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Abstract

This study compares the biomechanical impact and mechanical distribution of SiC-rein-
forced PEEK implants to titanium implants using three-dimensional finite element analy-
sis (FEA). Five different implant materials were investigated: titanium, pure PEEK, and
PEEK reinforced with silicon carbide (SiC) particles at 2%, 4%, and 6% ratios. A wide
range of oblique forces (45°) from 100 N to 900 N was applied to simulate physiological
to extreme masticatory loads. The distribution of maximum von Mises stress and total
deformation within the implant was examined. Structural integrity metrics linked to yield
strength, including factor of safety (FOS), were also investigated. The biological evalua-
tion included an analysis of the behavior of the bone tissue surrounding the implant by
assessing maximum principal strain and maximum principal stress in cortical bone. The
results show that titanium exhibited the highest stiffness and FOS (>1 up to 500 N) but
induced the lowest bone strains (7552275 pe at 100-300 N), indicating potential stress
shielding. Pure PEEK resulted in excessive bone strains exceeding 4000 e at moderate
loads, suggesting bone overload risk. Among reinforced groups, PEEK + 4%SiC demon-
strated the most balanced performance, reducing maximum principal bone stress by 28%
compared to pure PEEK at 200 N, while maintaining bone strains within the physiological
adaptive range (1000-3000 pe) under moderate loads. PEEK + 6%SiC showed increased
stiffness but reduced ductility and safety factor. Within the limitations of this computa-
tional study, PEEK reinforced with 4% SiC appears to offer an optimal trade-off between
o mechanical stability and biomechanical compatibility. Further in vitro and clinical studies
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are warranted to validate these findings.
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the long-term success of implant-supported restorations depends on a complex interac-
tion of mechanical, biological, and clinical factors. Implant stability is influenced not only
by the transfer of functional loads, but also by biological processes such as osseointegra-
tion, peri-implant bone remodeling, bone quality and density, surgical protocols, and
host-related responses [2]. Nevertheless, from a biomechanical perspective, the distribu-
tion of stress and strain within the peri-implant bone remains one of the principal physical
factors governing bone adaptation, maintenance, and long-term structural stability [3].

During functional mastication, dental implants are subjected to complex multidirec-
tional loading conditions. Among these, oblique loading is widely recognized as the most
critical biomechanical scenario because it generates elevated tensile, compressive, and
shear stresses, particularly within the crestal cortical bone surrounding the implant neck
[4,5]. Such loading conditions are commonly encountered during mastication, food pene-
tration, and lateral mandibular movements [6]. Furthermore, the magnitude and complex-
ity of these forces may increase considerably in patients exhibiting parafunctional habits
such as bruxism and clenching, where occlusal loads frequently exceed normal physio-
logical values and are applied at unfavorable angles [7,8]. Previous biomechanical inves-
tigations have demonstrated that these non-axial force vectors generate significant bend-
ing moments and localized stress concentrations that may compromise peri-implant bone
stability over time [9].

To withstand these functional demands, commercially pure titanium (cp-Ti) and ti-
tanium alloys, particularly Ti-6Al-4V, have traditionally served as the gold standard ma-
terials for dental implant fabrication because of their excellent biocompatibility, corrosion
resistance, and mechanical strength [10]. However, titanium exhibits a considerably
higher elastic modulus (approximately 110 GPa) than cortical bone, which typically
ranges between 15 and 20 GPa [11]. This substantial mechanical mismatch promotes the
phenomenon known as stress shielding, whereby the implant absorbs a large proportion
of the applied load while reducing the physiological mechanical stimulation experienced
by the surrounding bone. Over time, this altered biomechanical environment may con-
tribute to localized bone resorption, marginal bone loss, and reduced long-term implant
stability [12].

To overcome the limitations associated with stress shielding, polyetheretherketone
(PEEK) has emerged as a promising alternative biomaterial in implant dentistry due to its
elastic modulus of approximately 3-4 GPa, which is closer to that of natural bone than
titanium [13]. This characteristic allows a more favorable distribution of functional loads
and may reduce the adverse biomechanical effects associated with highly rigid metallic
implants. However, the relatively low stiffness of pure PEEK also represents a potential
limitation. Under elevated functional loads, unreinforced PEEK may undergo greater
elastic deformation, potentially increasing maximum principal stress and principal strains
within the adjacent cortical bone [14]. Consequently, the challenge is not merely to in-
crease the stiffness of PEEK, but to achieve an optimized balance between implant struc-
tural safety and the preservation of physiological bone stimulation, thereby maintaining
favorable biomechanical conditions for long-term peri-implant bone health.

To address this challenge, numerous reinforcement strategies have been proposed
for PEEK, including carbon fibers, hydroxyapatite (HA), and titanium dioxide (TiO2). Alt-
hough these reinforcements may improve selected material properties, each presents spe-
cific limitations. Carbon fibers can substantially increase stiffness but may introduce ani-
sotropic mechanical behavior and aesthetic concerns related to their dark coloration [15].
Hydroxyapatite-based reinforcements may enhance bioactivity and cellular attachment
but can negatively affect the fatigue resistance and overall mechanical integrity of the pol-
ymer matrix [16]. In contrast, silicon carbide (5iC) has attracted increasing attention as a
reinforcement phase because of its high hardness, excellent fracture resistance, chemical
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stability, and isotropic mechanical behavior [17]. In addition to its favorable mechanical
properties, SiC exhibits excellent biocompatibility, minimal cytotoxicity, and the ability to
support osteoblast adhesion and proliferation [18]. Moreover, the incorporation of SiC
particles into the PEEK matrix may facilitate more homogeneous stress transfer through-
out the composite structure. These combined characteristics suggest that SiC-reinforced
PEEK may provide an intermediate biomechanical behavior between the excessive rigid-
ity of titanium and the excessive compliance of pure PEEK [19].

Finite element analysis (FEA) has become an established and reliable computational
approach for evaluating the biomechanical behavior of dental implants under various
loading conditions. This technique enables detailed assessment of stress and strain distri-
butions within both implant components and surrounding bone tissues without the limi-
tations associated with in vivo experimentation. Recent numerical studies have investi-
gated the biomechanical performance of polymer-based and composite implant systems
under simulated osseointegrated conditions using fully bonded bone-implant interfaces
[20]. Nevertheless, important gaps remain regarding the comprehensive biomechanical
evaluation of SiC-reinforced PEEK implants subjected to progressively increasing oblique
loads.

Although average physiological masticatory forces are generally lower than 900 N,
substantially higher force magnitudes have been reported in posterior regions and in in-
dividuals presenting parafunctional habits such as bruxism and clenching [7,21]. There-
fore, evaluating implant behavior under loads approaching 900 N provides valuable in-
sight into structural safety and biomechanical performance under severe loading condi-
tions rather than routine physiological scenarios.

