA6-CFC-PC

Table 2. Injection-moulded material thermal test data. Melting temperature (MT), heat deflection
temperature (HDT).

Properties Test Unit N-PLA S-PLA N-PA6 L-PA6

MT ISO-11357-1:2016 ◦C 170–175 170–175 220–225 220–225
HDT EN ISO 75-HDT A ◦C 58.0 ± 0.1 59.0 ± 0.2 48.0 ± 0.3 - - *
HDT EN ISO 75-HDT C ◦C - - - - - - 133.0 ± 3.0

* No maximum deflection at maximum temperature (testing machine limit at 200 ◦C).

Table 3. CCF tensile test data. For the tensile test, 100 mm of CCF was taken directly from the
spool, tabs were glued onto each end for gripping and to reduce damage to CCF during clamping
and testing.

Properties Unit Value

Diameter mm 0.36
Tensile strength MPa 2224 ± 283

Young’s modulus MPa 130000 ± 9000
Elongation at break % 1.6 ± 0.2

Fibre volume fraction % 57

2.2. Preparation of Printed Specimens

The samples for mechanical characterization were printed in composer A4 CFC printer
(Figure 1), with two print heads, manufactured by Anisoprint SARL, Mondercange, Lux-
embourg. Conventional MEX print head to fabricate parts with unfilled and filled ther-
moplastic alike, and CFC print head to print CCF with thermoplastic melt as a binder.
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The instruction sets for the CFC printer were prepared in a proprietary slicing software,
AURA (ver. 1.27.3) and the configuration is shown in Figure 2 and summarized in Table 4.
The print bed and printed samples were cooled down to nominal room temperature to
avoid part distortion and to facilitate the removal. The standard tensile sample dimension
220 × 15 × 3 mm3 [21], and standard flexural sample dimension 155 × 13 × 4 mm3 [22]
were set according to ASTM standards. The sample thickness for rapid consolidation of the
flexural specimen was increased 155 × 13 × 4.2 mm3, i.e., a single bottom (0.1 mm) and
a top layer (0.1 mm) of pure plastic printing was set, to improve the rapid consolidated
surface quality and flexural property. Furthermore, after post-consolidation, the specimen
thickness was 4 mm, without a major change in final fibre loading. Furthermore, before
testing the printed samples were stocked in the standard control cabinet (relative humidity
of 50% at 23 ◦C) for 72 h, as per ASTM D618-21 standard for specimen conditioning [23].
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Figure 1. MEX and CFC print head photography and schematics of Composer A4 CFC print head.
The photography shows two print heads, a typical MEX print head for plastic printing (red box) and
a CFC print head (purple box) for composite printing.

Table 4. Important printing settings.

Parameter Unit PLA PA6

CFC nozzle temperature ◦C 225 255
MEX nozzle temperature ◦C 220 250
CFC TP flow multiplier - - 0.95 1.05

CFC layer height mm 0.36 0.36
CFC extrusion width mm 0.75 0.75

MEX TP flow multiplier - - 0.90 1
MEX layer height mm 0.12 0.12

MEX extrusion width co-efficient - - 1 1.05
Bed temperature ◦C 80 95

TP perimeter count - - 2 2
Inner CCF perimeter count - - 1 1

CCF infill pattern - - Solid Solid
CCF infill angle ◦ 0 0

MEX print speed mm·s−1 60 60
CFC print speed mm·s−1 10 10
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Figure 2. Graphical representation of part configuration generated via slicing software. Black
coloured lines are outer thermoplastic perimeters, green coloured line represents micro infill ther-
moplastic filling by MEX print head, and orange and blue series lines are CCF reinforced perimeter
and infill by CFC print head. The purple pointed arrow shows the direction of CCF printing and the
pattern “x” marks the symbolic fibre cut operation.

2.3. Compression Press Moulding

The compression platen press, LabEcon from Fontijne platen presses and services BV,
Delft, Netherlands, was used to rapidly consolidate the printed samples. The rapid consoli-
dation of CFC specimens is based on the procedure detailed in the previously published
work [17]. The heating and cooling cycle for each thermoplastic matrix is presented in
Table 5. The pressed MEX samples were stored in a controlled cabinet (relative humidity of
50% at 23 ◦C) for 72 h, as per ASTM D618-21 standard for specimen conditioning [23].

Table 5. Compression pressing process conditions.

Setting PLA PA6

Set temperature 180 ◦C 220
1st cooling cycle cool down to 70 ◦C at 50 ◦C·min−1 cool down to 150 ◦C at 50 ◦C·min−1

2nd cooling cycle cool down to 23 ◦C at 5 ◦C·min−1 cool down to 50 ◦C at 5 ◦C·min−1

2.4. Void Volume Fraction Analyses

X-ray computed tomography (CT) was used to quantify the void content. Therefore,
scans were carried out on the Nanotom 180 NF (GE phoenix X-ray, Wunstorf, Germany)
laboratory CT device. A molybdenum target and a tube voltage of 60 kV was used for the
data acquisition. Similar to Plank et al. [24] and Senck et al. [25], the grey value-based ‘ISO
X’ threshold procedure was used for the quantitative evaluation of the void content. This
method was already applied to additive manufactured samples [12,26]. The CT scans at a
voxel edge length of 7 µm and additional region of interest scans at a voxel edge length of
2 µm were carried out. The latter high-resolution scans were performed on S-PLA-CFC and
N-PA6-CFC. Due to the different densities of these materials and different void shapes, two
different ISO values were determined. The analyses volume of these high-resolution scans
is 3.6 × 3.6 × 3.6 mm3 and was used as a reference for the definition of the appropriate ISO
value for void analysis at a voxel edge length of 7 µm. The scans at a voxel edge length
of 7 µm provide an analysis volume of the total cross-section (Y-Z section) and allow an
approximate length of 13 mm (X-direction) for void analysis.

The void analysis was performed with VGStudio MAX 3.4 (Volume Graphics GmbH,
Heidelberg, Germany) software. Moreover, a multistep segmentation of the high-resolution
scan with a voxel edge length of 2 µm voxel size was carried out and based on these
segmentations the “ISO X” threshold was estimated. For the higher density materials
(PLA) an ISO value of 62.75 and for the lower density materials (PA6) an ISO value of 71.4
was defined.

2.5. Mechanical Characterisation

For all mechanical testing, a Zwick–Roell servo-hydraulic test rig with a cylinder rated
at 25 kN force was used. The test rig was operated by Cubus software in displacement mode.
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A Zwick–Roell force transducer and the internal displacement sensor of the cylinder were
used for measurement. Additionally, a correlated solutions 3D digital image correlation
(DIC) system recorded the surface displacement and calculated the surface strains of the
specimens during the tests. Post-processing of the DIC data was performed in the software
Vic-3D 8.

For tensile testing, MTS 647 hydraulic jaws were used to grip the specimens. Glass
fibre composite end tabs were adhesively bonded to the specimens with 3M DP490 epoxy
adhesive. Before testing, a speckle pattern was applied to one face of the specimens for DIC
measurement. The test procedure followed ASTM standard D3039 [21] for tensile testing of
composite laminates with a machine head speed of 2 mm·min−1. The test was stopped at
the break of the specimens.

For bending testing, 4-point bending testing according to ASTM D6272 [22] was
chosen with the load span half of the support span. By this method, the central span of
the specimen is in bending only, and no transverse force component exists. This central
span is monitored by DIC side on, enabling monitoring of maximum deflection and strains
over the thickness. The machine head speed was set at 2 mm·min−1 and the maximum
displacement was chosen to exceed the strength of the material. For both test cases, stiffness
and strength values were calculated according to the respective standards

3. Results and Discussion
3.1. Void Volume Fraction

The specimen’s void volume fraction is listed in Table 6, and the reference MEX
specimen is given along with CFC and post-processed CFC specimens. Voids in the
injection-moulded specimens were not detected, as expected, due to high densification,
and the void volume fraction in CCF filament was negligible (<0.2 vol.%). In Figure 3, CT-
scanned images along with scalar void volume scale of N-PLA specimens are represented
with the top midsection view and corresponding insets with the side midsection view. The
black circles within N-PLA-CFC and N-PLA-CFC-PC represent voids in the TP matrix,
and red arrows indicate voids within pre-cured TS based CCF filament. However, the
defects in unprocessed CCF filament were minimal, and, therefore, the voids detected
in CFC-processed specimens may be the attributes of epoxy-based TS. According to the
dynamic mechanical analysis (DMA) of CCF filament by Adumitroaie et al. [5], these
voids correlated to the inhomogeneity in the TS composition and inhomogeneous heat
distribution between the CCF’s constituents during AM process as seen in CT images. The
high amount of blue-coloured voids seen in N-PLA-CFC, with void volume in the range of
0.01 mm3 to 17.0 mm3, are distributed throughout the whole sample. The post-processed
N-PLA-CFC-PC CT image showed a high reduction in void volume fraction within TP
binding matrix as well as CFC processed CCF filament. The total void volume fraction of
N-PLA-CFC is 14.0 vol.% and, post-processed N-PLC-CFC-PC is 1.0 vol.%, a 92% reduction
in void volume fraction. Also, post-processed S-PLA-CFC-PC and L-PA6-CFC-PC showed a
reduction in void volume fraction between 35% to 50% depending on the weighted average
fibre length [17].

Table 6. Influence of rapid consolidation on void reduction in CFC specimen. For reference, the void
volume fraction of the corresponding MEX specimen with a raster angle of 0◦ is reported.

Void (Vol. %)

Material MEX-0◦ CFC CFC-PC

N-PLA 12.2 * 14.0 1.0
S-PLA 15.9 * 16.3 8.6
N-PA6 14.3 * 16.8 * 8.3
L-PA6 27.0 * 29.2 18.2

* Void volume fraction was taken from previously published research work [14,17,20].
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Figure 3. Top midsection CT images (X-Y) of the N-PLA with corresponding side midsection inset
views (X-Z). A black circle is indicative of voids due to the thermoplastic matrix and red arrows
showed voids within the CFC processed CCF.

