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Abstract

With the advances in additive manufacturing, polyetheretherketone (PEEK), a

biocompatible polymer, can be used in biomedical applications such as spinal

implants. This paper aims to investigate the evolution of the microstructure of

PEEK parts manufactured by material extrusion (MEX)-based additive

manufacturing with different printing parameters. The effect of layer thickness

(LT) and nozzle diameter on mechanical properties was investigated using ten-

sile, Charpy impact, and short beam strength (SBS) tests. Two different LTs,

0.1 and 0.2 mm, and two different nozzle diameters, 0.6 and 0.8 mm, were

used as printing parameters. By increasing the LT, tensile strength dropped by

around 24%, and impact strength by almost 55%. Moreover, altering the LT

resulted in a 15% decrease in interlaminar shear strength (ILSS) from the SBS

test. In addition, increasing the nozzle diameter also led to a significant reduc-

tion in all of the results as tensile strength, Charpy impact strength, and ILSS.

The results were also consolidated by scanning electron microscopy. The main

findings were that increasing LT leads to an increase in microstructural defects

that act as stress concentrators. Following the tests, response surface method-

ology (RSM) was used to determine optimal printing parameters. In the end,

using the optimum printing parameters from the RSM study, a structural anal-

ysis of a MEX-printed spinal implant was conducted through finite element

method, considering the loading cases mimicking daily human body motions.

Highlights

• As layer thickness increased, tensile and impact strength dropped.

• Tensile and impact strength dropped truly with increasing nozzle diameter.

• SEM revealed that increasing layer thickness causes more microstructural

flaws.

• FEM analysis showed that PEEK-based implant provides structural integrity.
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1 | INTRODUCTION

The use of polymers as a substitute for metals in many
fields has shown an upward trend. Polymers possess vari-
ous benefits in comparison to metals, including but not
limited to weight reduction, corrosion resistance, design
flexibility, and insulation. Thermoplastic polymers are a
viable option due to their large variety, sustainability,
recycling capabilities, and broad range of applications.1–3

These polymers possess the capacity to undergo multiple
cycles of melting and reprocessing without experiencing
any chemical transformations. However, the use of many
thermoplastics in applications necessitating high perfor-
mance is limited by their chemical and physical characteris-
tics.4 Metals were often favored over polymers in high-
temperature conditions and load-bearing applications.
However, due to the progress in polymer chemistry, there is
a continuous development of high-performance polymers
that are widely utilized in various fields. Polyetheretherke-
tone (PEEK), a thermoplastic polymer, distinguishes itself
via its exceptional mechanical qualities, resilience to
high temperatures, and chemical inertness.5–7 Addi-
tionally, it mitigates numerous limitations associated
with the substitution of metals with polymers. PEEK is
extensively utilized in components that necessitate
high performance in diverse industrial sectors, such as
automotive, medical, and electronics, and its adoption
is steadily increasing.8,9 One notable characteristic of
PEEK material is its exceptional dimensional stability
and minimal moisture absorption. The aforementioned
characteristics render PEEK well-suited for challenging
applications that necessitate robustness, performance
under load, or load transfer.

PEEK is commonly employed in the industry for a
variety of applications including aircraft components,
structural elements, electrical covering tubes, and piping
systems, owing to its advantageous combination of low
weight and exceptional strength. Furthermore, PEEK is
used in the production of medical implants, surgical
guides, orthopedic implants, gauges, fixtures, and dental
equipment thanks to its biocompatibility and ability to
withstand sterilizing techniques.10–15 PEEK enables the
fabrication of intricate geometries through the utilization
of several processing methods, including injection, hot
press molding, and extrusion.16–18 In addition, it has been
observed that PEEK has the potential to serve as a matrix
material and can be enhanced with other constituents,
such as fibers and/or particles, to enhance its mechanical

characteristics.19–21 PEEK can also be constructed via
additive manufacturing techniques, commonly referred
to as 3D printing.18,22 The integration of additive
manufacturing's design flexibility with the characteristics
of PEEK can yield highly remarkable outcomes in the
realm of thermoplastic applications. Utilizing PEEK for
3D printing has numerous advantages. It enables the pro-
duction of intricate geometries and intricate designs that
may be challenging or unattainable using conventional
manufacturing techniques. Furthermore, it facilitates the
manufacturing of tailored or individualized components,
hence diminishing the requirement for tools and mini-
mizing waste.23

PEEK is compatible with a number of additive
manufacturing techniques, such as selective laser sinter-
ing (SLS) and material extrusion-based (MEX). SLS
entails the utilization of a laser to selectively fuse the
powdered PEEK material in a layer-by-layer manner,
whereas MEX entails the melting of the PEEK filament
and subsequent layer-by-layer deposition through a
heated nozzle.22,24 Apart from that, the thermal stability
and high melting point of PEEK may pose obstacles dur-
ing additive manufacturing. Hence, it necessitates
specialized apparatus capable of attaining elevated
temperatures and upholding a regulated atmosphere to
prevent warping and ensure optimal bonding between
layers.25–28 One notable drawback associated with
PEEK polymer is the requirement for elevated nozzle
temperatures during its manufacturing using MEX
technology, mostly attributed to its elevated melting
temperature.29–31