Despite recent advances in implant biomaterials and numerical modeling, the current
literature still lacks a comprehensive three-dimensional biomechanical comparison be-
tween titanium, pure PEEK, and SiC-reinforced PEEK implants evaluated under identical
loading and boundary conditions. Furthermore, the influence of different SiC reinforce-
ment ratios on implant structural behavior and peri-implant bone response under pro-
gressively increasing oblique loads remains insufficiently understood. Most previous in-
vestigations have focused either on implant stresses or on bone response separately,
whereas integrated assessments considering implant mechanical performance together
with peri-implant stress and strain behavior are relatively scarce. Consequently, the opti-
mal SiC reinforcement percentage capable of balancing implant structural safety and
physiological bone stimulation has not yet been clearly established.

To systematically contextualize this research gap and highlight the novelty of the
present work, a concise summary of representative finite element studies on alternative
polymer-based and composite dental implants is presented in Table 1. By comparing pre-
vious investigations with the current study, it becomes evident that a comprehensive eval-
uation of titanium, pure PEEK, and SiC-reinforced PEEK implants under progressive
oblique loading conditions remains largely unexplored.

Table 1. Summary of representative finite element studies on polymer-based and composite dental

implant systems and the research gap addressed by the present study.

Reference

Ke Research Gap Ad-
Materials Loading . . y .1 P
) L. Biomechanical Findings/ dressed by Current
Investigated Conditions
Focus Study

Titanium, zirconia, Three-dimensional finite

PEEK, CFR-PEEK, element analysis (3D
and GFR-PEEK den- FEA) under simulated os-
tal implants. seointegrated conditions

Fabris et al. [14]

PEEK-based materials re-
duced the stiffness mis-
match between implant

Did not investigate ce-
ramic particle reinforce-
ment (e.g., SiC) or eval-

and bone compared with uate the effect of differ-

titanium. Reinforced
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PEEK materials improved ent reinforcement con-
mechanical behavior com- centrations under pro-
pared with unreinforced gressive high oblique
PEEK, with differences in  loading conditions.

stress and strain distribu-
tion.

PEEK components modi- Evaluated PEEK com-
fied stress transfer charac-ponents rather than SiC-

Titanium and PEEK- Three-dimensional FEA teristics due to their lower reinforced PEEK im-
Hong and Choi [20] based implant pros- under functional loading elastic modulus, influenc- plant structures and did

thetic components conditions ing stress distribution in  not assess reinforce-

implant components and ment-dependent optimi-
surrounding bone. zation.

Focused on fiber rein-

CFR-PEEK demonstrated .
forcement; did not eval-

biomechanical behavior

Titanium and carbon Three-dimensional FEA uate isotropic ceramic

comparable to titanium,

Altiparmak etal.  fiber-reinforced under vertical and _ ., . reinforcement such as
] . with altered stress distri- . . .
[22] PEEK (CFR-PEEK) oblique occlusal loading , . 1 SiC or determine biome-
. . bution patterns within the ) ..
implant systems conditions . chanical safety limits
implant structure and .
. under severe loading
surrounding bone. .
conditions.

_ Addresses the lack of

Comprehensive evalua- . L
» ¢ Mi ; numerical studies di-

ion of von Mises stress

SiC-reinforced PEEK onotvo > 5 rectly comparing tita-

Current study

(2%, 4%, and 6%)
versus titanium den-
tal implants

Progressive static oblique deformation, principal
loading up to 900 N using strain, and biomechanical
3D FEA safety to identify the opti-

mal SiC reinforcement

nium and SiC-rein-
forced PEEK implant
systems under severe
oblique loading condi-

level. .
tions.

Therefore, the present study aimed to perform a three-dimensional finite element
analysis comparing commercially pure titanium, pure PEEK, and PEEK reinforced with
2%, 4%, and 6% silicon carbide under 45° oblique loads ranging from 100 to 900 N. Implant
performance was assessed through von Mises stress distributions and structural safety
considerations, while the biological response of the surrounding bone was evaluated us-
ing principal stress and principal strain. By integrating both mechanical and biological
evaluation criteria, this study seeks to identify the reinforcement configuration that pro-
vides the most balanced biomechanical performance within the limitations of finite ele-
ment modeling.

2. Materials and Methods
2.1. Creating a 3D Model

A three-dimensional model of a clinically utilized dental implant was created using
SOLIDWORKS 2019. It was implanted within a replica of the jawbone, which has two
different layers: cortical bone and cancellous bone. A complete real model of the dental
implant was created (representing the design of the molar, abutment, and fixing screw, in
addition to the dental implant and the surrounding bone tissue) in accordance with prior
literature study recommendations, with the goal of conducting an accurate digital simu-
lation that mimics the real case of the dental implant’s operation and determining the
forces acting on it as well as the interaction of the surrounding bone tissue.
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The model was designed with the dimensions of the studied bone tissue section (14
mm, 22 mm), the thickness of the cortical bone tissue (1 mm), the height of the maxillary
molar (5.5 mm), the diameter of the upper dental implant (5 mm) and the lower diameter
(2.9 mm), the height of the implant (15 mm), and an angle of (0°).

To ensure design uniformity, this model will be used without any design modifica-
tions in all cases studied during the digital simulation, and will be reviewed by experi-
enced and specialized dentists, with only the material used to make the dental implant
changing while all loading conditions remain constant.

Finally, this model was exported to the (ANSYS 2020-R1) program for numerical
modeling and simulation with the finite element method (FEA) (Figure 1).

Figure 1. A cross-section of the implant model showing the abutment and screw, as well as the bone

tissue used in the study.

2.2. Boundary Conditions

Using the finite element analysis program (Ansys 2020) (Canonsburg, PA, USA, An-
sys Workbench), the model to be analyzed was imported, which represents the dental
implant with the abutment and molar, in addition to the bone tissue surrounding the im-
plant, in order to evaluate the behavior of the implant by comparing a group of different
materials from which implants are made, as shown in Table 2, and determining the effect
of each of these materials on bone.

Table 2. Physical properties (the Young’s modulus, Poisson’s ratio and yield strength) of the implant

materials.

oung’s Modulus

Y
Component Material Poisson’s Ratio Yield Strength/Mpa

(GPa)

Cortical bone 13.4 [23] 0.3 -
Cancellous bone 1.37 [23] 0.3 -
Y-TZP Zirconia

21 . -
(Molar) 0 03
Ti-6Al-4V alloy
110 [24 . 7
(Screw, Abutments) 0[24] 033 7
Titanium 115 [25] 035 680
(Implant)
PEEK 3.85 [26] 0.395 100
(Implant)
PEEK + 2%5i
+ 2%51C 4.55 [26] 0.385 112
(Implant)
PEEK + 4%Si
+4%SiC 5.15 [26] 0.372 122
(Implant)
PEEK + 6%5iC 5.62 [26] 0.36 108
(Implant)
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The boundary conditions were defined consistently across all implant models, and
the designed structures were simulated with rigid connections (Figure 2). The cortical-
cancellous bone interface was assumed to be perfectly bonded to focus primarily on the
loading effects on the implant components, while frictional interactions within each com-
ponent of the model were considered. A friction coefficient of 0.3 was assigned to the me-
chanical components of the implant. Conversely, the implant-bone interface was assumed
to be perfectly bonded to simulate a state of complete osseointegration.