3.2. Tensile Properties

All tensile-tested CFC specimens demonstrated longitudinal splitting mode in the
defective region shown in Figure 4a. The defective region (red box) in Figure 4b, the
area without binding matrix is due to the CFC print head design and pre-set instruction
for CFC composite fabrication. The CFC print head flaws are contributing to defective
processing and increased unreliability in the established processing settings, specifically in
fibre reinforced binding matrix [27]. Furthermore, L-PA6 binding matrix has the highest
void composition compared to the short fibre-filled TP and neat TP binding matrix (Table 6).
Comparable results were observed earlier [12,17] showing a correlation between increased
fibre lengths and increasing void volume fraction in the MEX specimens.
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Figure 5a,b shows comparative tensile test results of N-PLA-CFC and S-PLA-CFC
along with injection-moulded and MEX AM specimens as reference for binding matrix.
Similarly, Figure 6a,b showed tensile test results of N-PA6-CFC and L-PA6-CFC, respectively.
An increase in tensile strength is observed for S-PLA-CFC (497 ± 16 MPa) compared to
N-PLA-CFC (394 ± 64 MPa) and a 30% increase in S-PLA-CFC (49,850 ± 505 MPa) modulus.
Also, a large standard deviation in CFC processed specimens is indicative of previously
discussed defects associated with CFC AM processing.

Polymers 2022, 14, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 5. Tensile test data of PLA with a corresponding error bar. 

Figure 6ashows tensile test results of N-PA6-CFC along with tensile test results of 

L-PA6-CFC in Figure 6b. A 53% increase in L-PA6-CFC tensile strength (TS) (488 ± 27 

MPa) compared to N-PA6-CFC (320 ± 17 MPa) and a 76% increase in tensile modulus (TM) 

in CFC processed L-PA6 (45240 ± 2740 MPa). The increased weighted average length con-

tributes positively to the mechanical performance of CFC processed L-PA6. However, the 

total fibre volume fraction in CCF decreased drastically and contributed to the loss in ten-

sile properties, approximately 67% and 80% in tensile modulus and strength, respectively. 

Defects detected by CT such as CCF splitting-spreading, and therefore, CCF is no longer 

consolidated and contributed to early failure as shown in Figure 4a. 

Figure 5. Tensile test data of PLA with a corresponding error bar. Where, N-PLA is neat PLA and S-
PLA is short carbon fibre filled PLA. The corresponding IM, MEX-0◦, and CFC are injection moulded,
3D printed and composite filament co-extruded 3D printed tensile tested specimens, respectively.

Figure 6a shows tensile test results of N-PA6-CFC along with tensile test results of
L-PA6-CFC in Figure 6b. A 53% increase in L-PA6-CFC tensile strength (TS) (488 ± 27 MPa)
compared to N-PA6-CFC (320 ± 17 MPa) and a 76% increase in tensile modulus (TM) in CFC
processed L-PA6 (45240 ± 2740 MPa). The increased weighted average length contributes
positively to the mechanical performance of CFC processed L-PA6. However, the total
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fibre volume fraction in CCF decreased drastically and contributed to the loss in tensile
properties, approximately 67% and 80% in tensile modulus and strength, respectively.
Defects detected by CT such as CCF splitting-spreading, and therefore, CCF is no longer
consolidated and contributed to early failure as shown in Figure 4a.
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is long carbon fibre reinforced PA6. The corresponding IM, MEX-0◦, and CFC are injection moulded,
3D printed and composite filament co-extruded 3D printed tensile tested specimens, respectively.

3.3. Flexural Properties

Flexural strength is purely based on the TP binding matrix and, therefore, it is essential
to perform the rapid consolidation study on the flexural standard specimens. The 4-point
flexural specimens showed elastic response followed by the plastic collapse in one or more
sections in the central span. Some influences of the load application rollers were visible,
potentially from high contact stresses and subsequent indentation of the material. In situ
detection of fracture modes by the DIC system is difficult because of the limited number of
measurements on the thin specimen side.
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In Figure 7a, the post-processed N-PLA-CFC-PC (488 ± 15 MPa) specimen showed in-
creased flexural strength (FS) by approximately 50% compared to N-PLA-CFC (244 ± 16 MPa).
Furthermore, there was an 11% increase in flexural modulus (FM) after post-processing
for N-PLA-CFC-PC. On the contrary, the influence of short fibre filling on PLA as a bind-
ing matrix had minimal effect on the FM but an approximately 37% increase in FS after
post-processing. Furthermore, N-PLA-CFC-PC coupons with the highest reduction in
void volume fraction (Table 6) showed similar FS and FM (45180 ± 1390 MPa) compared
to S-PLA-CFC (FS= 255 ± 5.5 MPa and FM= 46850 ± 2280 MPa) and S-PLA-CFC-PC
(FS= 346 ± 11.5 MPa and FM= 47580 ± 1640 MPa).
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and S-PLA is short carbon fibre filled PLA. The corresponding IM, MEX-0◦, CFC, and CFC-PC
are injection moulded, 3D printed, composite filament co-extruded, and post-processed composite
filament co-extruded 3D printed 4-pointing beding tested specimens, respectively.

In Figure 8a, post-processed N-PA6-CFC-PC (FS= 320 ± 11.5 MPa and FM = 41,600
± 2200 MPa) demonstrates flexural properties increase by two-fold compared to N-PA6-
CFC. In contrast, L-PA6-CFC showed FS lower than referred injection-moulded (L-PA-IM)
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binding TP matrix (Figure 8b). The cause for flexural underperformance of CCF reinforced
L-PA6-CFC is discussed in the void fraction analysis section as it can be correlated to the
large number of defects observed in Figure 4, and similarly tabulated in Table 6. Moreover,
after a reduction in void volume fraction by approximately 38%, the FS and FM of post-
processed L-PA6-CFC-PC increased.
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Figure 8. Flexural test data of PA6 with a corresponding error bar. Where, N-PA6 is neat PA6
and L PA6 is long carbon fibre reinforced PA6. The corresponding IM, MEX-0◦, CFC, and CFC-PC
are injection moulded, 3D printed, composite filament co-extruded, and post-processed composite
filament co-extruded 3D printed 4-pointing beding tested specimens, respectively.

Figure 9 shows N-PA6 specimens as-printed and post-consolidated after failure. The
as-printed specimens showed delamination, whereas the post-consolidation eliminates the
tendency to delaminate. In contrast, N-PLA-CFC specimens exhibited plastic deformation
without visible large-scale delamination. For S-PLA-CFC and L-PA6-CFC, there was plastic
deformation (plastic knee) without visible delamination. Because of the large deflections,
buckling of the fibres in the printed layers was visible for most specimens in the top
layer where the largest compressive strains were present. Furthermore, in a few instances,
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the contact of the top supports led to peeling of the top layer under large deformations,
however, these damage modes occurred after passing the bending strength.
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The S-PLA based binding matrix showed better tensile and flexural properties com-
pared to L-PA6 as a binding matrix, even though the weight average fibre length of carbon
fibre in L-PA6 were longer. This can be attributed to the process-induced annealing effect
in the PLA matrix due to high bed temperature, maintained above the glass transition
temperature [20,28].

4. Conclusions

In summary, the results show that rapid consolidation as a post-processing technique
is highly beneficial, given the amount of defects detected in the CFC processed specimens.
Void volumetric fraction reduction between 50% and 90% determined by CT scans was
achieved, resulting in a 10% to 80% increase in flexural properties. The next valid step
is to reduce the voids by applying more compaction pressure through the nozzle on the
discharged fibre strands. This would be achieved by slightly reducing the layer height and
thus increasing the fibre volume fraction in composite parts. This can further improve the
mechanical properties of the rapid consolidated CFC parts. The compliance of upscaling the
composite CFC AM to serial production is difficult due to inherent process-induced voids,
and, therefore resulting ininconsistent part’s quality. Hence, in this article, the researchers
have shown the advantages of rapid consolidation as a post-processing methodology to
overcome the perceived disadvantage in composite CFC AM.
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Abstract: To address the increasing demand for safe and effective treatment options for pelvic organ
prolapse (POP) due to the worldwide ban of the traditional polypropylene meshes, this study intro-
duced degradable polycaprolactone (PCL)/polyethylene glycol (PEG) composite meshes fabricated
with melt-electrowriting (MEW). Two PCL/PEG mesh groups: 90:10 and 75:25 (PCL:PEG, wt%) were
fabricated and characterized for their degradation rate and mechanical properties, with PCL meshes
used as a control. The PCL/PEG composites showed controllable degradation rates by adjusting
the PEG content and produced mechanical properties, such as maximal forces, that were higher
than PCL alone. The antibacterial properties of the meshes were elicited by coating them with a
commonly used antibiotic: azithromycin. Two dosage levels were used for the coating: 0.5 mg
and 1 mg per mesh, and both dosage levels were found to be effective in suppressing the growth
of S. aureus bacteria. The biocompatibility of the meshes was assessed using human immortalized
adipose derived mesenchymal stem cells (hMSC). In vitro assays were used to assess the cell viability
(LIVE/DEAD assay), cell metabolic activity (alamarBlue assay) and cell morphology on the meshes
(fluorescent and electron microscopy). The cell attachment was found to decrease with increased
PEG content. The freshly drug-coated meshes showed signs of cytotoxicity during the cell study
process. However, when pre-released for 14 days in phosphate buffered saline, the initial delay in
cell attachment on the drug-coated mesh groups showed full recovery at the 14-day cell culture
time point. These results indicated that the PCL/PEG meshes with antibiotics coating will be an
effective anti-infectious device when first implanted into the patients, and, after about 2 weeks of drug
release, the mesh will be supporting cell attachment and proliferation. These meshes demonstrated a
potential effective treatment option for POP that may circumvent the issues related to the traditional
polypropylene meshes.

Keywords: pelvic organ prolapse; controllable degradation rate; polycaprolactone; polyethylene
glycol; antibacterial; biocompatible
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1. Introduction

Pelvic organ prolapse (POP) and incontinence are common and significant problems
for women. It has been estimated that half of all women will have either symptoms
or signs of prolapse after the menopause. Studies suggest that 10–15% of women in
developed countries will undergo surgery for prolapse during their lifetime [1]. Patients
with symptoms of urinary and faecal incontinence and POP, were commonly treated via
implantation of polypropylene (PP) pelvic meshes [2,3]. The pelvic mesh was expected
to reinforce the pelvic organ, as well as prevent recurrence of the symptoms. Data from
the Therapeutic Goods Administration (TGA) showed that 151,000 meshes have been
implanted in Australia since 1998 [4] and 3.7 million world-wide between 2005 and 2013 [5].
However, complications of pelvic mesh implantation such as erosion into vagina, infection,
pain and discomfort were occurring, with some patients requiring further surgery [5]. The
high rates of complication prompted the Food and Drug Administration (FDA) to issue
2 warnings against the use of certain pelvic meshes [6], leading to a worldwide withdrawal
of a number of products, such as Gynecare Prolift®, Prolift+M™, Prosima™, and Anterior
Pinnacle™ kits [7]. New Zealand was the first country in the world to ban the use of
transvaginal POP mesh products in 2017 and followed by UK in 2018 [8]. According to
TGA data, in 2018 Australia cancelled the approval of all mesh devices placed through
the vagina for POP and required all mesh devices to be subject to a comprehensive review
before being supplied. The worldwide bans have created a significant unmet clinical need
of providing women with good treatment options and viable therapeutics.