The fused deposition modeling technique involves the
melting of a polymer in filament form, followed by
the sequential deposition of layers in accordance with the
sliced part shape, resulting in the production of the fin-
ished part. The final qualities of the printed object can be
influenced by several printing factors, including printing
orientation, infill ratio, nozzle temperature, printing
speed, layer thickness (LT), and nozzle diameter. Several
scholars in the literature have investigated the influence
of printing factors on the qualities of the final product.
To begin with, Ding et al. examined the mechanical char-
acteristics of specimens produced through the MEX pro-
cess at nozzle temperatures ranging from 360 to 420�C.
They discovered that as the nozzle temperature
increased, the tensile strength initially declined and then
increased.26 Xiaoyong et al. investigated the impact of
various bed temperatures and filling ratios on mechanical
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characteristics. It has been noted that the mechanical
properties of PEEK materials created using the MEX pro-
cess are related to the filling rate, and by increasing the
table temperature the tensile strength was increased.27

Deng et al. studied the influence of production parame-
ters on PEEK specimens manufactured using the MEX
process. Tests were performed at various printing speeds,
LTs, nozzle temperatures, and filling rates. The optimal
tensile strength properties were observed at a printing
speed of 60 mm/s and a temperature of 370�C.32 The ten-
sile characteristics of PEEK specimens produced by the
MEX process were investigated by Rahman et al. at three
distinct raster orientations. At an orientation of 0�, the
researchers recorded the highest average ultimate tensile
stresses as 73 MPa.17 Noh et al. investigated the mechani-
cal characteristics of PEEK specimens reinforced with
carbon fiber using the additive manufacturing technique.
The impacts of various infill patterns and filling ratio fac-
tors were investigated.33 A study was conducted by Jiang
et al to optimize the mechanical properties of PEEK poly-
mer manufacture using the MEX method with Taguchi
experiment design. The study focused on investigating
the impact of LT, printing speed, and printing tempera-
ture on the aforementioned properties.34

Following a thorough review of the existing literature
on PEEK printing using the MEX technique, there is a
lack of thorough research that particularly examines the
alterations in microstructure caused by variations in
printing settings. This study presents comparative scan-
ning electron microscope (SEM) images that demonstrate
the effects of different printing conditions. Furthermore,
the interlaminar shear strength, as determined by short
beam tests, validated the theories about the microstruc-
ture, particularly the robustness of the bonding between
the layers. Secondly, it is widely acknowledged that
PEEK is a biocompatible material that addresses the com-
mon challenges that conventional metallic-based
implants experience, including inflammation with
human body fluids, corrosion issues, and artifacts in
medical imaging. The second objective of this study was
to advocate for the utilization of spinal implants that are
composed of PEEK. During the simulation scenarios
tested, it incorporated all the additional components
commonly used in an implant system and accurately took
into consideration the material properties of the individ-
ual sub-components. Existing research in the literature
often fails to include the modeling of the ligaments.
Conversely, this study simulates the effects of com-
bined loadings and considers the daily movements of a
human. Lastly, after the experimental work for this
study was completed, response surface methodology
(RSM) was used to conduct a practical optimization
analysis. The RSM technique was used to determine

the optimum printing parameters for high strength and
absorbed energy.

2 | MATERIALS AND METHODS

2.1 | Materials and experimental
characterizations

In this study, the polymer matrix, PEEK, was supplied
from EVONIK® with the commercial name of VESTA-
KEEP 2000 G. The fundamental properties of PEEK were
provided by the producer, and the density is given as
1.3 g/cm3, the glass transition temperature is 150�C, and
the melting temperature is given as 340�C. In addition,
the coefficient of linear thermal expansion was deter-
mined through thermomechanical analysis as 60 E-6/K
according to the ISO 11359-1/-2 standard. The thermal
characteristics of the material including the crystallinity
based on differential calorimetry analysis are given in
Table S1. Arya Flux® brand single screw extruder was
used to shape PEEK pellets in filament form.

Tensile tests were carried out using a Shimadzu AG-x
50 kN testing machine with a loading rate of 2 mm/min.
Elastic modulus, ultimate tensile strength (UTS), and
strain at break were determined via tensile tests accord-
ing to the ASTM D638 test standard.35 Filament shape
PEEK which is used in manufacturing was also subjected
to tensile testing. To determine the impact strength of the
specimens, Charpy impact tests were carried out using a
Zwick Roell HIT5P Universal Charpy Tester according to
ISO179-2023 (unnotched) standard.36 The impact test
specimens have 125 � 12.7 mm rectangular dimensions
and a standard notch.

The short beam strength (SBS) test was performed to
determine the interlaminar shear strength (ILSS) of the
3D printed PEEK specimens by a universal testing
machine having a 5 kN load cell (Shimadzu AG-IC,
Japan). Short beam tests were carried out with a three-
point bending setup of the test machine at a cross-head
speed of 0.1 mm/min at room temperature, according to
ASTM D2344. The average values of five tests for interla-
minar shear strength were reported for each specimen.
The dimensions of the ILSS specimens were 24 � 8 mm
in length/width and 4 mm thick. For calculating the
ILSS, the following expression was used as given in
Equation (1):

Fsbs ¼ 0:75� Pm

b�hð Þ
� �

, ð1Þ

where Fsbs mean short-beam strength (MPa), Pm is the
maximum load observed during the test (N), b is the
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measured specimen width (mm), and h is the measured
specimen thickness (mm).

