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Abstract: Additive manufacturing (AM) of polyetheretherketone (PEEK) biomaterials using the
material-extrusion (MEX) method has been studied for years. Because of the challenging manufactur-
ing process, precisely controlling printing parameters is crucial. This study aimed to investigate the
effects of printing parameters such as orientation and position of printing on mechanical properties.
Thus, 34 samples were printed using PEEK filament and the MEX process. Samples were divided
into two main groups (A,B) according to their printing orientations (A: groups 1–3) and positions
on the build plate (B: groups 4–8). Mechanical tensile tests were performed to evaluate the effects
of different printing orientations and positions on mechanical properties. The means of the tensile
modulus in samples 3D-printed in XY (group 1), XZ (group 2), and ZX (group 3) orientations were
not significantly different (p-value = 0.063). Groups 1 and 2 had smaller distributions than group
3 in the means of tensile strength. The t-test showed that the overall means of the measurements
in groups 4–8 did not differ significantly (p-value = 0.315). The tensile tests indicated that printing
in vertical and horizontal orientations had no significant influence on mechanical properties. There
were no significant differences in mechanical strength between top/bottom printed samples in five
different lateral positions. Reliability of printing with good mechanical properties could be a step
forward to manufacturing patient-specific implants.

Keywords: point-of-care; polyetheretherketone (PEEK); 3D-printing; additive manufacturing;
three-dimensional printing; mechanical test

1. Introduction

The thermoplastic polymer polyetheretherketone (PEEK) is a member of the pol-
yaryletherketone (PAEK) polymer family, with remarkable mechanical and physicochem-
ical properties similar to natural bone [1–5]. Three decades ago, since confirming the
biocompatibility of PAEK polymers, this polymeric material has been increasingly used as
a biomaterial for medical implants, especially in orthopedic and spinal applications [1–5].
PAEK was commercialized in the industry in the 1980s and was offered as a biomaterial for
implants in 1998 [6–8].

This unique material was studied and investigated for years in different fields of
medicine, and can be used as patient-specific implants [4]. Properties possessed by
PEEK materials—such as excellent biocompatibility, radiolucency, durability, strength,
light weight, mechanical properties resembling human bone, cortical bone-like young’s
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modulus, and chemical and thermal resistance—have shown the potential such material as
an alternative to conventional materials, considering titanium as a gold standard [4,9–11].

Additive manufacturing (AM), commonly known as three-dimensional (3D) printing
technology has provided an excellent possibility creating complex structures in PEEK
biomaterial [4,11].

AM of polymeric material can be conducted via two main printing technologies, such
as powder bed fusion and material-extrusion (MEX) [12–19].

According to the study of Sharma et al. [20], the MEX technology allows the manu-
facturing of perfectly fitted customized patients-specific implants (PSIs). Moreover, the
possibility of preoperative planning, shorter surgery time, and cost reduction are other
benefits of integrating MEX technology at the point-of-care [11,21,22]. Commercially formu-
lating PEEK into filaments for MEX printing is relatively new. High melting temperature
(over 340 ◦C) and thermal gradients make the fabrication of high-performance PEEK parts
challenging [10,22]. The studies of Verma et al. [4] and Baek et al. [22] showed that high
melting temperatures, fast crystallization kinetics, and significant dimensional shrinkage
when cooled might generate cavities inside the printed parts, which degrade the mechanical
properties, printing geometry, surface roughness, and reliability of PEEK 3D-printed parts.

In the MEX method, it is essential to manage the temperature, as the strength of
interlayer bonding, crystallinity of the polymer, and the deformation of printed parts are
related to the heating and cooling rates [23–28]. Another notable barrier of implementation
of MEX printing is the anisotropic mechanical characteristics of the 3D-printed parts,
i.e., the mechanical strength between layers (in either the build-direction or z-direction) is
weaker than the mechanical strength in the x- and y-direction. This anisotropic behavior
often leads to layer delamination, which usually leads to brittle fracture properties. Some
studies showed that other printing parameters, such as speed and orientation of printing
and the temperature of the nozzle, bed, chamber, and drying protocol of PEEK filaments
can also influence the properties of printed PEEK parts [22,24,29–33].