Meshes used in the past were predominantly made from polypropylene, a non-
degradable polymer. The risk of erosion was in part due to the trans-vaginal placement of
mesh and the difference in mechanical properties of the mesh compared to natural tissue.
Apart from erosion, another major issue with the implanted meshes is that they can become
infected. Studies have shown high rates of infection in meshes whereby two-thirds of these
patients often develop infection 2–4 years following implantation [9]. Bacteria that are
commonly found in the infected meshes are Escherichia coli and Staphylococcus aureus and
31% of patients swabbed presented with multibacterial infections consisting of P. mirabilis,
E. coli, Staphylococcus, Streptococcus and Enterococcus [10].

Prior to the worldwide ban, the commercially available pelvic meshes were generally
created via knitting or weaving techniques [11,12]. These polypropylene meshes were
designed to exhibit high tensile strength to support the pelvis. The stiffness of commercial
meshes ranges from 11 N/mm for SmartMesh to 28 N/mm for Gynemesh [11]. How-
ever, the stiffness of the meshes also contributed to the failure due to their mismatch in
mechanical properties compared to the vaginal tissue [11].

Additive manufacturing techniques are widely used in tissue engineering and re-
generative medicine to fabricate three-dimensional (3D) printed scaffolds or meshes. One
technique that provides a high degree of control in scaffold fabrication is melt-electrowriting
(MEW), which is well established in our lab [13,14]. In this study, biodegradable polymers,
polycaprolactone (PCL) and polyethylene glycol (PEG), both FDA approved for medical
devices, were used to fabricate composite meshes.

In this project, we aim to fabricate resorbable mesh with tailorable degradation rate
and antibacterial properties as a potential solution to the clinically used polypropylene
meshes. It is anticipated that creating a tissue-substitute that is anti-bacterial and imparts
compatible biological and mechanical properties such as tensile strength and stiffness can
address current limitations of the pelvic mesh.

2. Materials and Methods

Testing was performed to investigate the effect of mesh material (PCL, PCL/PEG 90:10,
PCL/PEG 75:25) mesh geometry via cross hatch spacing (1 mm vs. 1.5 mm) and mesh state
(control, degraded, mock loaded, drug loaded (0.5 and 1 mg/mL), drug released). Various
groupings were tested mechanically via tensile testing for antibiotic loading and release,
antimicrobial test and biocompatibility (Figure 1).
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Figure 1. The testing groups showing details on the sample material (PCL, 90:10, 75:25), geometry in
terms of spacing and sample size, and state (top). The testing sequence is also shown with details of
testing type, sample groupings and sample size (bottom).

2.1. PCL/PEG Composite Preparation

Medical grade polycaprolactone (mPCL) (Purasorb® PC 12, Corbion Purac Biomateri-
als, The Netherlands) and PEG (Mw 20,000, Sigma-Aldrich, Australia) were dissolved in
chloroform in weight ratios of 90:10 and 75:25. The polymer composites were mixed for 8 h
and left in the fume hood until complete evaporation of solvents. The PCL/PEG 90:10 and
PCL/PEG 75:25 were used for mesh printing with an in-house built melt-electrowriting
(MEW) device.

2.2. Melt-Electrowriting of PCL and PCL/PEG Meshes

The MEW device produces the meshes using an applied pressure to extrude a molten
polymer through a positively charged nozzle onto a grounded motorized collector plate
according to the parameters detailed in Table 1 below. The collector plate translates in x
and y directions controlled by a Gcode using computer programming. The details of the
MEW process can be found in our previous study [13]. PCL and PCL/PEG meshes were
produced with a 90◦ cross-hatched fibre deposition in 10-layer high sheets (30 × 6 mm and
30 × 30 mm). The meshes were fabricated with a fibre spacing of 1 mm and 1.5 mm with
the groups of meshes used in this study summarized in Figure 1 and the MEW printing
parameters used are shown in Table 1.

Table 1. MEW parameters of PCL and PCL/PEG composite meshes.

Mesh Type Voltage (kV) Temperature
(◦C)

Tip to Collector
Distance (mm) Needle Gauge Air Pressure

(MPa) Plate Speed

PCL/PEG 90:10 4.5 95 5 21 0.08 300
PCL/PEG 75:25 4.5 95 5 21 0.08 300
PCL (Control) 6 90 5 21 0.05 600
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2.3. Mesh Degradation
2.3.1. Physiological Condition Degradation

Three mesh samples from each group were weighed and immersed in 10 mL phosphate-
buffered saline (PBS). The samples in PBS solution were placed on a rotator in an oven and
the temperature was kept at 37 ◦C for 28 days. The meshes were assessed for mass loss at
1 day, 7 d, 14 d, 21 d and 28 d time points.

2.3.2. Accelerated Degradation

Three mesh samples of each group were weighed and immersed in 10 mL 5 M NaOH
at 37 ◦C until the samples became irretrievable as reported previously [15]. The meshes
were assessed for mass loss at 1 h, 3 h, 6 h, 10 h, 1 d, 3 d and 7 d.

2.4. Mechanical Testing

The 30× 6 mm mesh strips were used for the tensile testing with a Tytron 250 Microforce
Testing System (MTS Systems Corp., Minnesota, MN, USA) using a load cell (Model 661.
11B-02, 2.5 mN resolution). Test samples consisted of two mesh geometries (1.0 mm and
1.5 mm) and three materials (PCL, 90:10, 75:25), resulting in 18 groups (n = 4 each). All
samples were tested using an 18 mm gauge length to stretch for 100 mm over 120 s. Force-
displacement data were obtained from the tests and the stress-strain curves were obtained
by calculating the stress (σ) from the force divided by the average cross-sectional area of
the meshes (Equation (1)) and strain (ε) by normalising the initial displacement (Equation
(2)). The test cross sectional area was approximated as the sum of the circular longitudinal
fibres, where the 1.0 mm meshes had 60 fibres (6 across and 10 layers) and the 1.5 mm
mesh had 50 fibres (5 across × 10 layers), and the fibre diameter was taken as the average
of 5 measurements from SEM images for each material (PCL = 55.6 µm, 90:10 = 66.4 µm,
75:25 = 51.4 µm). Elastic modulus and yield strength were calculated from a 0.2% offset
linear best fit line between 30–70% strain. Ultimate tensile strength (UTS) is the maximum
stress the mesh endured, and maximum force is defined as the maximum force (N) per
1 cm cross-sectional width (enables comparison to other mesh types).

σ =
F
A

=
F

π
(∅

2
)2ln

(1)

where F is the measured force, A is the mesh cross sectional area, Ø is the diameter of fibres,
l is the number of mesh layers and n is the number of vertical fibres (5 for 1.5 mm meshes
and 6 for 1.0 mm meshes).

ε =
∆L
L

=
d− do

L
(2)

where ∆L is the change in sample length, L is the gauge length of samples (18 mm), d is the
measured displacement and do is the initial displacement value.

2.5. Antibiotics Loading and Release Profile

Azithromycin, a broad-spectrum antibiotic, was coated onto the meshes and assessed
for its antibacterial potency.

2.5.1. Antibiotics Loading

Azithromycin was loaded onto the meshes using a method adopted from a previous
study [16]. Briefly, the 30 × 30 mm mesh sheets were cut into disks of 5 mm in diameter
and placed in 1 mL flat bottom centrifuge tubes with screwable caps. The drug loading
solutions were prepared by dissolving 0.5 mg and 1 mg of azithromycin in 100 µL of diethyl
ether (DEE), and the mesh disks were incubated with the loading solutions for 8 h at room
temperature with mild agitation. Following the incubation, the meshes were air dried in a
fume hood for complete DEE evaporation and the drug loaded meshes were kept at−20 ◦C
for further analysis.
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2.5.2. Antibiotics Loading Efficiency

Azithromycin concentration was measured by colorimetry by mixing the azithromycin
with 43% sulfuric acid solution [16]. Erythronolide, the hydrolysis degrative product of
azithromycin, exhibits an absorbance peak at 482 nm, and this was used to quantify the
concentration of azithromycin based on the absorbance intensity [17]. The azithromycin
standard solutions were prepared by incubating the drug powder at concentrations of
1, 5, 10, 15, 20 and 25 mg mL−1 in 43% sulfuric acid for 30 min, and the absorbance was
read at 482 nm. The standard curve was plotted based on the absorbance intensity and
drug concentration and a linear equation was obtained from the standard curve. The
drug-loaded meshes were placed in fresh 2 mL centrifuge tubes and 500 µL of 43% sulfuric
acid was added. After 30 min of incubation, the absorbance was read at 482 nm in triplicate.
The azithromycin concentration was calculated using the standard curve.

2.5.3. Antibiotics Release Profile

The drug-loaded meshes were incubated in 500 µL of PBS at 37 ◦C with rotation, and
250 µL of PBS solution was taken for drug concentration measurement at predetermined
time points: 1 h, 4 h, 1 d, 7 d and 14 d. 250 µL of fresh PBS was added to the mesh incubation
tubes at each time point. Standard solutions of azithromycin (1, 5, 10, 15, 20, 25 mg/mL)
were prepared by mixing drug powder in 250 µL PBS. The standard solutions were mixed
with 250 µL sulfuric acid solution (43%) for 30 min. Absorbance was read at 482 nm to
obtain the measurements of standard solutions and mesh samples. The standard curve was
obtained using the standard solutions, and concentration of azithromycin released from
the mesh samples was calculated based on the standard curve.