The density of the PEEK material shaped into fila-
ment form in a single screw extruder was determined by
applying the Archimedes principle. The mass measure-
ment of a small 2 cm length of the 1.75 mm diameter fila-
ment was measured in air (m1) and in water (m2) with an
electronic balance with the count of 0.0001 g. Filament
density df was then calculated using the following
Equation (2):

df ¼ dw� m1

m1�m2ð Þ
� �

, ð2Þ

where dw is the density of water. As a result of the mea-
surements, the density of the PEEK filament was
measured as 1.294 g/cm3. By adjusting the production
parameters with the FlashPrint slicer CAM (computer
aided manufacturing) program, a gcode files were created
for the impact and tensile test specimens to be produced.
In this CAM program, the measured value was processed
as density information, and the mass estimates in Table 1
for slicer specimen geometries were given. These values
were used to determine the volumes of the specimens.
This process is essential for 3D-printed specimens that
have porous structures.

Upon completion of the mechanical characteriza-
tions, microscopic observations were performed using the
VEGA3 TESCANSEM. Prior to the SEM observations, an
Au coating was applied to the fracture surfaces to facili-
tate the identification of the damage mechanisms.

2.2 | Specimen manufacturing through
MEX-based additive manufacturing

As the first step of additive manufacturing through MEX-
based, PEEK filament must be obtained from the PEEK
pellets. In this respect, the filament was produced by
Arya Flux® brand single screw extruder at 330�C die tem-
perature. Before using PEEK in the manufacturing at all

steps, a drying process was performed at 80�C for 2 h
against the risk of humidity absorption from the ambient.
This extruder has one barrel for heating and to produce
specimens with the MEX method, the diameter of the fil-
ament was 1.75 mm (±0.15 mm). The air-cooling system
was used to reduce the temperature of the filament after
it passed through the die. The diameter, approximately
1.75 mm, was obtained by adjusting the feed system and
screw rotation speed. The rotational speed of the screw
was around 25 rpm, while that of the feed system pulley
was about 15 rpm. Flashforge® Creator 4 Pro model MEX
printer was used for the manufacturing of tensile, impact,
and SBS test specimens according to ASTM D638, ISO-
179 (unnotched), and ASTM D2344 standards, respec-
tively. To examine the effect of LT and nozzle diameter
on mechanical properties, tensile and impact test speci-
mens were manufactured using 0.6 mm diameter nozzles
at 0.1- and 0.2-mm LTs. In addition, 0.1- and 0.2-mm LT
tensile and impact test specimens were manufactured
with a 0.8 mm diameter nozzle. In Figure 1A, images of
the tensile and Charpy impact specimens are given, and
SBS test specimens are shown in Figure 1B. Six speci-
mens were used for each group of characterizations, and
standard deviations are given in the results. The nozzle
temperature was selected at 365�C, higher than the melt-
ing point for processing specimens. Other printing
parameters were selected as 135�C bed temperature, 65�C
ambient temperature, 10 mm/s speed, 105% material
extrusion rate, 100% filled, and linear infill pattern.

3 | RESULTS AND DISCUSSIONS

In this study, the effect of printing parameters such as
nozzle diameter and LT on mechanical properties was
investigated in detail through tensile, Charpy impact, and
SBS tests. Furthermore, following the tests, RSM was
used to determine the optimum printing parameters.
Finally, using the optimum printing parameters from the
RSM study, a structural analysis of a MEX-printed spinal
implant was carried out by means of finite element

TABLE 1 Test specimens mass and volume for each parameter.

Test specimens
Nozzle
diameter (mm)

Layer height (mm)

0.1 0.2

Mass (g) Volume (cm3) Mass (g) Volume (cm3)

Tensile 0.6 2.25 1.738 2.25 1.738

0.8 2.26 1.746 2.27 1.754

Impact 0.6 5.01 3.863 5.02 3.871

0.8 5.04 3.894 5.05 3.902
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method (FEM), considering loading situations that mimic
daily human body movements.

3.1 | Investigation of the effect of layer
thickness and nozzle diameter on
mechanical properties

Initially, PEEK filaments underwent tensile tests. A total
of five PEEK filaments were manufactured using a single
screw extruder. Each filament had a diameter of 1.75 mm
and a length of 60 mm. Figure S1 depicts the stress–strain
curve for one of the examined filament samples that
came closest to the average value. The tensile tests
showed an average of 90.8 MPa tensile strength with a
standard variation of 1.15 MPa. The extrusion process
induces molecular alignment in the polymer into a spe-
cific direction, resulting in a drop in the tensile strength
compared to the PEEK's catalog value (100 MPa). The
alignment of the polymer chains can also induce crystal-
lization in a highly organized manner.37 As the level of
crystallization increases, the polymer's ability to bend or
stretch may increase, but its ability to withstand tension
may diminish due to the disordered links between the
crystals.38,39 Additionally, screw movement during extru-
sion may have reduced the length of the polymer mole-
cules, and temperature changes during the extrusion
process may impact the internal structure and molecular
order of the polymer. Each of these factors can lead to a
reduction in tensile strength.