Yang et al. [34] looked into the relationship between different thermal conditions and
crystallinity as well as mechanical properties. Their findings revealed that ambient and
nozzle temperatures have a significant impact on the degree of crystallinity and tensile
properties. Magri et al. [35] performed tensile tests on horizontally printed PEEK dog
bone samples and suggested that an optimal tensile strength can be achieved for annealed
parts post-printing. However, we would like to state that the majority of these studies
either tested the mechanical properties of horizontally printed specimens or compared the
mechanical properties of horizontally and vertically printed specimens. When horizontally
printed specimens were used printed in the center of the build platform, the printed strands
carried the majority of the stress, not the interface between layers. As a result, it is critical
to determine the effect of process parameters on mechanical properties of 3D printed
PEEK samples printed not only at the center of the build platform but also over the entire
build chamber.

On the other hand, point-of-care manufacturing is the projected future of the pro-
duction of PSIs in medical centers. Therefore, addressing different printing parameters is
important to ensure that 3D-printed products meet all clinically defined requirements.

Therefore, this study aimed to investigate the effects of printing parameters, including
orientation of printing and position of print job on the build plate, on the mechanical
properties and dimensional accuracy attributes of the MEX 3D-printed PEEK biomaterial.

The null hypothesis assumed that different positions of print jobs on the build plate
would have no significant influence on the mechanical properties and dimensional accuracy
characteristics of the 3D-printed PEEK parts. At the same time, the build orientations of
printing affected the mechanical properties.

2. Materials and Methods

Thirty-four samples were printed as dog bones and pentagon towers in the current
study using PEEK filament and the MEX technology. Samples were divided into two
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main groups according to their printing orientations (group A) and positions (group B).
All printed parts were cooled down under the same atmospheric conditions. Mechanical
tensile tests were performed to evaluate the effect of different printing orientations and
positions on mechanical properties.

2.1. Printing Strategies

In this study, 34 samples, namely dog bones, short pentagon towers (height 80 mm),
and tall pentagon towers (height 156 mm) were 3D-printed at the point-of-care according
to their different printing settings. Computer-aided design (CAD) software SolidWorks
(Dassault Systems SOLIDWORKS Corp., Waltham, MA, United States) was used to design
and generate the standard tessellation language (STL) files of the test samples. They were
exported into slicing software (Simplify 3D version 4.1.2, Cincinnati, OH, USA) and, along
with printing parameters, printing files were built and uploaded into the 3D printer for the
printing process [33,36].

Samples were printed in different lateral and top/bottom positions on the build plate
and different printing orientations (XY, XZ, ZX) with similar nozzle size
(0.4 mm diameter) and same build chamber temperature of 200 ◦C and build plate temper-
ature of 250 ◦C. All parts were printed as filled structures, with a theoretic infill percentage
of 100% and rectilinear internal and external infill patterns. Laminar airflow guaranteed
homogeneous temperature distribution and therefore no temperature gradient within the
building part [37].

As shown in Figure 1, samples of group A were printed in different orientations of XY
(group 1), XZ (group 2), and ZX (group 3). Samples of group 1 were directly printed in dog
bone shape, planar with their surface in Z-direction. The longitudinal axis was oriented
along the x-axis of the build platform. The samples of group 2 were printed in rectangular
bars with their surface tilted by 90◦. On the other hand, group 3 samples were printed in
pentagon towers [38,39].
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Figure 1. Samples of group A were printed in different XY, XZ, and ZX orientations.

Dog bone samples of group 2 and group 3 were then milled out of rectangular bars
and from each side of short pentagon towers, respectively. This strategy was implemented
to have a consistent reporting and evaluation criteria in all the end-product specimens,
i.e., dog-bone samples. Furthermore, group 3 samples were printed in excess to assess the
reproducibility of printing in ZX orientation.

Group B was considered to assess the influence of different top/bottom and lateral
positions of the part in the build room on its performance and repeatability in terms of
mechanics. It is essential to mention that the printing process parameters for these groups
were identical, and the only difference was the position of the part on the printer build
plate. The printing orientation in group B samples was ZX; therefore, pentagon tower
structures were considered [38,39].

Two similar tall towers, at one per build, were printed in each lateral position on the
build plate. Each side of the tall pentagon towers was milled into two dog bones—one on
top and one on the bottom (Figure 2).
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Figure 2. Samples of group B were printed in different positions on the build job.

An overview of all groups, including their number of samples, their subgroups,
and differences in production strategy, is given in Table 1. PEEK 3D-printed parts were
manufactured at one per build.

Table 1. Printed parts were divided into two main groups considering different printing strategies.