2.6. Antimicrobial Test

The antimicrobial capacity of the mesh samples was conducted against S. aureus ATCC
25923 by a disk diffusion method [16]. Briefly, the bacterial strain was inoculated onto a
brain heart infusion agar (Oxoid). After 24 h incubation at 37 ◦C, bacterial colonies were
isolated and suspended in sterile saline until the turbidity was compatible with 0.5 Mac
Farland. S. aureus suspension (100 µL) was spread onto a Mueller–Hinton agar (Oxoid)
plate. The PCL and PCL/PEG meshes (5 mm) with two doses of azithromycin (1 and
0.5 mg, n = 3 for each dose) after 0 and 14 d of release in PBS at 37 ◦C were sterilized
for 30 min under UV and pasted onto the agar plate and incubated for 18 h at 37 ◦C.
Azithromycin antimicrobial susceptibility disks (15 µg, Oxoid) were used as the positive
control. Unloaded meshes and mock treated meshes in DEE were used as the negative
controls. The bacterial growth on the plate was visualized directly after incubation of the
plates at 37 ◦C for 18 h, and the diameter of the inhibition zone was measured according to
clinical and laboratory standards institute (CLSI M02-A10) recommendations.

2.7. Biocompatibility Test

The biocompatibility of the samples was tested using human immortalized adipose
derived mesenchymal stem cells (hMSC) (ATCS CRC4000, ATCC). Nine MEW pelvic mesh
groups were selected to test their biocompatibility: PCL_non-loaded control, PCL_drug
loaded (0.5 mg azithromycin), PCL_drug released (drug-loaded meshes released for 14 days
in PBS as described in 2.4.3), 90:10_non-loaded control, 90:10_ drug loaded, 90:10_ drug
released; 75:25_non-loaded control, 75:25_drug loaded, 75:25_ drug released. All mesh
samples were cut into disks of 5 mm in diameter and sterilized for 30 s with 70% ethanol.
The mesh samples were air dried overnight in a biosafety cabinet and further sterilized
with 20 min UV radiation on each side prior to cell seeding.

2.7.1. Cell Seeding

The hMSC cells (passage 5) were seeded onto the mesh sample disks at a den-
sity of 1 × 104 cells/disk and cultured at 37 ◦C, 5% CO2 in ATCC Mesenchymal Stem
Cell Basal Medium (ATCPCS500030) supplemented with ATCC Mesenchymal Stem Cell

164



Polymers 2022, 14, 763

Growth Kit (ATCPCS500040) and 0.2 mg/mL Geneticin selective antibiotics (G418 Sul-
phate, Thermo Fisher Scientific, Brisbane, Australia). The cells on the mesh samples were
assessed for their viability and morphology with the following in vitro assays: alamar-
Blue assay, LIVE/DEAD assay, fluorescent microscopy and scanning electron microscopy
(SEM) imaging.

2.7.2. Cell Viability Assessment: LIVE/DEAD and alamarBlue Assays

The alamarBlue assay (Thermo Fisher Scientific, Brisbane, Australia) was used to
quantitatively assess the cell metabolism following the manufacturer protocol. Briefly, at
1 d, 7 d and 14 d timepoints, the MSC medium was removed from 4 samples of each mesh
group, and the samples were rinsed with PBS and transferred to a fresh 48-well plate. The
samples were then incubated with 330 µL of fresh culture medium containing 10% (v/v) of
alamarBlue solution for 4 h at 37 ◦C with 5% CO2. After the incubation, 3 aliquots of 100 µL
from each sample medium were transferred to black-wall 96-well plates. The fluorescence
was read at 545/590 nm (excitation/emission) with a CLARIOstar microplate reader (BMG
Labtech, Mornington, Australia).

LIVE/DEAD assay was used to show the distribution of live and dead cells attached
on the mesh samples. Briefly, after 1 d and 7 d of cell seeding, the mesh samples were
moved to a fresh 48-well plate and washed twice with PBS solution. The disk samples were
incubated for 30 min in 300 µL of LIVE/DEAD staining solution (Thermo Fisher Scientific,
Brisbane, Australia) containing 2 µM calcein and 4 µM ethidium. The stained samples were
imaged with a fluorescent microscope (Zeiss Axio Observer 7, Carl Zeiss, Oberkochen,
Germany) immediately after the staining.

2.7.3. Cell Morphology: Fluorescent Microscopy and SEM

The cell morphology stain by immunofluorescence and microscope imaging were
performed as described previously [18]. Briefly, at 3 d, 7 d and 14 d timepoints, cell
culture medium was removed and the mesh samples were transferred into a fresh 48-well
plate. The samples were then washed in PBS and fixed in 4% paraformaldehyde (Sigma,
Melbourne, Australia) for 30 min at room temperature. Following a rinse in PBS and
permeabilization in 0.2% Triton X-100 solution (Sigma-Aldrich, Australia), the samples
were incubated with 0.5% bovine serum albumin for 10 min. The samples were then
immersed for 45 min in staining solution containing 0.8 U/mL Alexa Fluor® 488 Phalloidin
(Thermo Fisher Scientific, Brisbane, Australia) and 5 µg/mL 4′,6-diamino-2-phenylindole
(DAPI; Thermo Fisher Scientific, Brisbane, Australia). The samples were imaged with a
fluorescent microscope (Axio Observer 7, Carl Zeiss, Oberkochen, Germany).

SEM sample preparation and imaging were performed as described previously [19].
Briefly, at 3 d, 7 d and 14 d timepoints, the mesh samples were fixed in 2.5% glutaraldehyde
(ProSciTech, Townsville, Australia) immediately after cell culture. The samples were
washed in PBS buffer (Electron Microscopy Sciences, Hatfield, PA, USA) and dehydrated in
graded ethanol solutions and dried with Hexamethyldisilazane (Sigma Aldrich, Melbourne,
Australia). The gold sputter-coated samples were imaged using a TESCAN MIRA3 SEM
(Tescan, Brno-Kohoutovice, Czech Republic).

2.8. Statistical Analysis

The statistical tests were performed by two-way ANOVA with GraphPad Prism
9 software (GraphPad Software Inc., San Diego, CA, USA). For the mechanical testing
data, there was repeated violation of the assumption of normal distribution; therefore,
the non-parametric Kruskal–Wallis test with post hoc analysis using Bonferroni corrected
Wilcoxon signed-rank test was used. A p < 0.05 was considered a significant result.
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3. Results
3.1. Degradation Test

The physiological and accelerated degradation curves are shown in Figure 2, with the
composite meshes shown to degrade faster than the PCL. In physiological conditions, the
mass loss % increased with increasing PEG content in the mesh fibres. In the accelerated
degradation test, both the 90:10 and 75:25 mesh groups showed significantly greater mass
loss % compared to that of the PCL mesh group (control). The 90:10 and 75:25 groups
became unretrievable after 10 h of degradation, while the PCL meshes were retrievable
after 3 days in NaOH.
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Figure 2. Physiological degradation (10 mL PBS at 37 ◦C) of PCL and PCL/PEG meshes (left).
Accelerated degradation (10 mL 5 M NaOH at 37 ◦C) of PCL and PCL/PEG meshes (right). * shows
significant less mass loss % in the PCL meshes compared to both PCL/PEG groups (n = 3, p < 0.05).

3.2. Mechanical Testing

The material composition was found to substantially affect the tensile properties of
the meshes, with the composite materials (90:10 and 75:25) having consistently higher
strength (yield strength UTS and maximum force) than PCL (Figure 3). The stiffness was
also found to increase with increasing PEG content, with 75:25 typically having a higher
Young’s modulus than 90:10, and both higher than PCL in the non-degraded state (Figure 3;
a 276% increase for 90:10 over PCL and a 615% increase for 75:25 over PCL for 1.0 mm
controls). However, for the 75:25 composite, the degradation in 28 days of PBS reduced the
stiffness by −46% in comparison to the 1 mm 75:25 control.

The mesh geometry with the smaller mesh spacing (1.0 mm), and, therefore, more
cross fibres to bear a load, was found to have a non-significant increase in tensile strength
(UTS and maximum force) when compared to 1.5 mm spacing for the same material and
state (p > 0.99).

The degradation of the meshes in 28 days of PBS did not result in any significant
reduction in the mesh UTS or yield strength for the as printed samples for any material
(degraded 1.0 mm vs. control 1.0 mm, p > 0.97). Further, the test setup effect of drug loading
via immersion in DEE for 8 h did not result in any significant changes to the mesh tensile
properties for any material (mock loaded 1.0 mm vs. control 1.0 mm, p > 0.99).
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3.3. Antibiotics Release

Across all the materials, the mesh geometry affected the drug release, with the smaller
mesh spacing (1 mm) having significantly higher cumulative antibiotics release than the
larger 1.5 mm spacing (Figure 4). The 1 mg drug loaded samples had higher cumulative
release than the 0.5 mg samples for all the materials (Figure 4).

3.4. Antimicrobial Test

Clear inhibition zones were observed for all the material groups (PCL, 90:10, 75:25) for
both spacings (1.5 mm and 1.0 mm) at day 0 and day 14 (Figure 5). The 14 d measurements
resulted in a significantly smaller inhibition zone compared with 0 d.
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3.5. Biocompatibility Test
3.5.1. LIVE/DEAD and alamarBlue Assay

The LIVE/DEAD results showed the viable cells in green fluorophore and dead cells in
red at 1-day and 7-day time points (Figure 6). As shown in Figure 6A, the cells were viable
in the PCL non-loaded control and drug-released mesh groups; few live cells were observed
in the drug-loaded group. In Figure 6C, a small number of live cells were found in the
90:10 non-loaded control group and a number of viable cells were high in the drug-released
group; the cells on the drug-loaded meshes were mostly dead. In Figure 6E, a few viable
cells were found on the 75:25 non-loaded control mesh, and the drug-loaded mesh samples
showed almost no cell attachment. The drug-released group showed higher cell viability
than the freshly drug-coated and control groups. The overall trend in the LIVE/DEAD
assay showed higher numbers of viable cells at the 7-day time point, especially in the
drug-released mesh groups.
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Figure 6. LIVE/DEAD assay and alamarBlue assay of all sample groups at all assessment time points.
LIVE/DEAD assay results ((A) for PCL meshes, (C) for 90:10 meshes, (E) for 75:25 meshes) showing
viable cells in green fluorescence. AlamarBlue results ((B) for PCL meshes, (D) for 90:10 meshes,
(F) for 75:25 meshes) show mean± standard error mean (scale = 200 µm). In graph B and graph D,
both non-loaded control group and drug released group showed significantly higher cell metabolic
activity at the 14-day time point compared to the drug-loaded group. In graph F, significantly higher
cell metabolic activity was found at the 14-day time point in the drug-released group compared to
both the drug-loaded and non-loaded control groups. * shows statistical significance p < 0.05.
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The AlamarBlue assays showed cell metabolic activity that indicated cell viability and
proliferation on the mesh samples at the 1-day, 7-day and 14-day time points (Figure 6).
Noticeably, at the 14-day time point, a statistical difference was found between the drug-
released group and drug-loaded group in all mesh materials (Figure 6B,D,F), between the
control group and drug-loaded group in PCL and 90:10 materials (Figure 6B,D) and between
the drug-released group and non-loaded control group in 75:25 material (Figure 6F).