Tensile tests using 3D-printed dumbbell type speci-
mens were carried out for four different cases. Firstly,
the effect of LT was tested by modifying the LT from
0.1 to 0.2 mm while keeping the nozzle diameter con-
stant. Next, the effect of nozzle diameter was examined
by altering the diameter from 0.6 to 0.8 mm while

constant LT was maintained. All results are shown in
Figure 2.

To observe the effect of LT and relate the results to
the microstructure, SEM fractography was carried out
and the results given in Figure 3 are explained in more
detail. To begin with, Figure 3A,B shows the fracture sur-
faces of two tensile specimens with a LT of 0.1–0.2 mm,
respectively. Figure 3C,D presents the LT measurement.
In Figure 4A,B, the layers are apparent, and the speci-
mens have retained their integrity in the fracture zone,
that is, no large rupture as a whole has been observed in
the entire fracture surface. Figure 3C,D shows that the
measured LTs are in accordance with the manufacturing
plan and that the printer is dimensionally stable along
the z-axis.

The effect of density on mechanical properties in 3D
printed parts is critical when different polymers are con-
sidered.40 The values measured on the electronic balance
that have the least count of 0.0001 g of the specimens
produced with different nozzle diameters and layer
heights were quite close. An excess of 1 per thousand was
observed in the specimens produced with a 0.6 mm noz-
zle for mass, and when the differences in mechanical
properties are considered, it can be said that this differ-
ence in masses is very low.

After observing dimensional stability and the fracture
surface as a whole, the microstructure was observed more
in depth. Figure 4A,B show the fracture surface of the
specimen with a LT of 0.2 mm. Figure 4A highlights
numerous defects such as voids and cavities indicated by
dashed red circles and green arrows. These defects act as
stress concentrators, causing premature failure.41 This
explains the drop in tensile strength due to increased
LT. In addition, gaps indicated by green arrows between
subsequent layers are observed in Figure 4B. These are
considered to be the consequences of certain adhesion

FIGURE 1 (A) Tensile and

Charpy impact test and (B) short

beam strength test specimens.
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FIGURE 2 Tensile test

results of 3D printed

polyetheretherketone specimens.

FIGURE 3 Fracture surface

of tensile test specimens

(A) 0.1 mm layer thickness (LT),

(B) 0.2 mm LT, (C) LT

measurement of 0.1 mm layer

height, and (D) LT measurement

of 0.2 mm layer height.
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problems. Figure 4B shows that increasing LT reduces
the interfacial strength of the printed material, which can
lead to delamination under load and a drop in the mate-
rial's tensile strength.42–44

According to Figure 2, increasing nozzle diameter
reduces tensile strength while improving elongation to
break. This phenomenon is associated with the changing
nature of printing routines. Despite the fact that slicing
software can propose certain corrections to print configu-
rations, nozzle size indirectly modifies the width of fill
and contour lines in the cross-section plane. The result is
a greater layer width for 0.8 mm nozzle diameter. On the
other hand, specimens printed with a nozzle diameter of
0.6 mm have thinner and more abundant layers in the
horizontal axis, enabling stresses to be distributed more
evenly over each structure line, thus avoiding stress con-
centrations.45,46 Another essential point is die swelling
during PEEK 3D printing. Print temperature, print speed,
and nozzle diameter influence the die swelling ratio dur-
ing printing. Due to the capillary diameter and length, a
smaller nozzle diameter has a greater die swelling effect,
resulting in greater overlap between the printed contour
lines, hence the higher tensile strength observed.18,47

Finally, the relationship between the nozzle diameter
and strain at break is explained with the help of the
microstructure given in Figure 5A,B, respectively 0.6 and
0.8 mm of nozzle diameter. The fundamental difference

between Figure 5A,B is the fracture pattern of the speci-
mens. In Figure 5A, the fracture surfaces between the
dashed green lines are flat and smooth, whereas in
Figure 5B, the fracture surfaces between the green lines
are rough and chaotically elongated. Rough surfaces are
indicative of a ductile fracture mode and result in
increased strain at break. In fracture mechanics, rough
surfaces indicate a larger surface area, and creating more
surfaces requires more surface energy. This energy is
compensated for by strain energy, and there will be less
energy to propagate the main crack leading to fracture,
delaying total specimen failure and increasing strain at
fracture.48

After tensile tests, the Charpy impact test was per-
formed, and the results were presented in Figure 6. From
Figure 6, reducing the LT from 0.2 to 0.1 mm results in a
significant increase in the material's impact resistance.
Firstly, a lower LT indicates that there are more layers and
more interfaces between the layers in the cross-section of
the specimen. If the interfaces had been the weaker parts of
the specimen, the material would have shown less resis-
tance to impact with a lower LT. However, in this
manufacturing method, thanks to the selected printing
speed and printing temperatures during printing, the
interfaces between the layers did not generate any sub-
stantial weakness in the polymers. From SEM fractogra-
phy, it is seen that by increasing LT, manufacturing

FIGURE 4 Fracture surface of tensile test specimens having 0.2 mm layer thickness (A) voids and porosities and (B) gaps between

layers.
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defects become more apparent and generate a stress con-
centration leading to a reduction in impact resistance. In
addition, the effect of nozzle diameter for a constant LT
has also been examined, and Figure 6 shows that a larger
nozzle diameter also reduces the impact strength of the
PEEK polymer and that this effect is more apparent for a
smaller LT.