For this aim, five distinct implant materials will be defined, with the assumption that
all solid structures are homogeneous, isotropic, and linearly elastic, with physical proper-
ties such as the Young’s modulus and Poisson’s ratio, as defined in Table 2.

[ 001 0.02(m)

Figure 2. The model is within the ANSYS program, and the connection points.

The mechanical properties presented in Table 1 were adopted as input parameters
for the finite element model. These parameters were selected based on the reported me-
chanical behavior of PEEK-based composites reinforced with SiC particles, considering
the progressive effect of ceramic reinforcement on the elastic stiffness, strength, and duc-
tility of the polymer matrix. The selected values represent realistic and representative me-
chanical properties for comparative biomechanical evaluation of PEEK/SiC composites
with different SiC contents (2, 4, and 6%).

To depict the maximum load on a human molar, an oblique force at an angle of 45°
was applied at the center of the molar (Figure 3), the magnitude of which is shown in Table
3.

Table 3. The value of the force applied in each test case.

Functional Interpretation Compressive Force (N) Case
Very Light Chewing 100 1
Normal Forward Chewing 150 2
Normal Chewing 200 3
Moderate Chewing 250 4
Strong Chewing 300 5
Normal Back Chewing 400 6
Strong Back Chewing 500 7
Strong Grinding 600 8
Subclinical Maximum Grinding 750 9
Maximum Potential Physiological Load 900 10

To study all conceivable scenarios separately, each of the five implant types (Tita-
nium, PEEK + 6%SiC, PEEK + 4%SiC, PEEK + 2%SiC, and PEEK) were studied at each of
the force levels listed in Table 3.
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Figure 3. Fixation points and forces applied to the studied implant model.

2.3. Finite Element Model Analysis

After importing the model into the (ANSYS-2020) application for three-dimensional
static analysis, first-order tetrahedra were used to construct the computational grid. The
grid was smoothed in the prescribed region between the implant and the bone tissue, with
the goal of capturing the greatest number of nodes to reflect the strain of the bone tissue
as a result of force transfer via the implant. Table 4 summarizes the grid deflection and
number of elements for the implant and model, ensuring the study’s finite element model
calculations are reliable and accurate.

Table 4. Mesh convergence and gride independence study parameters.

Number of

Grid Number Mesh Size Nodes Number of Cells Deviation Value
1 0.3 mm 3,621,197 2,596,996 Default
2 0.1 mm 7,123,991 4,976,290 0.21
3 0.5 mm 1,848,491 1,311,404 0.28
4 0.2 mm 4,151,036 2,958,507 0.21

The contact area between the implant and the crown was the primary emphasis dur-
ing the computational grid construction. As a result, the starting network element size in
this area was set to 0.08 mm, with an average total network size of 0.3 mm. To test the
network’s sensitivity, the average network size was lowered to 0.1 mm, resulting in
4,976,290 elements and a variance of 0.21. The average mesh size was increased to 0.5 mm,
the number of elements fell to 1,311,404, and the variation was 0.28 (Figure 4).

Figure 4. The computational grid used for the study.

https://doi.org/10.3390/jcs10070347
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As aresult, an average total grid size of 0.2 mm was chosen, with 2,958,507 elements
and a variation of 0.21. This is thought to be the best value for achieving the standard
borderline grid. In addition, a numerical convergence test was performed between grid
(1) and grid (4) by comparing the maximum values of von Mises stress in the implant and
strain in the bone. The relative deviation was less than 1%, confirming the independence
of the results from the computational grid and that grid (4) gives the most accurate nu-
merical results at the shortest possible computation time. As a result, this grid served as
the foundation for all studies.

3. Results

In this study, we investigated the numerical analysis of the finite element properties
of dental implants made of titanium and pure PEEK materials reinforced with silicon car-
bide under the influence of oblique masticatory forces at a 45° angle, with magnitudes
ranging from 100 to 900 N, as shown in Table 3. The mechanical response of the implants
was evaluated by analyzing the distribution of maximum and average von Mises stress,
total deformation values, and structural integrity indicators such as yield strength. The
biological evaluation included an examination of the behavior of the bone tissue around
the implant by measuring Maximum Principal Strain and Maximum Principal Stress,
which are direct indicators of mechanical stimulation of the bone and the likelihood of
bone resorption. The results were presented statistically and systematically across the dif-
ferent materials, demonstrating the influence of increasing the applied load and implant
material type on both the structural performance of the implant and the biological re-
sponse of the surrounding bone.

3.1. Mechanical Results of the Implant
3.1.1. Von Mises Stress Inside the Implant

The von Mises stress assessment within the implant is regarded as one of the most
important indicators for determining the mechanical performance of implants under var-
ying chewing loads. This indicator depicts the implant’s ability to sustain stresses without
yielding or mechanical failure, as well as the stress distribution inside the implant body
and accompanying components like the abutment and screw.

Recent studies show that the type of implant material affects stress concentration.
Solid implants like titanium have higher von Mises stress values within the implant body,
while composite polymer materials like CF-PEEK and SIC-PEEK transfer load to sur-
rounding bone more evenly, reducing stress concentration within the implant itself [27].

Loading angle significantly impacts stress distribution, with angled loads resulting
in higher maximum von Mises stress values compared to axial loads. This provides a re-
alistic simulation situation for evaluating implant mechanical performance under physi-
ological settings. From this standpoint, von Mises stress analysis under oblique loads is a
helpful technique for evaluating different implant materials and determining the mechan-
ical design’s safety prior to clinical implementation.

A finite element analysis of von Mises stress behavior under 45° angled loading, over
the force range indicated in Table 3, demonstrated a clear pattern of increasing stress val-
ues with increasing applied forces in all implant types. Titanium implants had the highest
stress concentrations, with a maximum of 132.69 MPa at 100 N and steadily increasing to
1237.2 MPa at 900 N. In contrast, PEEK implants and composites demonstrated much
lower values, ranging from 45.7 MPa at 100 N for pure PEEK to 416.25 MPa at 900 N. The
maximum principal stress for PEEK + 6%SiC implants was 473.06 MPa at 900 N, with
stress gradually increasing with silicon carbide reinforcement (Figure 5). PEEK + 6%SiC
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had the greatest von Mises stress values among polymer materials, followed by PEEK +
4%SiC, PEEK + 2%SiC, and pure PEEK, as shown in Table 5.