3.5.2. Cell Morphology by Fluorescent Microscopy

The cell morphology on the mesh structures was examined with a fluorescent micro-
scope, and the nuclei of the cells were shown in blue fluorophore and cell skeletons were
shown in green (Figures 7–9).
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3.5.3. Cell Morphology by SEM

The cell morphology was assessed with SEM to show the interaction of MSC cells and
the mesh surface (Figures 10–12).
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4. Discussion

The ban on pelvic mesh implants generated an urgent need for an alternate mesh
product to treat POP. One of the main causes of mesh failure is the non-compliance of the
polypropylene mesh. Studies have investigated methods to modify the polypropylene
meshes, for example, producing different knitted mesh structures [20] or coating the mesh
with electrospun polymer composite of polylactic acid (PLA) and PCL [21].

There has also been a growing interest in creating the pelvic meshes with biodegrad-
able polymers such as PLA [22], PLGA [23] and PCL [24]. The use of non-degradable
polymer such as polypropylene for implants tend to lead to scarring and other foreign body
responses. The advantage of using biodegradable polymer such as PCL, PLA and PLGA
is that they are FDA approved and widely used as biomaterials for tissue engineering
purposes including pelvic meshes [25,26]. PCL, although commonly used as biomaterials,
is known for its hydrophobicity which impedes cell adhesion [27]. Incorporating PEG,
which is a soft, hydrophilic polymer, to create a hybrid scaffold is often a strategy employed
to enhance surface hydrophilicity [28–30]. PEG is widely used in the field of drug delivery
to produce a controlled sustainable delivery system by blending with polyurethane [31] and
PCL [32,33]. PLA-PEG scaffold has also been electrospun for neural tissue engineering [30].
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Electrospinning is a manufacturing technique that has gained increasing interest
for fabricating pelvic meshes due to its ability to create microstructures mimicking the
extracellular matrix, which has been shown to enhance tissue integration [24,26]. This
present study fabricated the meshes using melt-electrowriting (MEW), a technique similar
to electrospinning with the exception that MEW enables the meshes to be produced with a
high degree of control and precision and does not include toxic solvents [34]. Additionally,
the fibre thickness, porosity and scaffold height can be customised to produce scaffolds
with optimal properties for pelvic meshes.

In this study, composites of PCL and PEG meshes with two different ratios (90:10 and
75:25 PCL:PEG) were fabricated using MEW. PEG was a good choice for the composites as
it has a similar melting point to that of PCL (∆Tm ~3 ◦C) [35]. As medical grade PCL has a
slow degradation rate (~4 years), the hydrophilic nature of PEG was utilised to alter the
degradation rate of the composites. The degradation rate of PCL/PEG mesh is controllable
by adjusting the content of PEG in the composite to match the rate of tissue regeneration
in the pelvic floor. The degradation profile at physiological conditions (in PBS at 37 ◦C)
showed an average of 10% mass loss in the 90:10 mesh group and ~25% mass loss in the
75:25 groups. No weight changes were observed in the PCL group (Figure 2). These results
indicate that the hydrophilic PEG component was dissolved by the aqueous PBS solution
and washed off from the mesh fibres, while the PCL showed no sign of degradation.
Interestingly, the degraded 75:25 samples formed hollow structures, indicating the PEG
component of the composite might have been more central when manufactured via MEW
(Figure S1). Other PCL composites, such as PCL/PLA, showed a weight loss of less than
5% in PBS at 37 ◦C after 30 days, whereas PCL/PGA exhibited a loss of 55%, which would
be too fast for a POP application [36]. Polypropylene, despite being a non-degradable
polymer in vitro, when implanted as a mesh, underwent superficial degradation in 33% of
the patients [37]. After 3 months of implantation, peeling of the fibre surface, cracks and
flaking of the polymer were observed.

To examine the long-term degradation behaviour of PCL mesh and PCL/PEG com-
posite meshes, we used 5 M NaOH for an accelerated degradation test method. The
hydrophobic PCL meshes lost 80% of their mass within 3 days, while both PCL/PEG mesh
groups lost their structure and became unretrievable after 10 h. At the 10-h time point, the
PCL/PEG 90:10 group showed almost 5-fold increase in degradation rate and the PCL/PEG
75:25 group showed a 3.7-fold increase compared to PCL alone. Although both composite
groups had a significantly faster degradation rate than PCL, interestingly, the 90:10 group
degraded faster than the 75:25 group in accelerated conditions. This could be due to the
change of crystallization of PCL with the increased presence of PEG when the fibres cooled
down to room temperature after MEW printing [35,38]. The increased crystallinity of PCL
alters its physical properties, such as increased melting temperature, degradation rate, and
increased the mechanical strength with higher stiffness.

The addition of PEG to PCL increased the tensile strength of the meshes compared to
the PCL control group. Increasing the PEG content to 25% exhibited an average increase
in ultimate tensile strength of 99% to 34 MPa (1.5 mm) and 127% (44 MPa; 1.0 mm) in
the 75:25 group). Polypropylene meshes, such as Gynemesh, exhibited tensile strength
of 2.59 MPa, which is markedly lower than the PCL/PEG composites [39]. Electrospun
meshes fabricated using other polymers also exhibited similar tensile strength as Gynemesh,
such as PLA (3.5 MPa) and PLGA/PCL (3.6 MPa). Interestingly, PLA fibres, when aligned,
produce meshes with tensile strength that increased to 22 MPa, which is similar to our
PCL/PEG composites, which comprised aligned fibres [39]. Additionally, the increase in
PEG also corresponded to a significant increase in stiffness (358 MPa (1.5 mm, p = 0.79) and
729 MPa (1 mm, p = 0.02) in Young’s modulus) compared to PCL alone. This increased
stiffness is also likely associated with the increased crystallinity of the PCL with increased
proportion of PEG. Stiffer polypropylene-based meshes, especially Gynemesh with a
Young’s modulus of 9 MPa, have been shown to disrupt ECM remodelling and produce
protein responses similar to vaginal degeneration [39,40]. Additionally, the stiffness of
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meshes can influence the rate of mesh-related complications [41,42], resulting in increasing
risk of mesh exposure [40].

It is noted that there are very limited studies in the literature that utilise MEW to create
meshes for POP application. Most of the studies fabricated meshes via electrospinning, pro-
ducing scaffolds with lower mechanical strength than MEW scaffolds. For example, the ten-
sile strengths of our PCL/PEG composites (~30 MPa for 90:10 group) were higher than those
of other PCL composites, as shown by researchers such as Vashaghian et al. [26], whereby
electrospun PCL/PLGA and PCL/Gelatin exhibited tensile strengths of 12.4 ± 1.6 MPa and
3.5 ± 0.9 MPa, respectively. The stiffness of the PVDF electrospun scaffolds ranged from
13.1 to 25.8 MPa [43] and was 10 to 20 times lower than the PCL/PEG composites. Irrespec-
tive of manufacturing techniques, the stiffness of these scaffolds was still too high when
compared to premenopausal healthy vaginal tissues, which measured at 0.79 MPa [25].
On the other hand, while it is desirable to have lower mechanical properties, electrospun
scaffolds have non-uniform small pore sizes, which hinders cellular infiltration and tissue
integration. The ability of MEW to better control fibre thickness and pore size has the
advantage of tailoring the scaffold’s parameters to obtain the desirable properties.

Although parameters such as Young’s modulus and ultimate tensile strength are
commonly used to assess the mechanical characteristics of meshes, they can be difficult
to compare when the mesh structures and sizes vary. Pott et al. proposed an alternative
approach for mesh strength comparison by measuring maximal force that the mesh sus-
tained over 1 cm mesh width (N/cm) [44]. As shown in Figure 3, the maximal force values
of the PCL meshes with 1 and 1.5 mm spacing were 4.7 and 3.4 N/cm, respectively. Such
maximal force is not adequate as the clinically relevant force for hernia repair was noted as
32 N/cm (lateral) and 22 N/cm (cranial/caudal) [44]. The PCL–PEG composite meshes
improved the maximal force, whereby a 10% PEG addition exhibited an increase of 136%
for the 1 mm-spaced mesh and 148% for the 1.5 mm-spaced meshes. Changes in scaffold
architecture through features such as interwoven fibres, varying fibre orientation, and
altering the composite composition may enable the mesh strength to approach clinically
relevant levels. The pore size and shape are important to take into consideration when
designing the meshes. These parameters have been shown to influence mechanical strength,
in particular, the strength of tissue ingrowth. The pore sizes of commercially available
meshes were wide-ranging, with 1.1 mm measured in Novasilk mesh to Ultrapro with
4 mm pore size [25]. Large pore sizes (> 1 mm) have been shown to integrate better with
tissue and exhibited more tissue ingrowth in pigs [45,46]. The mechanical strength of
tissue ingrowth was enhanced as the pores increased from 1 mm to 5 mm [46]. In addition,
the meshes with hexagonal pores encouraged the strongest tissue ingrowth in pigs after
90 days of implantation [46]. The pore sizes of 1 and 1.5 mm of our meshes were chosen
based on the literature and aimed at facilitating good integration with the host tissue.

Since the meshes aim to be ultimately implanted in humans, the biocompatibility of the
various types of meshes was assessed. MSCs are commonly used in tissue engineering for
cell-based therapy [47] owing to their ability to differentiate into various types of cells, such
as smooth muscle cells [48] and endothelial cells [49]. MSCs also produce various types of
growth factors, including VEGF, which will assist with production of blood vessels and
tissue integration [50]. Additionally, MSCs are immunomodulatory, producing cytokines
that regulate immune cells, such as T cells, to influence the activation of the cells involved
in wound healing and tissue repair [51]. Seeding of MSCs on the PCL/PEG scaffolds has
the potential of creating meshes that encourage healing and tissue integration, ultimately
improving the outcome of the POP treatment. Another advantage of using MSCs for
the biocompatibility test in this study is that MSCs are found to be superior to other cell
types for in vitro cytotoxicity tests because they are a more accurate modelling of in vivo
conditions [52].