The data acquired from the short beam test, which
assesses the interlaminar shear strength of the 3D-printed
specimens, substantiates the claims made concerning
delamination. Since the bonding quality between the
printed layers has a direct impact on the mechanical per-
formance of the test specimens, it is crucial to carry out
this test. Throughout these short beam tests which are
conducted according to ASTM D2344 standard using a
rectangular beam type specimen, a point load is applied
in the exact center of the beam, which is supported on
both sides. The act of bending causes a non-uniform dis-
tribution of stresses throughout the cross-section of the

beam. The maximum shear stress is located near the cen-
terline of the beam, precisely beneath the place where
the load is applied. During a well-executed SBS test for
ILSS, the shear stress in the mid-plane surpasses the nor-
mal bending stresses and becomes the primary stress.
This is accomplished by maintaining a support span that
is relatively narrow in comparison to the thickness of the
beam. As the applied force rises, the 3D printed material
predominantly breaks apart because the shear stress sur-
passes the interlaminar shear strength between the
layers. Delamination within the printed material is a
standard indicator of this failure. It is essential to men-
tion that the SBS test does not directly apply pure shear
stress. Instead, it generates a bending condition where
shear stress becomes the primary cause of failure.49 ILSS
results of the specimens are shown in Figure 7.

Following analyzing the ILSS results of specimens
with different manufacturing settings, it was discovered
that the maximum ILSS values were observed in speci-
mens with a LT of 0.1 mm. The drop in ILSS value with

FIGURE 5 Comparison of

fractures surfaces printed with

different nozzle diameters

(A) 0.6 mm of nozzle diameter

and (B) 0.8 mm of nozzle

diameter.

FIGURE 6 Charpy impact test results of 3D printed

polyetheretherketone specimens.

FIGURE 7 Interlaminar shear strength (ILSS) results of 3D

printed polyetheretherketone specimens.
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decreasing LT can be attributed to the faster thermal
transition and the more homogeneous and stronger con-
nection between layers.50 When layers are thicker, a
gradual change in temperature might weaken the bind-
ing strength between the layers. Furthermore, in speci-
mens with a LT of 0.1 mm, it is possible that thinner
layers exhibited accelerated cooling, leading to an affinity
for crystallization. Regular crystal formations could have
facilitated a more robust interconnection between layers.

When the nozzle diameter increased, the ILSS value
decreased while the LT remained unchanged. Utilizing
nozzles with smaller diameters increases the number of
contact areas between the layers being generated. This
has the ability to enhance the strength of the bond
between layers by increasing the number of contact sur-
faces, which inherently reinforces the bond. The nozzle,
which has a diameter of 0.6 mm, is filled with a sparser
infill pattern. This can enhance the homogeneity and
strength of the interlayer bonding. In addition, nozzles
with smaller diameters typically offer superior tempera-
ture control, resulting in improved layer adhesion and
enhanced strength.

After presenting all the experimental results, it is
noteworthy to say that in this study we chose to prioritize
the tested values for LT and nozzle diameter based on the
practical knowledge gained by our research group while
working with 3D printing of PEEK, a material known for
its heat resistance. Based on our research findings, which
align with the existing literature,26,31,49,51,52 it can be con-
cluded that thin layers exhibit a faster cooling rate com-
pared to thicker layers. The rapid cooling process might
induce filament warping and curling, leading to issues in
the final product. Furthermore, thin layers may present a
more significant challenge in terms of adhesion to both
each other and the print bed. This can result in prints
that have less structural integrity and are more suscepti-
ble to cracking or fracturing. Furthermore, if the nozzle
is not impeccably clean or calibrated, there is a higher
possibility of clogs and jams while extruding very thin fil-
ament lines. This point is also correlated with the nozzle
diameter employed in this investigation. In this study,
two distinct nozzle diameters were employed due to the
occurrence of nozzle clogging while using lower diame-
ters, particularly during PEEK printing. On the other
hand, using bigger nozzle diameters might lead to prob-
lems in maintaining the exact dimensions of the printed
object compared to the CAD design. Increased LTs, com-
pared to our chosen parameters, led to visible printing
flaws, leading to a substantial reduction in mechanical
performance. Therefore, it was opted not to test thicker
LTs To address these problems, one can adjust the tem-
perature of the printing bed, which will effectively decel-
erate the cooling process and enhance the adhesion.

Subsequently, the temperature for printing can be modi-
fied by reducing the printing speed. Increasing the flow
rate slightly can help ensure enough filament is extruded
to create a solid layer. On the other hand, in this study,
there was no need to make any changes to the other
printing parameters. This allowed us to set optimal con-
ditions for an appropriate comparison and to observe the
effects of selected parameters. Thus, to ensure a scientifi-
cally rigorous comparison, we chose not to alter the
printing parameters in a way that would introduce fur-
ther variability. Additional parameters are planned to be
investigated in future studies.