Table 5. The maximum von Mises stress values are expressed in MPa for each applied force and

implant.
L PEEK + PEEK + PEEK +

Force [N] Titanium PEEK 29,SIC 4% SIC 6%SIC
100 132.69 45.7 45.88 46.08 46.35
150 194.33 70.1 70.71 71.04 71.41
200 254.61 95 96.49 96.63 97.06
250 320.74 119.68 122.64 122.75 123.3
300 389.48 143.93 149.26 1494 150
400 528.66 192.19 202.47 202.84 203.81
500 668.22 238.94 255.76 256.52 257.75
600 808.01 280.76 308.62 310.09 312.03
750 1020 351.39 386.98 389.77 39291
900 1237.2 416.25 464.26 468.55 473.06

The average von Mises stress values were much lower than the maximum values in
all implants, with stresses concentrated mainly at the implant neck and in the first turns.
This pattern is consistent with recent studies indicating that implants under oblique loads
show higher stress concentrations in the neck and component contact points.

Titanium implants, assuming a yield strength of approximately 680-795 Mpa, have
high safety coefficients at low loads (greater than 2 at 100 N to 250 N), gradually decreas-
ing with increasing load to approach one at 500 N (#1.02), and then falling below one at
higher loads, indicating a theoretical entry into the yield range at very high loads. For
PEEK, assuming a yield strength of around 100 Mpa, the results showed acceptable safety
coefficients only at low pressures, which decreased to less than one at medium and high
loads. PEEK composites reinforced with SiC showed a small improvement in the safety
coefficient with increasing reinforcement ratio Figure 6. However, this gain did not reach
the performance level of titanium at high loads, as shown in Table 6.

Table 6. The safety factor (FOS) values are determined for each applied force and implant.

S PEEK + PEEK + PEEK +

Force [N] Titanium PEEK 294SIC 19%SIC 6% SIC
100 5.12 2.19 244 2.65 2.33
150 35 1.43 1.58 1.72 1.51
200 2.67 1.05 1.16 1.26 1.11
250 2.12 0.84 0.91 0.99 0.88
300 1.75 0.69 0.75 0.82 0.72
400 1.29 0.52 0.55 0.6 0.53
500 1.02 042 0.44 0.48 0.42
600 0.84 0.36 0.36 0.39 0.35
750 0.67 0.28 0.29 0.31 0.27
900 0.55 0.24 0.24 0.26 0.23

These findings suggest that the difference in modulus of elasticity and stiffness be-
tween titanium and reinforced polymer has a direct impact on the stress distribution pat-
tern and safety factor. The high stiffness of titanium causes bigger localized stress concen-
trations under oblique loading, whereas polymer materials give a more uniform stress
distribution, albeit at a lower overall yield strength than titanium. This is consistent with
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current research on how loading angle and material parameters affect the mechanical be-
havior of implants.
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Figure 5. The maximum von Mises stress values are indicated by the numbers (1, 2, 3, 4, 5) which
denote the order of implants as follows: (Titanium, PEEK, PEEK + 2%sic, PEEK + 4%sic, PEEK +
6%sic), where (A =100 N), (B =300 N), and (C =900 N).
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Figure 6. Factor of safety (FOS) for different implant materials under 45° oblique loading as a func-
tion of applied force.
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3.1.2. Total Deformation Within the Implant

The evaluation of maximal deformation in finite element analysis is an important
mechanical indicator for assessing implant performance under occlusal load. It depicts the
total deformation caused by loading and is used to predict initial mechanical stability and
the possibility of micromotion at the osteo-implant contact site. It also enables the com-
parison of the effects of various materials and elastic properties on implant performance
under identical loading conditions.

The results under a 45° oblique load showed a regular increase in maximum defor-
mation with increasing applied force from 100 to 900 N for all materials, indicating linear
elastic behavior within the numerical analysis range. The titanium implant reported the
lowest deflection values, with deformation ranging from 26.57 um at 100 N to 241.28 um
at 900 N, reflecting its high stiffness and modulus of elasticity.

PEEK has the largest mechanical deformation values compared to other materials,
reaching 38.38 um at 100 N and 364.11 um at 900 N. This is due to its lower modulus of
elasticity compared to titanium, which causes higher deformation under angled stress
(Figure 7).

PEEK composites reinforced with SiC particles showed a progressive improvement
in mechanical behavior as the reinforcement % increased. At 900 N, PEEK + 2%SiC dis-
placed 316.23 um, while PEEK +4%SiC and PEEK + 6%SiC displaced 310.47 um and 306.8
um, respectively. This implies that raising the reinforcing percentage results in higher
stiffness and lower deformation. The materials with the least mechanical distortion are
ranked as follows:

Titanium < PEEK + 6%SiC < PEEK +4%SiC < PEEK + 2%SiC < PEEK

At physiological loads (100-300 N), deformation values for all materials were less
than 150 um. However, at high loads (600-900 N), they exceeded this limit, which is con-
sistent with the nature of the oblique loading and its high intensity. These findings show
that reinforcing PEEK with SiC particles improves mechanical stability and reduces de-
formation when compared to the unreinforced material, with titanium retaining the high-
est resistance to displacement across all load levels studied, as shown in Table 7.

TOTAL DEFORMATION

=@ Titanium PEEK PEEK+2%sic PEEK+4%sic === PEEK+6%SiC
400.00
300.00

200.00

[um]

100.00
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Figure 7. Total deformation (um) for different implant materials under 45° oblique loading as a

function of applied force.

https://doi.org/10.3390/jcs10070347



J. Compos. Sci. 2026, 10, 347

13 of 25

Table 7. Maximum deformation values in um for the studied implants at the loads shown in Table
3.

S PEEK + PEEK + PEEK +
Force [N] Titanium PEEK 294SIC 19%SIC 6% SIC
100 26.57 38.38 36.8 35.94 35.39
150 39.8 56.77 54.83 53.55 52.74
200 53.05 75.31 72.78 71.1 70.03
250 66.3 93.83 90.7 88.62 87.31
300 79.58 112.3 108.59 106.13 104.56
400 106.29 148.41 144.05 141.04 139
500 132.99 184.04 178.77 175.23 172.96
600 159.87 219.48 213.35 209.2 206.55
750 200.42 272.3 264.96 259.96 256.76
900 241.28 364.11 316.23 310.47 306.8

3.2. Biological Response of Bone Tissue
3.2.1. Maximum Principal Strain in Bone

When assessing the biological response of bone tissue around implants, one of the
key biomechanical variables to consider is the Maximum Principal Strain, which provides
a direct indication of the level of mechanical stimulation to which bone tissue is exposed
under functional loads. Frost’s mechanostat hypothesis states that strains within a certain
range (1000-3000 pe) stimulate bone remodeling activity, while higher strains can over-
load and cause excessive resorption of bone tissue. This can exceed the bone’s ability to
self-correct and restore normal structure, potentially accelerating bone resorption rather
than promoting physiological bone growth [28].