Main
Group Group Number of

Samples Subgroup Orientation of
Printing

Position on
the Build

Plate
Purpose

A

1 n = 8 dog
bones - XY Center

Geometrical
characterization,

comparison of different
printing orientations

2 n = 8 dog
bones - XZ Center Comparison of different

printing orientations

3
n = 8

short pentagon
towers

#3.1 (n = 5 dog bones)
#3.2 (n = 5 dog bones)
#3.3 (n = 5 dog bones)
#3.4 (n = 5 dog bones)
#3.5 (n = 5 dog bones)
#3.6 (n = 5 dog bones)
#3.7 (n = 5 dog bones)
#3.8 (n = 5 dog bones)

ZX Center
Comparison of different

printing orientations,
Reproducibility

B

4
n = 2

tall pentagon
towers

Bottom #4.1 (n = 5)
#4.3 (n = 5) ZX Center

Comparison of different
printing positions

Top #4.2 (n = 5)
#4.4 (n = 5)

5
n = 2

tall pentagon
towers

Bottom #5.1 (n = 5)
#5.3 (n = 5)

ZX Front
Comparison of different

printing positions
Top #5.2 (n = 5)

#5.4 (n = 5)

6
n = 2

tall pentagon
towers

Bottom #6.1 (n = 5)
#6.3 (n = 5)

ZX Back
Comparison of different

printing positions
Top #6.2 (n = 5)

#6.4 (n = 5)

7
n = 2

tall pentagon
towers

Bottom #7.1 (n = 5)
#7.3 (n = 5)

ZX Left
Comparison of different

printing positions
Top #7.2 (n = 5)

#7.4 (n = 5)

8
n = 2

tall pentagon
towers

Bottom #8.1 (n = 5)
#8.3 (n = 5)

ZX Right Comparison of different
printing positions

Top #8.2 (n = 5)
#8.4 (n = 5)
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2.2. 3D Printing of Test Samples

In this study, samples were manufactured with MEX-based 3D printer (Kumovis R1,
Kumovis GmbH, Munich, Germany).

Medical-grade PEEK filament (Evonik VESTAKEEP ® i4 G resin, Evonik Industries
AG, Essen, Germany) with a 1.75 mm diameter was used in this study. This filament is a
semicrystalline polymer with a density of 1.30 g/cm3 and tensile strength of 97 MPa. To
prepare filaments for printing, every spool was dried 8 h before printing at 80 ◦C using
an oven (Memmert GmbH + Co.KG, Buechenbach, Germany). The dried filament was
loaded into the printer. Then the chamber, build plate, and nozzle were preheated to 200 ◦C,
250 ◦C, and 450 ◦C, respectively.

2.3. Geometrical and Mechanical Characterization

To assess dimensional accuracy, the definitive dimensions of printed parts in group 1
were determined with a calibrated digital micrometer (Mitutoyo Corp caliper, Kawasaki,
Japan) [40]. The thickness of the middle of dog bones (dimension A), the width of one side
of dog bones (dimension B), the width of the center of the dog bones (dimension C), and
the length of the dog bones (dimension D) were measured (Figure 3).
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Before the tensile test, the samples were acclimatized in a condition for 24 h at
23 ◦C/50% r.h. The Zwick/Roell Z100 device (Zwick Roell GmbH & Co., Ulm, Germany)
was used for the tensile test. The LaserXtens 2-220 HP optical extensometer (Zwick Roell
GmbH & Co., Ulm, Germany) was used to contactless measure sample strain. We set the
test speed to 5 mm/min, tensile modulus 1 mm/min, preload 0.1 MPa, and gauge length
(standard travel) 20 mm. In contrast to the norm ISO 527-2, the elastic region between
20 MPa and 30 MPa was used to determine the tensile modulus of each measurement by
linear regression, not the 0.05–0.25% strain interval.

2.4. Statistical Analysis

Statistical analyses were done with the software R4.2.1. Measurement series of tensile
modulus (Emod) and maximum strength (σm) were checked using qq plots and Shapiro tests
to determine if data were normally distributed. If so, ANOVA analysis was performed to
check whether the variances of the measurement groups had the same theoretical means.
Pairwise comparisons were made by Tukey’s honest significant difference test (HSD).
If nonnormality was the case, the Kruskal–Wallis test was applied to check variances.
Additionally, pairwise comparisons were made by pairwise Wilcox test.

To check whether the Z-position (top and bottom) or the towers in groups 4 to
8 influenced the tensile modulus, a linear mixed effect model (lmer) was performed with
the Z-position (top and bottom) as a fixed effect and the towers as a random effect.
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3. Results
3.1. Geometrical Characterization

Table 2 shows the mean and standard deviation corresponding to the dimensional
accuracy of the horizontally printed samples of group 1.