3.2 | Determination of optimal printing
parameters through response surface
methodology

After performing all experiments on printed PEEK, opti-
mal printing parameters were investigated by employing
the response surface optimization method with the help
of Minitab™ statistical analysis software. During this
study, different mechanical properties were examined
such as UTS, strain at break, and absorbed energy during
Charpy tests, and the determination of optimal printing
parameters providing high UTS and absorbed energy was
put as a target. According to this target, an optimization
study is employed.

Among the different optimization methods, RSM is
employed based on preliminary calculations.53 Using this
methodology, regression equations for the UTS and
absorbed energy are determined and given in Table 2.

The regression equations are used to determine the
optimal printing parameters by simultaneously evaluat-
ing the UTS and absorbed energy. This can be seen as a
multi-objective optimization problem, where the signifi-
cance levels of UTS and absorbed energy are considered
to be equal. Subsequently, surface plots (refer to
Figure 7A,B) are generated to visually represent the
changes in UTS and absorbed energy based on variations
in nozzle diameter and LT.

Figure 8A demonstrates that the impact of nozzle
diameter on UTS is significantly more pronounced com-
pared to the effect of LT. Conversely, the pattern for
absorbed energy is quite dissimilar. The influence of LT
on absorbed energy is considerably more prominent in
comparison to nozzle diameter.

Upon comparing the optimization results presented
in Table 2 with the experimental data provided in
Section 3.1, it can be concluded that the response surface
method accurately approximates the experimental values.
This highlights the practical application of the optimiza-
tion strategy utilized in this work.
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3.3 | Case study: numerical analysis of
printed PEEK using finite element
modeling for spinal implant applications

PEEK, a biocompatible polymer, is well acknowledged
for its applicability in various biomedical applications,
such as spinal implants. After completing the mechanical
characterizations and optimization studies, the obtained
mechanical characteristics were used in the structural
analysis of a spinal implant through finite element
modeling. The finite element method (FEM) entails
breaking down complex components into smaller frag-
ments while performing appropriate analysis on the
resultant model. The FEM is frequently chosen as a solu-
tion technique for the structural mechanics of complex
structures owing to its numerous advantageous features.
First, it facilitates the modeling of complex geometries by
incorporating realistic analysis using a range of material
models and a large number of materials. In addition, it is
possible to conveniently modify the analysis parameters,
including loading, boundary conditions, geometry, and
material model. Finally, the resolution of intricate
issues can be achieved within a short period of time,
depending on the available computational resources.

Prior to performing FEM analysis on a spinal implant,
we compared the experimentally obtained tensile test
results on the specimen group with optimal characteris-
tics (LT = 0.1 mm � nozzle diameter = 0.6 mm) with
the FEM-based numerical study. The Supplementary
Information provides a comparison of the stress and
strain data in Figure S2A,B with the experimental results,
showing a 9% difference. Furthermore, Figure S3 presents
a comparison between the stress–strain curve produced
from the experiment and the stress–strain curve acquired
from numerical analysis. Although there are differences
between the FEM model and experimental data, the elas-
tic model maintains reasonable consistency when consid-
ering the practical application of the established model.

This work involved doing FEM analysis on a spinal
implant designed for the lumbar vertebral zone, specifi-
cally targeting the L4 vertebral body. Simulia Abaqus™
2020 software was used as the solver during the FEM
analysis and loading cases mimicking the human body
motions were defined in Abaqus. Typically, a vertebral
body can experience stresses caused by various physical
activities such as standing, flexion/extension, lateral
bending, and axial rotation. Each of these movements
has the potential to produce distinct moments and loads

TABLE 2 Charpy impact test results of 3D printed polyetheretherketone specimens.

Optimization
method Regression equation Optimal printing parameters

Response surface
methodology

UTS = 222.1 � 221.2*ND � 566*LT + 653*ND*LT ND = 0.6 Estimated
UTS = 71.99 MPaLT = 0.1

Absorbed energy = 578 � 403*ND � 2391*LT + 1967 ND*LT ND = 0.6 Estimated absorbed
energy = 215.030 kJ/m2

LT = 0.1

Abbreviations: LT, layer thickness; ND, nozzle diameter.

FIGURE 8 Response surface plots of (A) ultimate tensile strength (UTS) and (B) absorbed energy with respect to printing parameters.
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on the vertebral bodies, leading to varying levels of stress
build-up on the vertebrae. To maintain a healthy spine, it
is essential that all components of the spine, including
ligaments, vertebral bodies, lumbar discs, and joints, are
able to withstand the applied loads without any issues or
damage initiations.54–56

This study aimed to assess the structural viability of a
cylindrical implant fabricated from PEEK polymer by
MEX printing, which was employed as a substitute for
the L4 vertebral body. The assessment was conducted
using FEM modeling in the Abaqus environment. The
FEM model that has been constructed comprises several
essential steps that must be completed prior to submit-
ting the task in Abaqus.