Recent numerical studies using finite element analysis (FEA) in dental implant mod-
els have confirmed the importance of strain as a more expressive variable of biological
stimulation of bone tissue than equivalent stress indices alone, particularly when the
properties of the materials used to manufacture the implants or abutments, the loading
angle, and the applied force field differ. For example, studies have shown that polymer
materials such as realistic PEEK cause higher strains in cortical bone than solid titanium,
indicating more physiological mechanical load transfer and a reduction in the stress
shielding effect commonly observed with high-strength titanium, which affects the dy-
namics of the bone response surrounding the implant [29]. Taking this into account, esti-
mating the maximum principal strain in this study under 45° oblique loading and within
a force range between the materials used (titanium, PEEK, and PEEK reinforced with SiC
particles) provides an accurate framework for linking numerical results to bone’s biolog-
ical response behavior. This assessment allows for the determination of whether the
strains recorded in cortical bone are close to the physiological stimulation ranges or ex-
ceed them to the limits of overload, while taking into account the difference in modulus
of elasticity between the materials and its role in load distribution across the implant-
bone interface, which helps to explain the possibility of bone remodeling or excessive bone
resorption in critical sites under clinical loads.

The analysis of the Maximum Principal Strain behavior in the bone surrounding im-
plants under 45° oblique loading and within the force range shown in Table 3 revealed a
clear gradual increase in strain values with increasing load in all models studied, while
maintaining a quasi-linear relationship between the amount of force applied and the rec-
orded strain value. The titanium implant showed the lowest strain values at all loading
levels, ranging from 755.52 pe at 100 N to 8603.4 pe at 900 N. Pure PEEK demonstrated
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the greatest results, with a maximum principal strain of 1171.2 ue at 100 N and steadily
increasing to 22,239 pe at 900 N.

PEEK composites reinforced with silicon carbide showed a gradual decrease in strain
values with increasing reinforcement ratio, with maximum values for the PEEK + 2%SiC
composite at (900 N) reaching 16,756 e, 15,879 pe for the PEEK + 4%SiC composite, and
15,330 pe for the PEEK + 6%SiC composite, with PEEK + 6%SiC remaining the least
strained among the polymer materials. This trend indicates the direct effect of raising the
effective stiffness of the composite by increasing the reinforcement ratio, which resulted
in a reduction in the amount of deformation imparted to the bone under the same loading
circumstances, as shown in Table 8.

Maximum strain values were concentrated in the cortical bone region surrounding
the implant neck and the first turns of the thread, gradually decreasing toward regions
further from the neck level. This pattern is consistent with the regions of maximum load
transmission under oblique loading. The modulus of elasticity of materials affects both
stress levels within the implant and the amount of strain generated in the surrounding
bone. Less rigid materials increase mechanical stimulation, while more rigid materials re-
duce deformities, resulting in a clear difference in expected bone response under high
loads (Figure 8).
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Figure 8. The Maximum Principal Strain values (1, 2, 3, 4, 5) reflect the order of the implants (Tita-
nium, PEEK, PEEK + 2%sic, PEEK + 4%sic, PEEK + 6%sic), where (A =100 N), (B =300 N), and (C =
900 N).

Table 8. The Maximum Principal Strain values (in ue) for each applied force and implant used.

L. PEEK + PEEK + PEEK +
Force [N] Titanium PEEK 29,SIC 49%SIC 6%SIC
100 755.52 1171.2 981.78 972.02 958.36
150 1134.3 1706.1 1403.6 1249.9 1181
200 1513.9 2771.1 2303.7 2158.4 2062.1
250 1894.4 3863.9 3242.4 3057.1 2940.8
300 2275.6 5050.4 4196.2 3972.5 3835
400 3037.6 7451.6 6122 5820.9 5609.8
500 3800.9 9978.3 8068.8 7685.1 7439.4
600 4567 13,674 10,083 9579.1 9272.4
750 5721.4 17,318 13,361 12,669 12,234
900 8603.4 22,239 16,756 15,879 15,330

3.2.2. Maximum Principal Stress in Bone

Maximum Principal Stress (MPST) analysis of bone surrounding the implant pro-
vides a direct mechanical indication for determining bone tissue behavior under non-axial
stresses. It represents the maximum tensile or compressive value to which the bone is
subjected at any specific place. Because bone is a relatively brittle material that is more
sensitive to maximum principal stress than shear stresses, studying the MPST is more ap-
propriate for determining the likelihood of initiating microcracks or stimulating bone re-
modeling processes in areas with high stress concentrations, particularly in cervical corti-
cal bone.

The analysis of the maximum primary stress under a 45° slanted load and a force
range of (100-900 N) revealed a consistent steady increase in all tested models. The tita-
nium model had the lowest stress values at all load levels, ranging from MPa8.45 at N100
to MPa75.87 at N900. This suggests that the material’s high rigidity reduces the transmis-
sion of maximum principal stress to bone. Pure PEEK, on the other hand, had the highest
recorded values, with the maximum main stress increasing from 13.08 MPa at 100 N to
324.48 MPa at N900, showing that more load was transferred to the cortical bone as the
applied force increased, as shown in Table 9. At N900, the maximum values for silicon
carbide-reinforced PEEK composites decreased with increasing reinforcement percent-
age. At N900, the values were 233.12 MPa for (PEEK + 2%SiC), 219.24 MPa for (PEEK +
4%SiC), and 210.72 MPa for (PEEK + 6%5iC), with PEEK + 6%SiC remaining the least
stress-intensive among the polymer materials (Figure 9).
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The largest primary stress values were centered in the cortical bone region surround-
ing the implant neck and initial threads, gradually decreasing toward more distant loca-
tions, consistent with the load transfer process under oblique loading. The average values
were substantially lower than the maximum values, indicating a localized stress concen-
tration. These findings indicate that decreasing the modulus of elasticity of polymer ma-
terials increases the amount of tensile stress passed to the bone, whereas increasing stiff-
ness by reinforcing PEEK with SiC particles gradually reduces these values without reach-
ing titanium-level stress.

MAXIMUM PRINCIPAL STRESS

—g— Titanium PEEK PEEK+2%sic PEEK+4%sic === PEEK+6%sic

350.00
300.00
250.00
200.00
150.00
100.00
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MAXIMUM PRINCIPAL STRESS
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Figure 9. Maximum Principal Stress values (MPa) for different implant materials under 45° oblique

loading as a function of applied force.

Table 9. Maximum Principal Stress values (MPa) for each applied force and implant type.