Table 2. Dimensional accuracy in group 1 considering four different dimensions.

Dimension Mean ± Standard Deviation
[mm]

A 2.14 ± 0.2

B 9.83 ± 0.2

C 4.97 ± 0.2

D 75.43 ± 0.2

3.2. Effect of Printing Orientation on Mechanical Properties

Table 3 represents the mean and standard deviation of all groups’ tensile modulus and
maximum strength.

The means of the tensile modulus in groups 1, 2, and 3 were not significantly different
(p-value = 0.063).

The tensile strength of printed parts in groups 1 and 2 had a small distribution with
a range of 87.371–91.613 MPa and 95.322–101.82 MPa, respectively. Group 3 had a much
wider distribution with 63.47 MPa and 89.748 MPa (Figure 4). The tensile strength of
group 3 showed outliers. Therefore, it could not be directly compared with groups 1 and 2.
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However, pairwise comparisons of the tensile strength with the HSD-test of groups
1, 2, and 3 were possible when dividing group 3 into its respective subgroups 3.1 to 3.8
(Figure 5). This test implied that the tensile strength of all subgroups of group 3 except for
3.8 have significant differences from groups 1 and 2. Furthermore, the subgroups 3.5 and
3.6 also differ significantly from the rest of the subgroups of group 3. Figure 6 shows the
3D-printed parts of subgroup 3.1 before and after tensile test.
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Table 3. An overview of the result of tensile testing of PEEK printed parts with different
printing strategies.

Group Tensile Modulus
Mean [MPa]

Tensile Modulus
Standard Deviation [MPa]

Maximum Strength
Mean [MPa]

Maximum Strength
Standard Deviation [MPa]

1 3295.089 393.448 89.381 1.362

2 3639.025 623.647 97.617 1.972

#3.1 2969.121 365.715 80.085 5.168

#3.2 3216.257 105.344 79.637 6.294

#3.3 3163.445 112.1 81.346 5.935

#3.4 3268.256 152.54 83.028 4.49

#3.5 3135.41 149.643 73.261 8.451

#3.6 3228.602 212.884 72.941 9.098

#3.7 3286.464 87.529 79.709 8.16

#3.8 3422.033 296.38 86.707 2.288

#4.1 3777.863 760.159 91.191 1.799

#4.2 3309.352 122.192 89.609 0.944

#4.3 3423.714 143.884 91.537 1.518

#4.4 3492.837 342.506 88.598 3.398

#5.1 3705.793 146.595 91.07 0.834

#5.2 4373.962 2190.194 90.726 1.995

#5.3 3848.707 1076.45 94.068 3.545

#5.4 3395.817 209.443 89.271 0.374

#6.1 3584.957 265.298 94.173 2.785

#6.2 3371.995 147.713 90.999 1.094

#6.3 3771.983 565.339 92.178 1.579

#6.4 3497.65 230.604 90.644 1.605

#7.1 3891.971 466.296 93.863 1.45

#7.2 3271.996 171.5 90.983 1.078

#7.3 3830.286 518.765 90.792 0.645

#7.4 3435.479 175.514 88.862 1.035

#8.1 3355.87 202.104 84.805 1.072

#8.2 3215.416 62.98 83.65 1.038

#8.3 3387.385 229.425 76.207 13.068

#8.4 3354.358 134.179 84.442 1.338

The highest and lowest tensile modulus values were observed with 3815.41 MPa and
3227.22 MPa, respectively. In contrast, the difference between the means of the eight groups’
tensile modulus was insignificant (p-value = 0.14).
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Figure 6. (a) The 3D-printed samples of subgroup 3.1; (b) fractured samples after tensile test.

3.3. Effect of Printing Position on Mechanical Properties

As illustrated in Figure 7, the bottom and top samples of groups 4 to 8 showed no
significant differences among their means for the tensile modulus (bottom: p-value = 0.19,
top: p-value = 0.2). This indicated that the position of the part in the build room had no
influence on its performance and repeatability in terms of mechanics.

Additionally, the Kruskal–Wallis test implied that the differences in the tensile strength
between the bottom and top samples did not differ significantly (p-value = 0.096).

Further consideration of the differences was taken with an lmer test. The results
showed that the tensile strength did not change significantly when the towers were taken
as random effects (p-value = 0.124).