Although PEG increased the mechanical properties of the PCL meshes, it appeared
to produce a less conducive surface for cell attachment. As shown in Figures 9 and 12,
there were fewer MSCs observed after 14 days of culture when PEG was increased from
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10% to 25%. The addition of PEG to PCL increased the hydrophilicity of the meshes,
but PEG is also known to have an anti-cell attachment due to decreased initial random
motility coefficient, which reduces cell-substrate adhesion in hMSC [53]. This effect is
also increased with a higher content of PEG in the substrate. Endothelial cells cultured on
PU/PEG composite also demonstrated initial lower cell proliferation when compared to PU
scaffolds [54]. Other studies have shown that the relationship between surface wettability
and cell adhesion displays a bell shape distribution rather than a linear relationship, with
the ideal hydrophilicity being cell-dependent [55,56]. Polypropylene meshes cultured with
endothelial cells in vitro showed a reduction in viability of almost 50% after 3 days [57],
while, in vivo, they induced a proinflammation response in 27 patients, demonstrated by
an increase in M1 macrophages [58].

Another complication faced by women with mesh implants is infection of the mesh.
An anti-bacterial property was incorporated into the composite meshes fabricated in this
study. Azithromycin was selected as the antibiotic for this study due to its broad antimi-
crobial coverage and previously demonstrated effectiveness in PCL fibres loaded with
azithromycin [16]. Mathew et al. demonstrated that electrospun PCL fibres loaded with
azithromycin via a solvent evaporation technique inhibited the growth of Staphylococcus
aureus for 14 days [16]. Azithromycin is a widely used macrolide antibiotic that inhibits bac-
terial protein synthesis, which provides coverage of many Gram-positive bacteria and most
Gram-negative bacteria, including ‘atypical’ bacteria, such as mycoplasma and mycobac-
teria species [59]. Its clinical uses include treatment of community-acquired pneumonia,
otitis media, pharyngitis, cervical infections, pelvic inflammatory disease, skin infections
as an alternative to beta-lactam antibiotics and as prophylaxis to vulnerable patients with
advanced acquired immunodeficiency syndrome [60,61]. In this study, the antibacterial
property was maintained across all three types of meshes, with the 75:25 PCL:PEG 0.5 mg
azithromycin group still producing an inhibition zone of 10 mm after 14 days (Figure 5).

Although azithromycin is an effective bactericide, our study indicated that it may be
cytotoxic above certain concentrations. Azithromycin has been shown to be cytotoxic to
fibroblasts at a concentration of 0.05% while, at 0.025%, it was biocompatible [62]. As shown
in our study by the LIVE/DEAD assay and alamarBlue assay, there were very few viable
cells in the azithromycin-loaded groups across all three types of meshes throughout the
14 days of culture (Figure 6). However, in the drug-released groups, increased cell prolifer-
ation was observed across the experimental period, especially the 75:25 group (Figure 6F).
As the drug released, the concentration of azithromycin on the meshes decreased gradually,
thereby enabling cells to proliferate with time. This suggested that, even though there
was a delay of cell attachment and proliferation when the drug-coated meshes were first
incubated, the cytotoxicity decreased over time, enabling cells to eventually proliferate
on the meshes. It is anticipated that the design and composition of these meshes will
provide initial mechanical support to the pelvic organs and encourage tissue integration
and infection-free regeneration after implantation, as demonstrated by the biocompatible
and antibacterial properties of the mesh. When the regenerated connective tissues have suf-
ficient strength to take over the mechanical load, the meshes are expected to fully degrade
and be replaced by natural tissues.

Confined by the scope of the study and current understanding of biodegradable mesh
usage for POP, there are limitations of this study: the laydown patterns of the MEW meshes
were limited to the 90◦ cross hatch, only 2 PCL:PEG composites were studied and two an-
tibiotic dosage levels were chosen. These mesh designs are substantially different from the
woven, knitted and braided implants typically made of polyester, polytetrafluoroethylene,
polypropylene, polyethylene and nylon [63]. Future studies will need to investigate the
effect of different pore shapes to obtain mechanical properties comparable to the vaginal
tissue. With better understanding of the regenerative rates of the connective tissues in
the pelvic floor, PCL/PEG composite meshes can be prepared for a degradation rate that
matches the tissue regeneration. Future experiments will include further optimizing the
dosage of azithromycin to acquire a balance between being bactericidal and biocompati-
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ble. In vivo implantation studies in small and large animal models will also be needed to
demonstrate the preclinical performance of these meshes.

In this study, altering the mesh material composition led to the greatest effect on
the mesh material properties, providing evidence that mesh material properties may be
tailorable via polymer composites fabricated via MEW. Careful consideration should be
given to the stiffness of the designed mesh as higher stiffness meshes have influenced:
the rate of mesh-related complications [41,42], tissue remodelling response through stress
shielding [64,65] and breakdown of collagen and elastin [66,67], resulting in an increasing
risk of mesh exposure [40].

5. Conclusions

This study has demonstrated that melt-electrowritten (MEW) composite meshes com-
prising PCL and PEG showed a controllable degradation rate by adjusting the PEG content
and produced mechanical properties, such as maximal forces, that are higher than PCL
alone and move towards the forces observed clinically. Antibacterial properties with slow
releasing capabilities were successfully incorporated into the meshes, albeit the concen-
tration used warrants further adjustment. A biodegradable mesh that is compliant and
antibacterial appears possible to manufacture using a version of 3D printing (MEW) and
would provide a much needed and urgent treatment for women with POP.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14040763/s1, Figure S1. Cross sectional SEM image of a
representative sample from the 75:25 degraded group (after 28 days immersion in PBS), showing the
formation of a hollow structure after the PEG content was dissolved in PBS solution, indicating the
PEG component of the composite might have been more central when manufactured via MEW.
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Abstract: Affordable commercial desktop 3-D printers and filaments have introduced additive
manufacturing to all disciplines of science and engineering. With rapid innovations in 3-D printing
technology and new filament materials, material vendors are offering specialty multifunctional
metal-reinforced polymers with unique properties. Studies are necessary to understand the effects of
filament composition, metal reinforcements, and print parameters on microstructure and mechanical
behavior. In this study, densities, metal vol%, metal cross-sectional area %, and microstructure of
various metal-reinforced Polylactic Acid (PLA) filaments were characterized by multiple methods.
Comparisons are made between polymer microstructures before and after printing, and the effect
of printing on the metal-polymer interface adhesion has been demonstrated. Tensile response and
fracture toughness as a function of metal vol% and print height was determined. Tensile and
fracture toughness tests show that PLA filaments containing approximately 36 vol% of bronze or
copper particles significantly reduce mechanical properties. The mechanical response of PLA with
12 and 18 vol% of magnetic iron and stainless steel particles, respectively, is similar to that of pure
PLA with a slight decrease in ultimate tensile strength and fracture toughness. These results show
the potential for tailoring the concentration of metal reinforcements to provide multi-functionality
without sacrificing mechanical properties.

Keywords: Polylactic Acid (PLA); 3-D printing; polymer composites; multifunctionality; fused
filament fabrication; metal-reinforced PLA; mechanical properties

1. Introduction

3-D printing is a fast-evolving technology due to its ease of access and usefulness in
various avenues of science and engineering. In contrast to traditional subtractive manufac-
turing techniques, additive manufacturing creates objects in an additive process through a
layer-by-layer joining method. This method presents the benefit of materials savings, as
well as new design approaches. The introduction of 3-D printing has pushed industries,
such as automotive, aerospace, energy, and medical, to new heights [1,2]. Recent technolog-
ical advancements center on the implementation of multifunctional materials [3–5]. With
the development of new lightweight multifunctional components and systems, there is a
need for new 3-D printable materials and robust manufacturing processes.

In just a few years, there have been significant advances in the development of poly-
mer 3-D printing systems ranging from commercially available high-end fused deposition
modeling (FDM), also referred to as fused filament fabrication (FFF) machines to desktop
3-D printers. 3-D printing can be advantageous to traditional manufacturing processes
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depending on manufacturing constraints. 3-D printing technologies allow for far more
complex geometries, eliminate the need for tooling, and their versatility introduces print-
ing with varying materials and parameters. However, many low-cost printers can only
fabricate materials from acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA)
systems. As a result, these are the most studied 3-D printed materials [6–8]; however,
low-cost manufacturing could benefit from multifunctional ABS and PLA material produc-
tion capability.

There is literature available on the PLA material system for 3-D printing. Tym-
rak et al. [9] measured the tensile strength and elastic modulus of printed components
made from low-cost 3-D printers. They found an average tensile strength and elastic mod-
ulus for PLA to be 56.6 MPa and 3368 MPa, respectively. A life cycle analysis performed
by Wittbrodt et al. and Kreiger et al. [10,11] suggests that 3-D printing as a manufacturing
method has a lower environmental impact than that of conventional, subtractive manufac-
turing for a variety of products. Additive manufacturing can reuse reclaimed materials as
a filament in a variety of manufacturing methods [12]. However, there is an informational
void for modified PLA systems, particularly those with metallic particle reinforcements.
Other reinforcement materials such as synthetic or natural fibers, ceramics, and metals
have been explored [13]. Namiki et al. impregnated carbon fiber into PLA filament to
take advantage of continuous fiber reinforcement [14]. Several other studies have similarly
investigated carbon fiber, and modified carbon fiber reinforced PLA filaments [15–22].
A previous study characterized metal-reinforced PLA filaments, but Fafenrot et al. only
explored bronze and magnetic iron reinforced PLA [23]. A very recent study successfully
implemented continuous metal fibers (copper and steel wire) into PLA filaments and en-
hanced the composite’s mechanical properties [24]. Liu et al. characterized the mechanical
response of metal-based PLA filaments; specifically, copper and aluminum powder. They
found that enhanced strength is also possibly dependent on printing properties such as the
raster angle [25].

Traditionally, PLA is one of the most commonly used polymers for 3-D printing. Re-
cently, composite filament materials have emerged, such as particulate reinforced PLA. The
additions to the PLA aim to improve the multi-functionality by affecting such properties as
strength, thermal conductivity, electrical conductivity, magnetic attraction, and radiation
shielding. Metal-oxide semiconductors have been manufactured from sintered 3-D printed
materials [26], and filaments with TiO2 and MoO3 were explored for their antimicrobial and
antifungal properties [27]. Multiple groups pursued multifunctionality to try and introduce
electroconductive properties to 3-D printed materials [28–30]. However, the specifics of
these materials are highly variable. Cost can range from expensive industrial grade to
inexpensive pellets (approximately $1/lb) that can be used to create filament. Density, and
perhaps most significantly, metal volume percent, can vary from manufacturer to manufac-
turer. These material details play a vital role in determining the mechanical, thermal, and
electrical properties of PLA-based systems and, therefore, govern a product’s design.