. PEEK + PEEK + PEEK +

Force [N] Titanium PEEK 294SIC 19%SIC 6% SIC
100 8.45 13.08 13.07 13.05 13.03
150 12.67 29.1 15.91 13.49 12.62
200 16.89 35.78 28.23 25.86 24.36
250 21.11 51.73 41.18 38.19 36.32
300 25.33 68.3 54.35 50.78 48.54
400 33.77 102.76 80.95 76.21 72.82
500 42.2 139.64 107.89 101.79 98.03

600 50.63 192.95 137.59 129.41 124.33

750 63.26 250.09 184.35 173.38 166.68

900 75.87 324.48 233.12 219.24 210.72

4. Discussion

The findings of this study revealed considerable disparities in stress distribution pat-
terns amongst dental implants with varied material architectures. It emphasized the con-
trasts in behavior between traditional and highly reliable titanium implants and contem-
porary polymeric implants, notably PEEK. Furthermore, this study includes reinforcing
PEEK with silicon carbide in various quantities in order to improve the mechanical qual-
ities of pure PEEK implants. Therefore, five different implants were studied (titanium,
PEEK + 6% SiC, PEEK + 4% SiC, PEEK + 2% SiC, PEEK) throughout a wide range of
stresses, as shown in Table 3, to reflect as many of the circumstances that dental implants
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may be subjected to as feasible. All forces were measured at a 45° angle to reflect the great-
est stress load and to test the implants’ strength under the most extreme conditions, with
each evaluated individually. Before interpreting the results, it is important to
acknowledge the limitations of the linear elastic assumption adopted in this study. For
PEEK-based implants, the von Mises stresses at loads exceeding 200 N approached or sur-
passed the yield strength of the material (approximately 100-122 MPa, depending on the
SiC content). Under such conditions, the material would undergo plastic deformation, and
the linear elastic analysis no longer reflects the actual mechanical behavior. Therefore, the
numerical results at loads above 200 N should be interpreted as theoretical trends for com-
parative purposes only, and not as predictions of actual elastic performance. The clinically
relevant interpretation of this study focuses on the load range up to 200 N, where all ma-
terials remain within their safe elastic limits.

It is important to note that under high masticatory forces exceeding the yield thresh-
olds of the PEEK composites (above 200 N) and titanium (approaching 500 N), the quan-
titative stress and strain magnitudes derived from the linear elastic simulation must be
interpreted with scientific caution. These high-load data have been intentionally main-
tained in the discussion to serve as theoretical comparative trends, establishing a stand-
ardized baseline to evaluate the relative mechanical hierarchy and macro-structural stiff-
ness among the investigated implant configurations. While a non-linear material analysis
would be required to accurately map localized plastic deformation and true post-yield
structural failure, the linear outcomes at these upper limits remain scientifically valuable
strictly for comparative biomechanical screening under identical loading conditions.

Maximum von Mises stress values in implants differed significantly between tita-
nium, PEEK, and their composites at all loading levels. Titanium showed a clear, contin-
uously increasing value—a steep upward curve, demonstrating the material’s high stiff-
ness and modulus of elasticity as compared to bone. Unreinforced PEEK exhibited signif-
icantly lower values within the same force range, with a gradual increase. Reinforcement
of PEEK with 2%, 4%, and 6% SiC particles resulted in somewhat higher von Mises stress
than pure PEEK.

The safety factor investigation also revealed that titanium implants had high safety
factors under low and medium loads. This is due to their great stiffness, as titanium im-
plants have a safety factor of 5.12 at 100 N and remain above 1 up to 500 N. In contrast,
PEEK implants had a safety factor of around 2.19 at 100 N and 0.84 at 250 N. PEEK +4%SiC
implants had the highest safety factor among PEEK implants, measuring 2.65 at 100 N and
around 1 at 250 N. The superiority of PEEK + 4%SiC implants stems from the fact that the
tensile and flexural strength of PEEK composites reinforced with silicon carbide declines
when the percentage exceeds 4%, as does their elasticity. Despite this, PEEK implants were
unable to meet the necessary safety standards for titanium implants.

Titanium’s high modulus of elasticity (~115 GPa) causes increased stress within the
implant body due to its resistance to elastic deformation [30]. Although titanium has a
high yield strength (often ranging between 680 and 800 MPa), exceeding the calculated
values of yield stress at theoretically high loads indicates that the safety factor is approach-
ing critical limits under high-load conditions. This calls for careful analysis of the safety
factor in the context of clinical design [31].

PEEK implants have a low modulus of elasticity (~3—4 GPa), which reduces von Mises
stress by absorbing elastic deformation and distributing the load over a larger surface [32].
However, this decrease in internal stress is followed by a relative rise in strain, which is
consistent with the behavior of semi-elastic polymer materials. Reinforcing PEEK with
ceramic particles such as SiC leads in a minor increase in stiffness and a limited rise in von
Mises stress, but not to the levels of titanium, indicating the possibility of striking a com-
promise between mechanical stiffness and stress shielding [33].
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Recent finite element analysis studies indicate that titanium implants have higher
stresses within the implant body compared to high-performance polymer materials. PEEK
materials, on the other hand, have a more uniform stress distribution with lower maxi-
mum values within the implant [13,34]. Furthermore, recent research suggests that mod-
ifying PEEK with ceramic or fibrous additives gradually improves its mechanical perfor-
mance without reaching titanium’s modulus of elasticity, making it a promising option
for improving mechanical compatibility with bone and reducing hyperstimulation-in-
duced bone resorption [14]. As a result, the observed mechanical behavior can be inter-
preted as follows: titanium provides very high resistance to deformation with high inter-
nal stresses, whereas PEEK systems—particularly partially reinforced ones—provide a
more balanced approach that reduces maximum principal stresses within the implant
while gradually improving stiffness, which may have a positive impact on the surround-
ing biological response in the long run.

Maximum deformation is an integrative indication that reflects the total mechanical
reaction of the implant-bone system when loaded. Its significance goes beyond just eval-
uating the degree of deformation; it also evaluates the level of initial stability and the pos-
sibility of micromobility development at the bone-implant interface. The results indicated
a constant upward trend in deformation with increasing load for all materials, indicating
linear elastic behavior within the examined domain and supporting the numerical
model’s consistency. However, the differences between the materials were both quantita-
tive and qualitative in terms of mechanical reaction pattern. Titanium has the lowest sen-
sitivity to deformation across all loading levels, which is a direct result of its high rigidity.
While this conclusion supports the concept of structural stability, it is mechanically tied
to the system’s higher stiffness, which may limit the degree of mechanical stimulation
delivered to the surrounding bone, as earlier finite element analysis studies have shown
[3,35].

In contrast, PEEK demonstrated more elastic behavior, with a fall in modulus of elas-
ticity accompanied by a large rise in displacement, particularly at high loads. This behav-
ior represents a larger capacity for elastic energy absorption. However, it may increase the
chance of micromotion when the deformation surpasses clinically tolerable limits (100
150 um) under non-axial loading circumstances [36]. However, because PEEK’s modulus
of elasticity is similar to that of cortical bone, it has a potential advantage in terms of in-
creased mechanical compatibility and reduced stress transmission heterogeneity, as indi-
cated by current biopolymer material research [13].

The reinforcement of PEEK with SiC particles caused a gradual change in the mate-
rial’s structural behavior. With increasing reinforcement, performance tended to decrease
distortion but did not achieve titanium’s metallic rigidity. This progressive improvement
demonstrates the ceramic particles’ effectiveness in increasing the composite modulus of
elasticity and improving flexural strength under oblique loads. Mechanically, these results
indicate that the material’s structural qualities can be tuned to strike a compromise be-
tween sufficient stiffness for initial stability and the elasticity required to avoid stress
shielding.