Part design, the initial phase in modeling using the
FEM, can be approached in two ways. The initial
approach entails the utilization of the design module
within the Abaqus to design the components under
investigation. Another viable approach is importing the
design of the components to be assessed into Abaqus fol-
lowing its design using alternative CAD software.
Because the components under consideration in this pro-
ject have complex structures, they are designed using
Solidworks™ 2020 software, as shown in Figure 9.

Figure 9 illustrates that an implant is not a single
body; it requires additional instruments such as screws
and rods throughout the entire process, from surgery to

full body integration. The screws and rods utilized in the
implant system are fabricated using biocompatible mate-
rials and serve to ensure implant's stability. Furthermore,
the mechanical response of the implant is influenced by
other anatomical components that come into contact
with it, such as the surrounding vertebral bodies and liga-
ments. Therefore, the material properties of all compo-
nents have been defined within the “Properties” module
of Abaqus. First of all, it is widely acknowledged in the
literature that PEEK-based implants exhibit elastic
behavior when subjected to the mentioned loads in daily
life activities. Consequently, an elastic model was57 estab-
lished for the implant material composed of PEEK, using
the data presented in the previous sub-sections of this
article. In terms of the other components of the
implant system, the characteristics of the Ti-6Al-4V
alloy were considered appropriate for the two screws
and rods.58 The titanium alloy utilized has an elastic
modulus of 110 GPa and a Poisson's ratio of 0.3.59

Then, the material properties of the cortical bone tissue
of the L3 and L5 vertebrae were defined. The cortical
bone's modulus of elasticity is 12 GPa, and its Poisson
ratio is 0.3.60 The investigated model has seven distinct
ligaments: ALL, PLL, TL, CL, LF, ISL, and SSL indi-
cated by thin lines between vertebral bodies in
Figure 9A. These ligaments in the human body show
hyperelastic behavior and their material behavior was
defined using the Ogden model with a third-order
strain energy potential. Ogden model parameters (μi,
αi, Di) are given in Table 3.61

Following the establishment of material properties,
all components were brought together within the assem-
bly module. Subsequently, the analysis type was specified
within the step module. A static/general analysis was
conducted in this project. Given the presence of struc-
tures exhibiting hyperelastic material properties in the
model under analysis, the NLGEOM option has been
activated. Subsequently, the interactions among the com-
ponents were delineated. Tie constraints were applied to
the screws on the left surfaces of the L3 and L5 vertebrae,
the rod connecting the screws, the points where the liga-
ments attach to the vertebrae, and the surfaces where the
implant meets the L3 and L5 vertebrae. This permits the
pieces to move together. A coupling was formed around a
reference point in the middle of the top surface of the L3
vertebra. The subsequent step involves the establishment
of boundary conditions, loads, moments, and the deter-
mination of fixed or moving points. A compression force
of 1000 N was applied, in accordance with the relevant
literature considering daily human body motions. The
compressive force was exerted from the upper surface of
the L3 vertebral body using a reference point located at
the center. In addition to the compressive force, aFIGURE 9 CAD model of the implant system assembly.

5496 IREZ and DOGRU

 15482634, 2024, 11, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.26929 by C

entral L
ibrary, W

iley O
nline L

ibrary on [24/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



moment of 10,000 Nmm was applied to the Z-axis to
mimic the lateral leaning of the body. In addition, the
lower portion of the L5 vertebral body is immobilized.
The components were discretized in the subsequent
phase as shown in Figure 10A. The T3D2, a one-
dimensional two-dot lattice element, was used to
define all ligaments. The remaining components,
including L3, L5, vertebral implant, rod, two screws,
and the untrimmed section of the L4 vertebral body,
were meshed using tetrahedral element C3D4.62–64

Hypermesh™ software was utilized to generate the
mesh on these components. Table 4 provides compre-
hensive data regarding the element types, number of
nods, and elements of the studied components.

The intended mesh size for the entire model was set
at 1 mm in line with the existing studies.55,57 Devia-
tions from the required mesh size were observed as a
result of the intricate geometry of the parts. The mesh
size ranged from a minimum of 0.3 mm to a maximum
of 3.31 mm. The distribution of the mesh size is
depicted in Figure 10B.

After completing the development of the FEM model,
the analysis was conducted. The FEM analysis was
employed to observe the stresses and strains generated
in the implant. The stress distribution on the implant
in relation to the applied compressive force and the
moment is depicted in Figure 11. Stresses in the x- and
z-axis are generated as a result of the 9� slope imposed
on the implant and the moment effect. Von Mises
stress is computed to examine the combined effect of
different stresses. Von Mises stress is a scalar stress
value that is obtained from the Cauchy stress tensor. In
this context, it is widely acknowledged that the initial
stage of yielding in material occurs when the von Mises
stress reaches a predetermined threshold known as the
yield strength, commonly represented as σy. The calcu-
lation of material yielding under complex loading con-
ditions, such as in this implant system, utilizes the von
Mises stress. The von Mises stress is obtained by calcu-
lating the maximum strain energy and can be utilized
as a measure of yield and failure. This criterion pro-
vides assurance that the hydrostatic component of the

TABLE 3 Ogden hyperelastic model parameters used in the ligaments.