In this study, PLA was printed using desktop 3-D printers. The microstructure,
density, tensile strength, elastic modulus, and fracture toughness of these materials were
determined as a function of their print height and metallic composition. This research
aims to determine the role that starting filaments and print height play in determining the
mechanical properties of 3-D printed materials. Through the thorough characterization
and better understanding of the commercially available filaments and the resultant printed
material properties, these composite materials can be better tailored to improve specific
properties to be used in multifunctional applications.

2. Materials and Methods

This study used commercially available Makerbot Replicator 2X (TYPE, Maker-
Bot, Brooklyn, New York, NY, USA) and Orion Delta 3-D printers (TYPE, SeeMeCNC,
Ligonier, IND, USA). These machines were used to manufacture ASTM D 638 [31] tensile
coupons (Figure 1), as well as fracture toughness specimens (Figure 2). These specimens
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were printed with 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm layer heights, with an overall
thickness between 9.6 and 11.2 mm. In addition to varying the layer height of the printed
specimens, the print material was changed. Typical extruder temperatures were 200–220 ◦C
and bed temperatures were 45–60 ◦C depending on the filaments. Different materials
used in this study were pure PLA (Makerbot), bronze-reinforced PLA (colorFabb), copper-
reinforced PLA (colorFabb), magnetic iron-reinforced PLA (Proto-pasta), and stainless
steel-reinforced PLA (Proto-pasta). These materials will hereby be referred to as PLA, Br-
PLA, Cu-PLA, MI-PLA, and SS-PLA, respectively. Three tensile coupons and three fracture
toughness specimens of each layer height and material type were printed and tested.
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Figure 2. (a) Br-PLA, (b) Cu-PLA, (c), MI-PLA, (d) and SS-PLA specimens after undergoing fracture
toughness testing.

Prior to testing, the bulk density of each material was measured along with that from
the Archimedes buoyancy method. Through thermogravimetric analysis (TGA) of bulk
filament pieces, metallic particle weight percentage was obtained, from which metallic
volume percentage was calculated. Samples from printed coupons and as-supplied filament
were mounted in epoxy and polished to allow for microstructural analysis of the cross-
sections using an optical microscope. Measurements of metallic particle area percentage
and porosity with the PLA were conducted on the optical micrographs using ImageJ
(National Institutes of Health, Bethesda, MD, USA)).

For tensile testing, the strains were determined by using photogrammetry. The elastic
moduli of materials were determined in two different manners: dynamically and mechani-
cally. The dynamic testing consisted of impulse excitation in nominal conformance with
ASTM C1259 [32]. Mechanical modulus was determined from the tensile data. Generally,
dynamic and mechanical results were similar, and the dynamic testing ceased. Fracture
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toughness was determined according to D5045 [33]. The thickness, width, and crack length
of each specimen were approximately 10, 20, and 9 mm, respectively. Some of the thickness
or plasticity criteria were not fulfilled; however, additional specimens of some materials
tested with a greater thickness (10 mm) resulted in similar values, implying reasonable
trends in the data and conclusions.

3. Results and Discussions
3.1. Material Characterization

Figure 3 compares density measurements for all materials used in this study. There
is a discrepancy between “in-house” water immersion density measurements and those
provided by the filament producer, particularly the 0.26 g/cc and 0.43 g/cc difference
present in the Br-PLA and Cu-PLA materials, respectively. The difference between filament
producer-provided measurements and those carried out in this study is at least 0.1 g/cc for
every material. It is critical to have an accurate density of source materials before designing
a 3-D printed structure, and therefore the values need to be assessed and confirmed. This
information can be found by simply characterizing material before use and then designing
structures accordingly.
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Figure 3. Filament densities obtained from multiple methods and reported by filament manufacturers.

Figure 4 shows the TGA results, performed in air, of the materials used in this study.
By approximately 400 ◦C, the PLA has burned away, and the remaining weight can be
associated with the metallic particle reinforcements. For example, approximately 80 wt%
of bronze and copper are remaining once the PLA is removed from each sample at 400 ◦C.
The metal wt% and associated vol% are displayed in Table 1.

Table 1. Metal wt% and vol% of materials obtained from TGA of as-received filament.

Material Metal wt% Metal vol%

Br-PLA 80.35% 36.02%
Cu-PLA 80.57% 36.41%
MI-PLA 48.33% 11.05%
SS-PLA 58.87% 18.09%

PLA 0.00% 0.00%
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Figure 4. TGA results of materials conducted in air.

Fafenrot et al. conducted a similar study on Br-PLA and MI-PLA filaments that were
obtained from the same sources as in this study. They observed very similar metal vol% of
36 and 12, respectively. Their calculations were also conducted via TGA measurements [23].

Br-PLA and Cu-PLA exhibit a much higher metal vol% than MI-PLA or SS-PLA. Direct
comparisons of mechanical strength between these materials cannot be conducted from
these measurements, in part due to density difference and varying reinforcement vol%
values. It can be rationally predicted that material with 36 vol% copper is far less likely to
behave as pure PLA than a material with only 11% magnetic iron. The volume of metal
reinforcement should significantly affect mechanical properties in comparison to pure PLA.
The multifunctionality of material is significantly dependent on its composition and, in
this case, the amount of metal reinforcement in PLA. An objective of this research is to
determine if multifunctionality may be tailored to a specific purpose if this metal vol% can
be controlled.

Figure 5a shows micrographs for Br-PLA, Cu-PLA, MI-PLA, and SS-PLA filament
(before printing), and Figure 5b shows micrographs of the same materials after printing. The
bright, white regions in the micrographs are the metallic particles, with the surrounding
material being PLA. In all the micrographs in Figure 5a,b, except perhaps the Br-PLA
filament prior to printing (Figure 5a), there are dark spots that have shapes resembling
those of the metallic particles. Due to the size and shape similarities between them, we
hypothesize these dark spots are created from metallic particles pulling out of the PLA
rather than the porosity created during printing. This most likely occurred during the
polishing of the mounted samples. The abrasive surface of the polishing pads caught onto
the edges of the hard metal particles sticking out above the soft PLA, and pulled them
out. Therefore, area percentages of metallic particles were obtained by combining the
approximate amounts of bright and dark spots as shown in Figure 6. The area percentages
determined from the micrographs from Figure 5a,b can be seen in Figure 7 and Table 2.
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Figure 7. The measured area percent of Br-PLA, Cu-PLA, MI-PLA, and SS-PLA before and after printing.

Table 2. The measured area percent of Bronze (Br), Copper (Cu), Magnetic Iron (MI), and Stainless
Steel (SS) in reinforced PLA filament and printed samples.

Material Metal Area% Pullout Area% Total Area%

Br-Filament 13.9% N/A 13.9%
Br-Printed 20.4% 12.5% 32.9%

Cu-Filament 3.2% 10.6% 13.8%
Cu-Printed 12.9% 20.3% 33.2%

MI-Filament 3.4% 4.1% 7.5%
MI-Printed 8.1% 8.0% 16.1%
SS-Filament 19.4% 2.1% 21.5%
SS-Printed 14.2% 13.0% 27.2%

The cross-sectional area % measured (using ImageJ) for particles in the printed materi-
als in Figure 5b is similar to the vol% of metallic particles in these filaments as obtained
through TGA experiments; however, that is not the case for results obtained from analyses
of the filament micrographs displayed in Figure 5a. Since TGA experiments were con-
ducted on the as-received filament, it should be expected that the metallic particle area %
of the filament micrographs (when including the pullout amounts) should be similar to the
vol% obtained from TGA measurements.

The possibility that gravity effects during the printing of the bulk samples could cause
the discrepancies between the metal area % determined from the micrographs and the
vol% calculated from the TGA experiments was considered. These samples were created
with commercially available desktop 3-D printers that were not designed to print polymer
filament reinforced with metallic particles. As the filament is heated at the printer head, the
decreased viscosity may allow for metal particles just above the heated region to migrate
down to the print head and be dispersed into the more viscous regions of the filament.
In other words, the structure maintaining the position of these metal particles loses its
strength, allowing for the metal to migrate in the direction forced by gravity. However,
the gravity effect is most likely occurring within a printed layer height, which should only
affect the location and not the amount of detectable reinforcement. All printed layers are
within the polished plane in the micrograph, and therefore the metallic particles should be
visible. There are also certain issues in changing the nozzle diameter due to abrasion as
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well as sticking of some particulates in the nozzle orifice. These factors should be evaluated
carefully in future investigations.

In addition, the printing procedure may cause the plastic filament to shrink, causing
the metallic particles to occupy a higher area % than they did before printing. However,
PLA has proven to have minor warping or shrinking issues upon cooling, unlike ABS,
which warps drastically after printing [34,35].

There seems to be significantly more metal reinforcement in printed samples. The
most likely explanation of why filament cross-sections show less area % than printed parts
is that the printing process has a beneficial effect on the adhesion between the metallic
reinforcement and the PLA. The mounting and polishing procedure to prepare polished
sections was consistent between filaments and printed samples, yet less reinforcement is
detected in the filament. The PLA was exposed to a different temperature and cooling time
in each print, possibly affecting the PLA interface around the particles.

Gupta et al. performed tribological studies on printed samples of the same materials
used in this study and found that the presence of metallic reinforcements, regardless of
the metal, decreases the wear rate and coefficient observed in PLA [36]. Studies weren’t
conducted to compare the tribological behavior between the filament and the printed
sample of a given material. However, with the increase in pullout observed in this study,
we expect the wear rate to be higher in filaments than in printed samples. The micrographs
in Figure 5a are blurrier than those in Figure 5b due to the polishing finish, and this
limits the ability to recognize all of the pullout locations of the metallic particles. That
could also be an effect of fewer particles being present, resulting in a smoothing of the
matrix. Therefore, a different method was used to estimate the amount of pullout in the
polished filament samples. If it is assumed that the reinforcement amount is correctly
identified in the printed samples (taking into account observed pullout) and through the
TGA experiments, then we can calculate how much reinforcement was pulled out of the
filaments during the polishing procedure. That data is shown in Table 3 and Figure 8.
Except for SS-PLA, there was less pullout detected in the printed samples. To obtain the
best accuracy in future assessments of particulate vol%, multiple images of each sample
will be assessed in order to provide a larger database. In addition, performing TGA on the
printed material should provide optimal information about the metallic particle content.