Analyzing the results within the physiological load range reveals that all materials
maintained deformation within the mechanically acceptable range at low and medium
load stages, whereas differences became more pronounced at high forces, where the effect
of varying elastic moduli became more apparent. This pattern is consistent with earlier
research demonstrating that the effect of material type is more responsive to angled load-
ing than axial loading [37,38]. As a result, the findings can be interpreted in terms of opti-
mal elastic compatibility; titanium has the highest resistance to deformation, whereas
PEEK/SiC composites provide an intermediate response, combining improved stiffness
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and reduced displacement compared to pure PEEK while remaining closer to bone’s elas-
tic properties. Thus, reinforcing PEEK with SiC particles is a viable method for increasing
mechanical stability under oblique loads while maintaining biomechanical compatibility.

The bone strain data reveal that all materials retained linear elastic behavior under
oblique loading, although qualitative differences emerged when interpreted within the
framework of Frost’s mechanostat theory. Titanium achieved physiological catalytic val-
ues at low and medium loads (755-2275 pe) up to 300 N, indicating a strong ability to
restrict initial deformations. However, its high modulus of elasticity is associated with
increased load concentration in the cervical cortical bone, a pattern documented in classi-
cal finite element analyses such as those by Geng JP [3] and [38], which showed that high-
strength materials improve localized load transfer under non-axial loading.

Pure PEEK demonstrated high values, exceeding 2771.1 pe at 200 N. This puts the
bone in the overload range for medium to high forces. This is consistent with [13] system-
atic study, which found that PEEK’s lower modulus of elasticity causes more bone strain
than titanium.

The reinforced PEEK composites improved gradually with increasing SiC content.
The PEEK + 4% SiC composition achieved remarkable mechanical equilibrium, reducing
strain by approximately 28-30% compared to pure PEEK at high loads and maintaining
values close to the upper limit of the physiological range at moderate loads (~2158 ue at
200 N). This behavior reflects an increase in effective elastic modulus without reaching the
high stiffness of titanium, which may reduce the stress shielding phenomenon tradition-
ally associated with high-strength metallic materials, as discussed by [37] in his analysis
of mechanical factors affecting the bone—implant interface. When comparing these values
to the physiological strain ranges proposed in the bone biomechanical theory (Frost’s
mechanostat), the range of approximately (100-3000 pe) is considered the optimal bone
stimulation range, while exceeding (4000 pe) may lead to overloading and bone resorp-
tion. At moderate loads (200-300 N), titanium stayed within the physiological range
(1513.9-2771.1 pe), but pure PEEK exceeded this range early (2771.1-5050.4 p¢), indicating
the likelihood of high stimulatory stresses that may lead to imbalanced bone remodeling.
Reinforcing PEEK using SiC particles improved mechanical behavior, particularly at a 4%
concentration (2158.4-3972.5 pe) at moderate loads.

Titanium had the lowest absolute strain values in the examined range, indicating its
strong stiffness and ability to limit deformation. However, this drop may be due to stress
shielding in the long-term therapeutic term. In contrast, pure PEEK has excessive elastic-
ity, resulting in strains that exceed physiological limitations at high loads, potentially in-
creasing the risk of micro-bone resorption. PEEK/SiC composites, particularly at a 4% ra-
tio, provide superior mechanical balance by lowering strain compared to pure PEEK while
retaining elastic characteristics equivalent to cortical bone. As a result, reinforcing with
ceramic particles is a viable alternative for improving mechanical compatibility between
the implant and bone while minimizing the possibility of overloading and stress shielding
within the examined physiological load range. The integrated biomechanical assessment,
which considers load distribution, the physiological field of bone stimulation, and the
risks of stress blocking, suggests that PEEK + 4% SiC may be the most balanced option for
creating a stimulating and stable mechanical environment at the same time, particularly
under oblique loading conditions.

The maximum primary stress results demonstrate mechanical behavior that is com-
patible with the load transfer principles in implant systems under oblique loading. All
models showed a consistent increase in values as force increased, demonstrating a steady
elastic response without numerical breakdown. The biomechanical importance of these
data goes beyond the rising trend and includes the interpretation of values within the
limits of cortical bone’s resistance to maximum principal stress.
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Cortical bone’s tensile strength is commonly estimated to be between 80 and 130
MPa, depending on density and microstructure, although shear strength is lower. Tita-
nium values ranging from 8.45 MPa to 25.33 MPa remained safe at N300, demonstrating
that the material’s high stiffness prevents tensile stress transmission to the bone. Finite
element analysis investigations by Geng JP et al. indicate that materials with high modu-
lus of elasticity lower absolute stress values in cortical bone, but may increase localized
stress concentration in the neck region under non-axial loading.

Pure PEEK, on the other hand, showed a significant rise in stress, topping 65 MPa at
300 N and reaching 139.64 MPa at 500 N—a number considerably exceeding the physio-
logical limits of cortical bone tolerance to tensile stress. Such levels may be associated with
a risk of microcrack development or localized resorption, especially under repeated
oblique stress. This trend is consistent with the findings of [13] about higher load trans-
mission to bone when employing lower-strength materials than titanium.

PEEK/SiC composites showed a significant and steady improvement; the ultimate
stress at 200 N fell from 35.78 MPa in pure PEEK to 28.23 MPa in PEEK + 2% SiC, 25.86
MPa in PEEK + 4% SiC and 24.36 MPa in PEEK + 6% SiC, showing a reduction of roughly
21-32% relative to the unreinforced material, indicating a balance between elasticity and
lowered ultimate maximum principal stress.

Although titanium exhibited the lowest absolute stress values, the biomechanical
performance of an implant material cannot be determined solely by minimizing stress
magnitude. Instead, it requires a balanced consideration of implant structural safety, stiff-
ness mismatch, and the ability to provide an appropriate mechanical environment for the
surrounding bone. While the high rigidity of titanium effectively limits implant defor-
mation and stress accumulation, its substantial difference in elastic modulus compared
with bone may reduce physiological mechanical stimulation and contribute to stress-
shielding phenomena. Therefore, the optimal implant material should achieve sufficient
mechanical strength while maintaining a more favorable load—transfer behavior.

Within the investigated composite configurations, PEEK + 4%SiC demonstrated the
most balanced biomechanical response. Compared with unreinforced PEEK, the incorpo-
ration of SiC particles substantially improved the structural performance by reducing
stress concentration within the implant system. Furthermore, PEEK + 4%SiC exhibited
lower von Mises stress within the implant body and higher factor of safety values com-
pared with PEEK + 6%SiC under the investigated loading conditions, indicating improved
structural reliability without excessive stiffness increase. Although PEEK + 6%SiC pro-
vided slightly lower deformation and reduced stress values in some regions of the sur-
rounding bone due to its higher stiffness, the overall biomechanical improvement was
limited compared with the potential disadvantages associated with excessive ceramic re-
inforcement.