In addition, the differences between the top and bottom samples of each side of the
pentagon towers did not show any significant differences (p-value = 0.26). Considering
bottom and top samples of groups 4 to 8, two groups showed wider distribution of tensile
modulus in bottom samples but were not significant (Figure 8). It showed that the height
in Z-direction did not influence the reproducibility of the printing process.
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Figure 8. Distribution of (a) tensile modulus and (b) tensile strength between the bottom and
top samples.

An overall t-test, based on an lmer-model that checked whether the z-positions of
the bottom and top samples influenced the tensile modulus with the respective towers’
placement, showed that the overall means of the top and bottom measurements did not
differ significantly (p-value = 0.315).
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The differences between top and bottom samples were also considered with a separate
lmer test with only the towers as random effects. The differences showed no effect on the
tensile modulus (p-value = 0.34).

Figure 9 shows the light microscopy and scanning electron microscope (SEM) images
of fracture sites in one of the samples of group #4.1 after tensile testing.
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4. Discussion

The effects of different printing parameters—such as the orientation and position of
the object top/bottom in different lateral positions—on the mechanical properties of PEEK
printed samples using the MEX method were investigated in the current study. Other
printing properties, such as nozzle diameter, filament, the temperature of the nozzle, build
chamber, and plate, were kept constant [22,31,41–43].

According to the study of Basgul et al. [10], only one sample per build was printed.
Therefore, the cooling time of a layer was decreased compared to printing more samples
per platform, and the interlayer adhesion was improved, which would significantly affect
ultimate strength [10].

Controlling the extruded line width in 3D printing PEEK biomaterial using the MEX
method is an essential part of meeting commercial manufacturing requirements [22]. Main-
taining uniform layers causes homogenous contact areas between the layers with fewer
pores and cracks, which leads to better mechanical properties and lower surface rough-
ness, as the main factor of final quality [22,41]. Nozzle size and the temperatures of the
nozzle, bed, and chamber, which were kept constant in this study, are some factors that
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could affect the line width in the 3D printing process of PEEK biomaterial using the MEX
method [22,31,41–43].

According to the study of Baek et al. [22], defining specific temperature parameters in
the manufacturing of PEEK is very important as they directly affect mechanical properties,
printing quality, and reliability. In another study by Wang et al. [44], it was mentioned that a
higher nozzle temperature could facilitate filling voids and pores, as it leads to better fluidity
of PEEK filament. Other studies revealed thermal degradation and increasing instability in
the fabrication of PEEK 3D objects when PEEK filaments were printed at higher printing
temperature. While higher printing temperatures led to lower viscosity and broader line
width, the limitations for increasing temperature should be considered [22,34,43].

For these reasons, we fixed the nozzle size, and likewise fixed the temperature of
the nozzle, chamber, and bed, in order to decrease instability in the printing process. The
laminar airflow in the 3D printer also helped us to maintain homogeneous temperature
distribution during the printing process [37], unlike the results reported in a previous
study [45].

4.1. Effect of Printing Orientation on Mechanical Properties

Among different parameters, the printing orientation affects the mechanical perfor-
mance of PEEK [29,41,46]. Zheng et al. [3] investigated the influence of printing orientation
on the mechanical properties of PEEK/HA composite scaffolds fabricated via MEX 3D
printing technology. For the mechanical testing, scaffolds were compressed parallel and
perpendicular to the printing orientation. They concluded that samples represented higher
Young’s modulus and lower compressive strength along the Z printing orientation [3]. The
results of this study were not comparable to ours, as the samples were built not only with
PEEK; HA was also included. Fabricated samples were also cubes with different pore sizes
and underwent compression testing. In contrast, our samples were printed with a theoretic
infill percentage of 100% in dog bone shape and underwent tensile testing.

Arif et al. [29] investigated PEEK samples printed in different orientations via MEX
technology. They concluded that vertically printed samples had a poorer mechanical
performance [29]. Cicala et al. [47] also mentioned that they had the lowest print void and
best mechanical performance in horizontally printed samples out of PEEK material, which
were dried for 48 h at 140 ◦C before printing. Even though the drying parameters of PEEK
filaments were not similar to our study, results of mechanical test were in accordance with
the results of our study, as we had no fractures in groups 1 and 2, with maximum tensile
strengths of 91.613 MPa and 101.82 MPa, respectively; fractures were seen in group 3 with
a tensile strength of 89.748 MPa.