Table 3. Area % of total reinforcement observed in filament and printed micrographs. Pullout
amounts in filament micrographs are estimated by subtracting the detected metallic particles from
the total (metal + pullout) of their printed counterparts.

Material Metal Area% Pullout Area% Total Area% Metal Vol% (TGA)

Br-Filament 13.9% 19.0% * 36.02%
Br-Printed 20.4% 12.5% 32.9%

Cu-Filament 3.2% 30.0% * 36.41%
Cu-Printed 12.9% 20.3% 33.2%

MI-Filament 3.4% 12.7% * 11.05%
MI-Printed 8.1% 8.0% 16.1%
SS-Filament 19.4% 7.8% * 18.09%
SS-Printed 14.2% 13.0% 27.2%

* Calculated
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Figure 8. A visualization of the data presented in Table 3 showing the area percentage of total reinforcement observed in
filament and printed micrographs.

This pullout observation supports the hypothesis that PLA-metal interface adhesion
may be weak, especially before undergoing a heating and cooling procedure via printing,
and should be optimized. It is disconcerting that a simple polishing procedure easily
removes at least half of the metallic particles from printed samples. The weak PLA-metal
interface adhesion does not provide promise for the use of these materials on exposed
surfaces that may experience friction with their surroundings, hindering the design process
for these materials. As the filament is heated and printed, it may be unavoidable for the
metallic particles to move around in the PLA. However, the adhesion at the PLA-metal
interface can be improved. Optimization of print temperature, extrusion rate, raster angle,
and bed temperature may improve interface adhesion.

3.2. Mechanical Properties

Figure 9a–d show the data obtained from tensile testing for PLA samples printed
with 0.1, 0.2, 0.3, and 0.4 mm layers, respectively. Three samples of each material were
tested. One test of PLA printed with a print layer height of 0.2 mm failed prematurely due
to a poor experimental setup. The overall results are consistent and provide confidence
in the repeatability of the printing process. Strain to failure is variable; however, this is
common for polymeric materials. Figure 10a shows the average tensile response of each of
the four PLA print heights. The Young’s modulus of each material was calculated from
the slope of the linear, elastic portion of the tensile response. The highest stress withstood
by the material is taken as the ultimate strength. Figure 10b shows Young’s moduli and
ultimate tensile strengths of the same samples. A slight decrease in modulus with print
layer height is exhibited; however, little effect is seen on ultimate strength. PLA behaves
consistently, regardless of print height. Therefore, metal-reinforced PLA can be compared
to PLA printed at any of these four print heights. This consistency, regardless of print
height, is not the case for all standard 3-D printed materials. For example, a previous study
showed that ABS layer height plays a critical role in determining the 3-D printed polymer’s
tensile performance [37]. Once again, material choice proves to be a governing parameter
when designing 3-D printed structures.
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Figure 11 shows the average tensile response for metal-reinforced PLA samples printed
at 0.3 mm print height compared to PLA samples printed at 0.3 mm print height. All the
materials exhibit significant deformation prior to failure, with the Br-PLA and Cu-PLA
exhibiting the largest strains (>3%). All metal-filled materials are weaker than pure PLA.
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Figure 11. Average tensile response for PLA and metal reinforced PLA at 0.3 mm print layer height.

Fracture toughness was calculated with Equation (1),

KQ =

(
6PQ
√

a
BW

)1.99− a
W
(
1− a

W
)(

2.15− 3.93 a
W + 2.7

( a
W
)2
)

(
1 + 2 a

W
)(

1− a
W
) 3

2
, (1)

where PQ is the applied load, B is the thickness of the specimen, a is the crack length, and W
is the width of the specimen. An example of the data obtained from the three-point flexural
tests used to calculate fracture toughness is shown in Figure 12. Figure 13a–e show fracture
surfaces for all materials printed with a 0.3 mm print layer height, with Figure 13f showing
the fracture surface of Br-PLA at a higher magnification. Print layers in each material are
clearly visible, but only pure PLA is free of porosity between layers. Figure 13g displays
the average fracture toughness of the materials investigated in this study. All images and
data shown in Figure 13 are obtained from prints utilizing a 0.3 mm print layer height.
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In all mechanical tests, SS-PLA and MI-PLA performed nearly as well as pure PLA.
These three material compositions show similar tensile responses, but the presence of
metallic particles causes a lower ultimate strength and earlier onset of plastic deformation.
In contrast, there is a significant and noticeable change in mechanical behavior in Br-PLA
and Cu-PLA. These two material compositions have much lower ultimate strength and
fracture toughness values. Large additions of metal particles in the Br- and Cu-PLA may
have resulted in lower fracture toughness due to the pull-out of the particles from the PLA.

The Br-PLA and Cu-PLA filaments contained approximately 36 metal vol%, while
the MI-PLA and SS-PLA only contained 11 and 18 metal vol%, respectively. The high
vol% addition of bronze and copper plays a vital role in causing this change in mechanical
response. The significant presence of bronze and copper transforms PLA into a significantly
more ductile structural material at a high cost of reduced ultimate strength and fracture
toughness. They begin to deform plastically immediately after a strain is applied. These
two materials show potential for novel 3-D printed structural design if the goal is for a
more resilient (yet weaker) material.

However, a more beneficial scenario would be if the presence of metal additions
only introduced new optical, magnetic, electrical, or thermal properties without affecting
the mechanical properties of the polymer. Interestingly, the presence of magnetic iron
and stainless steel do not have drastic effects on the tensile performance of PLA. There
is a slight increase in the Young’s modulus of MI-PLA and SS-PLA. However, since the
ultimate strength decreases with metal addition, the increased stiffness is not necessarily
a positive change in tensile response. The presence of magnetic iron or stainless steel
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does not drastically affect the tensile response of PLA due to its small concentration.
Behavior that is more similar to pure PLA is beneficial because it allows the introduction of
multifunctionality without sacrificing mechanical strength or toughness. Perhaps a lower
vol% of bronze or copper in the PLA would result in a similar tensile response to MI-PLA
and SS-PLA filaments.

Table 4 shows the Young’s modulus, ultimate strength, Poisson’s ratio, and fracture
toughness for each material. In every case, metallic particle reinforcement increases the
Young’s modulus, leading to a slightly stiffer material and a decrease in ultimate strength
and fracture toughness. Fafenrot et al. observed similar tensile responses in their Br-PLA
and MI-PLA filaments. Their data shows Br-PLA deforming plastically almost immediately
after the strain is applied, while MI-PLA behaves similar to pure PLA but with a slightly
earlier onset of plastic deformation. Both trends agree with those shown in this study.
They also measured ultimate tensile strength for Br-PLA, MI-reinforced, and pure PLA
processed using varying temperatures and nozzle diameters. Their data did vary with
changing print parameters but did not stray much from an average value. Their values
for ultimate tensile strength ranged between 12 and 20 MPa for Br-PLA, 35 and 40 MPa
for MI-PLA, and 45 and 50 MPa for pure PLA filaments [22]. These values and trends are
similar to those found in this study as well.

Table 4. Average Young’s modulus (MPa), ultimate strength (MPa), Poisson’s ratio, and fracture
toughness (MPa

√
m) for all materials used in this study.

Material Young’s
Modulus (MPa)

Ultimate
Strength (MPa) Poisson’s Ratio Fracture Toughness

(MPa
√

m)

Br-PLA (0.3 mm) 5401 17 0.29 2.0
Cu-PLA (0.3 mm) 4496 16 0.25 1.7
MI-PLA (0.3 mm) 3638 39 0.32 3.4
SS-PLA (0.3 mm) 3910 38 0.33 3.1

PLA (0.1 mm) 3145 50 0.33 N/A
PLA (0.2 mm) 3110 51 0.34 N/A
PLA (0.3 mm) 2835 46 0.33 3.39
PLA (0.4 mm) 2925 51 0.34 N/A

4. Conclusions

There is potential to use metal-reinforced PLA as a material when designing novel
3-D printed structures. Though they may exhibit a slightly lower tensile strength and
fracture toughness than pure PLA, this difference can be considered an acceptable sacrifice
for introducing multifunctionality to 3-D printed materials. This study shows that small
amounts of metal addition in the form of particulates can introduce multifunctionality to a
polymer filament without drastically changing its tensile properties.

In this study, comparisons between polymer microstructures before and after printing
and the effect of printing on the metal-polymer interface adhesion have been demonstrated.
A more significant number of metallic particles were observed in the printed PLA samples
than in the pre-print filament. The disparity is possibly due to a weak metal-polymer
interfacial adhesion allowing metal particles to be removed from the PLA substrate during
polishing. Polishing can represent a situation in which the material surface experiences
friction with its surroundings. It is detrimental for the printed materials to have their
reinforcements so easily removed. The lack of metal to PLA adhesion introduces some
variability to material properties, where designs are made assuming that most, if not all,
metallic particles remain bonded to its polymer substrate. Perhaps this inconsistency can be
avoided by using a more robust 3-D printer instead of the readily available desktop printers
used in this study. However, a material with excellent metal-polymer interfacial adhesion
would not present this problem. Further studies optimizing the print temperature, extru-
sion rate, and bed temperature can bring more insight into this metal-polymer interface.

194



Polymers 2021, 13, 3545

PLA shows consistent tensile response, regardless of print layer height. Print heights
of 0.1, 0.2, 0.3, and 0.4 mm layers all performed similarly in mechanical testing. Since there
are unequal metal vol% amounts, a direct comparison between the metal-reinforced PLA
materials could not be made. However, the large amount of bronze and copper additions
caused the PLA to deform plastically almost immediately as the strain was introduced to
the specimens. The high concentration of metallic particles also significantly lowered the
fracture toughness of these samples. The low amounts of magnetic iron and stainless-steel
addition to PLA prevented a drastic change from the mechanical response of pure PLA.
Regardless of the metal, the presence of these additions caused the PLA to exhibit a lower
ultimate strength and fracture toughness. As a result of a poor metal-polymer interface
adhesion, the metallic particulates introduce significant porosity into the composite, which
may be the prevailing reason for the poor mechanical performance. Further studies into
composite printing parameters may reveal how to maximize the metal-polymer interface
adhesion, minimize the porosity, and increase mechanical properties of pure PLA or
better. In order to confirm the presence of significant multifunctionality, a wide variety of
mechanical, thermal, magnetic, and electrical tests and other characterization need to be
performed on these materials.
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