Ligaments μ1 α1 μ2 α2 μ3 α3 D1 D2 D3

ALL 0.177 �3.08 0.627 �13.86 �0.357 �6.8 1 1 1

PLL 0.159 �1.126 0.77 �18.54 �0.39 �9.6 1 1 1

ITL �6412.7 �7.3 4159 �9 2254.5 4.09 1 1 1

CL 0.159 �1.126 0.77 �18.54 �0.39 �9.6 1 1 1

LF 0.159 �1.126 0.77 �18.54 �0.39 �9.6 1 1 1

ISL 0.177 �3.08 0.627 �13.86 �0.357 �6.8 1 1 1

SSL 0.177 �3.08 0.627 �13.86 �0.357 �6.8 1 1 1

FIGURE 10 (A) Meshed

analysis model and (B) mesh

size distribution contour.
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stress tensor does not have any impact on the onset of
yield in these materials.65–68 Based on the data
presented in Figure 12, it can be observed that the
highest von Mises stresses occur at approximately
25.78 MPa in the lower region of the implant. Given
the tensile strength of the printed PEEK with a LT of
0.1 mm and a nozzle diameter of 0.6 mm (�72 MPa), it
can be concluded that this implant exhibits structural
integrity.

Following the stress analysis, it is important to verify
the strain with regard to the structural reliability. The
implant experiences its primary load along the y-axis.
Hence, it is imperative to carefully examine the extent of
strain on the y-axis. The logarithmic strain observed in
the y-axis is depicted in Figure 12. According to Figure 3,
the strain at break for the printed PEEK with a LT of
0.1 mm and a nozzle diameter of 0.6 mm is seen to be
around 6%. Additionally, the critical strain, as deter-
mined using FEM analysis, is found to be 0.58%. There-
fore, printed PEEK is deemed structurally safe.

The FEM analysis presented here is being compared
to a numerical investigation conducted by Wang et al. on
spinal implants utilizing titanium alloys. In their
examination, the researchers recorded a maximum von
Mises stress of 31.4 MPa under similar loading condi-
tions.57 Both implants are deemed to possess structural
integrity. Following this structural comparison, it is
noteworthy to mention that metallic alloys such as tita-
nium and cobalt alloys have been extensively employed in
the biomedical implant sector for many years due to their
biocompatibility and structural integrity. In recent times,
there has been a growing prevalence of different allergic
reactions and medical imaging concerns, even though
their characteristics have been well-documented. PEEK,
being a biocompatible material, successfully addresses
these concerns. Together with this, the anatomical differ-
ences across individuals have prompted the development
of patient-specific implants, rather than relying on stan-
dard implants. In this specific context, the utilization of
MEX-printed implants made of PEEK shows great poten-
tial for biomedical applications.

TABLE 4 Mesh characteristics of components used in the

finite element method study.

Part name
Element
type

Number
of nodes

Number
of elements

L3 C3D4 18,785 88,129

L4 C3D4 10,075 43,713

L5 C3D4 16,675 77,130

Implant C3D4 8139 34,515

Rod C3D4 345 897

Upper screw C3D4 1671 6510

Lower screw C3D4 1671 6510

ALL T3D2 18 9

PLL T3D2 32 16

ITL T3D2 24 12

CL T3D2 24 12

LF T3D2 12 6

ISL T3D2 12 6

SSL T3D2 4 2

FIGURE 11 von Mises stress contour formed on the polyetheretherketone-based implant.

5498 IREZ and DOGRU

 15482634, 2024, 11, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.26929 by C

entral L
ibrary, W

iley O
nline L

ibrary on [24/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 | CONCLUSION

This study investigated the effect of printing parameters
such as LT and nozzle diameter on mechanical parame-
ters. Two different LTs, 0.1 and 0.2 mm, and two different
nozzle diameters, 0.6 and 0.8 mm, were used as printing
parameters. The first result was that, by increasing the LT,
tensile strength dropped by around 24% and strain at
break improved by around 10%. Furthermore, tensile test-
ing on the printing filament revealed a lower strength than
PEEK's catalog values for injection molding. This could be
related to the polymer's internal structure and molecular
order, which are influenced by crystallization and temper-
ature variations throughout the extrusion process. To
interpret these results more concretely, SEM fractography
was carried out and it was observed that increasing LT
leads to an intensification of microstructural defects,
which act as stress concentrators. In addition, the increase
in nozzle diameter led to a transition locally from brittle-
ness to ductility, which increased strain to failure. Lastly,
impact resistance fell by almost 55% as the layer height
increased. ILSS results obtained from SBS tests indicated
that decreasing the nozzle diameter and LT positively
affects the bonding of the layers. Following the completion
of the experimental work for this research, RSM was uti-
lized to conduct a practical optimization study. The RSM
technique was employed to ascertain the optimum print-
ing parameters that yielded high UTS and absorbed
energy. Finally, a FEM-based structural analysis con-
ducted using the optimal printing parameters showed that
a PEEK-based implant provides structural integrity.

Given all the results obtained, further optimization
using statistical tools can be carried out, and the effect of

annealing on the fracture characteristics of additively
manufactured PEEK could be examined.
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