The effect of the printing path on the mechanical properties of 3D-printed PEEK was
also investigated by Zheng et al. [48], in a study which presented similar results to ours.
They mentioned that printed samples along horizontal 0◦ exhibited the best mechanical
properties and showed plastic deformation during tensile testing, which was loaded parallel
to the printing orientation. Samples printed in this orientation did not completely rebond
themselves, which may have affected the mechanical strength. Other samples printed in
two different orientation paths, including horizontal 90◦ and vertical 90◦, were loaded
perpendicular to the printing orientation. They showed flat fracture morphology, which
may have shown tearing at the interlayer interface [48]. Some other studies also reported
that the orientation of printing had an essential impact on the tensile performance of 3D-
printed PEEK samples. Thus, by printing in the horizontal orientation, we could achieve
near bulk mechanical properties [9,29,46,49–51].

In the current study, pairwise comparisons of the tensile strength values of subgroups
3.1 to 3.8 showed a significant difference between subgroups 3.6 and 3.8; the means of the
tensile modulus in groups 1, 2, and 3 were not significantly different (p-value = 0.063). This
implied that the elastic behavior was the same, but differing durability could be seen due
to voids generated during the milling process of creating dog bones out of printed towers
or voids between layers during the printing process.
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4.2. Effect of Printing Position on Mechanical Properties

We concluded that the position of printed parts, considering five different lateral
positions and top/bottom positions, had no direct effect on mechanical properties such as
tensile strength and tensile modulus of the PEEK printed parts at the point-of-care.

Basgul et al. [52] determined the interlayer strength of PEEK layers when 3D printed
and mentioned that the dominant temperature settings in layer healing were nozzle, then
build plate, and chamber, respectively. They concluded that the degree of healing increased
linearly from the lower layers, which were closer to the build plate, to the upper layers.
They also dried the filaments at 120 ◦C for four hours prior to printing, which could
affect the reported results [52]. In accordance with another study by Basgul et al. [10],
a single print job per build, a bigger nozzle, and a smaller build volume of the printer
were associated with a higher ultimate load. It was mentioned that, in printing a single
print job per build instead of two, the layers were laid over each other directly and the
cooling time was shorter. A bigger nozzle diameter also resulted in less porosity and higher
layer thickness which cooled more slowly than the volume of an extruded line through
a smaller nozzle diameter. Additionally, 3D printers with smaller build volumes could
preserve heat better than 3D printers with bigger build volumes. In their study, the values
of PEEK filament drying, which can influence the properties of printed parts, was 60 ◦C for
at least 12 h prior to printing [10]. It should also be noted that setting the temperature of
the nozzle, bed, and chamber is very crucial, as it should be low enough to allow further
layer building and high enough to reach the maximum interlayer strength [34,52–56] and
avoiding delamination between individual deposition tracks (Figure 9).

These results were not in accordance with the results of our study, which may be due
to the different methodology or laminar flow-altered cooling rate. However, we had the
same nozzle diameter and 3D printer, and all samples were printed at a number of one
per build.

5. Conclusions

1. This is the first study, to our knowledge, to systematically investigate the mechanical
and dimensional characteristics of MEX-printed PEEK samples printed at the point-
of-care. The samples were printed in several orientations and at various positions
spread across the entire build chamber and an assessment strategy was developed to
study the influence of the printing parameters on the mechanical and dimensional
accuracy attributes of the printed samples. Mechanical strengths of the MEX-printed
PEEK samples were evaluated by tensile tests. In contrast to previous studies, the
non-thermal printing parameters were chosen as an independent factor throughout
the experiments. Based on our findings, the following conclusions have been drawn
from this study: the tensile strength of the MEX-printed PEEK samples was in the
range of 89.748–101.82 MPa, while the tensile modulus values were in between 3227.22
and 3815.41 MPa, respectively.

2. The tensile tests showed that printing in XY and XZ orientations had no significant
influence on the mechanical properties of printed parts. In addition, altering the
position of the objects/test samples and the height of printing in the Z-direction did
not influence the mechanical strength of PEEK-printed parts.

3. The dimensional attributes and reliability of printing were also quantified and re-
ported to be under 0.2 mm deviations.

Up until now, there has been no study for testing the physical attributes of MEX
3D-printed outputs, specifically for mechanical strength and dimensional accuracy at-
tributes printed at the point-of-care. We believe that the approach and findings presented
in this study are an important step toward establishing a framework for developing stan-
dardized tests for understanding these relevant characteristics prior to fabricating PEEK
PSIs at the point-of-care.
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