This comparative trade-off can be explained by the material behavior of high-perfor-
mance polymer composites. Previous studies have indicated that SiC reinforcement levels
within approximately the 2—4% range can provide significant improvements in tensile
strength, flexural strength, and elastic modulus of PEEK-based composites. Increasing the
ceramic content beyond this range may increase the probability of particle agglomeration
and micro-clustering within the polymer matrix, which can act as local stress concentra-
tion sites and reduce the efficiency of stress transfer. In addition, excessive ceramic load-
ing may progressively reduce composite ductility and deformation tolerance by restrict-
ing polymer chain mobility. Therefore, although higher SiC contents can further increase
stiffness, they may not necessarily provide proportional biomechanical benefits [39,40].

Considering that the stress and strain distributions of PEEK + 4%SiC and PEEK +
6%SiC remained comparable in the present numerical analysis, the 4% SiC configuration
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represents a more favorable compromise between mechanical reinforcement and biome-
chanical compatibility. This configuration achieved reduced implant von Mises stress, in-
creased factor of safety, and a more balanced elastic response compared with higher SiC
reinforcement, suggesting that moderate SiC incorporation may provide an intermediate
mechanical behavior between the excessive rigidity of titanium and the excessive compli-
ance of pure PEEK. Consequently, PEEK reinforced with 4% SiC may represent a promis-
ing biomechanical alternative for improving stress distribution under oblique loading
conditions within the limitations of the present linear elastic analysis.

While this study provides valuable insights into the biomechanical performance of
SiC-reinforced PEEK dental implants using finite element analysis (FEA), several limita-
tions should be acknowledged. First, the assumption of perfectly bonded and homogene-
ous, isotropic, linearly elastic materials for both the implants and bone represents an ide-
alization. In reality, bone tissue is anisotropic and exhibits heterogeneous, time-dependent
(viscoelastic) behavior, and the osseointegration interface is more complex than a perfect
bond. Second, the applied loads were static and monotonic, ranging from 100 N to 900 N
at a fixed 45° angle. This does not fully replicate the dynamic, cyclic, and variable nature
of masticatory forces in vivo, which can lead to fatigue failure over time. Third, the study
focused solely on the immediate biomechanical response and did not simulate long-term
biological processes such as bone remodeling, resorption, or the effects of the implant’s
surface topography on osseointegration. Fourth, the finite element model, despite a rigor-
ous mesh convergence study, remains a simplified representation of the complex oral en-
vironment and cannot capture all clinical variables, such as the quality of the surrounding
bone, patient-specific anatomy, or the presence of a microgap at the implant-abutment
connection. Fifth, the analysis assumed linear elastic material behavior for all implant ma-
terials. This assumption becomes invalid when stresses exceed the yield strength of the
material, as observed for PEEK-based implants at loads exceeding 200 N and for titanium
at loads approaching 500 N. Under such conditions, plastic deformation would occur, and
the linear elastic model no longer reflects the actual mechanical response. Therefore, the
numerical results at loads above the elastic limit should be interpreted as theoretical
trends for comparative purposes only, and non-linear analysis would be required to ac-
curately simulate post-yield behavior. Sixth, the current simulation utilized a static load
configuration rather than dynamic, multi-axial cyclic loading. Clinical mastication intro-
duces millions of load—unload cycles annually, which induces material fatigue, structural
degradation, and viscoelastic behavior in polymeric matrices like PEEK. While static FEA
is a vital and standard screening tool for assessing peak stress—strain limits and predicting
immediate mechanical failure risks, it cannot fully replicate long-term dynamic wear or
fatigue life. Future investigations focusing on fatigue testing and dynamic cycling simu-
lations are strongly recommended to bridge the gap between numerical models and real-
world clinical performance. Finally, these findings are computational and require valida-
tion through in vitro experiments and, ultimately, long-term controlled clinical trials to
confirm the safety and efficacy of PEEK/SiC composites in a clinical setting. Therefore, the
results should be interpreted with caution, and the conclusions drawn are primarily in-
dicative of comparative biomechanical trends rather than absolute clinical predictions.

5. Conclusions

This study was carried out using a three-dimensional finite element method to eval-
uate the biomechanical performance of SiC-reinforced PEEK dental implants compared to
titanium and pure PEEK. Based on the findings within the limitations of this computa-
tional study, the following conclusions can be drawn:

e The modulus of elasticity of the implant material significantly affects the distribution
of stress and strain in the surrounding cortical bone. Titanium exhibited the lowest
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bone strains (755-2275 e at 100-300 N) but at the cost of potential stress shielding,
while pure PEEK induced excessively high bone strains (>4000 pi¢), indicating a risk
of bone overload.

e Under high loads (600-900 N), both titanium and PEEK-based implants exceeded
their theoretical yield strength, indicating a risk of mechanical failure. Therefore, the
clinically relevant safe working range for all implant materials tested is up to 200 N,
where the factor of safety remains above 1 for titanium and above 1 for reinforced
PEEK composites (FOS = 1.11 for PEEK + 4%SiC at 200 N).

e  Reinforcing PEEK using silicon carbide particles resulted in a considerable reduction
in ultimate stresses and bone strains when compared to the unreinforced material,
with the improvement proportional to reinforcement ratio.

e  Within the physiologically relevant load range (100-200 N), PEEK reinforced with
4% SiC demonstrated the most balanced biomechanical performance. It reduced
maximum principal bone stress by 32-35% compared to pure PEEK while maintain-
ing bone strains within the adaptive physiological range (1000-3000 pe) under mod-
erate loads, showing improved biomechanical compatibility.

e Increasing SiC reinforcement beyond 4% (i.e., 6%) led to increased stiffness but re-
duced ductility and safety factor, likely due to particle agglomeration. Thus, 4% SiC
appears to be the optimal reinforcement ratio for balancing mechanical integrity and
biomechanical compatibility.

¢ The cortical bone surrounding the implant neck and first turns had the highest main
stress values, indicating that oblique loading is the most mechanically critical sce-
nario. A material that balances reducing maximum principal stress and preventing
long-term stress blockage is recommended.

e  Within the limitations of this computational study (linear elastic analysis, simplified
bone properties, static loading), PEEK reinforced with 4% SiC offers a promising al-
ternative to titanium for load-bearing dental applications, particularly in the physio-
logical load range (100-200 N). However, further in vitro and clinical studies are nec-
essary to validate these findings and assess long-term fatigue performance.

In conclusion, the development of advanced dental implant materials is crucial for
prolonging their functional lifespan by minimizing bone resorption while maintaining the
necessary mechanical durability to ensure optimal clinical performance. Further studies
are warranted to validate the findings obtained from the current FEA.

Author Contributions: Conceptualization, data curation, validation, writing—original draft, and
visualization: B.A.; conceptualization, methodology, and supervision: T.O.; software, formal analy-
sis, and investigation: A.S.; resources and methodology: S.S.S.; writing —review and editing: A.M.A.

All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon

reasonable request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/jcs10070347



J. Compos. Sci. 2026, 10, 347 24 of 25

References

1.  Frost, HM. Bone “mass” and the “mechanostat”: A proposal. Anat. Rec. 1987, 219, 1-9.

2. Halmetov, A.; Ergashev, M.; Karimov, S. Factors affecting osseointegration of dental implants (literature review). Int. Dent. Rev.
2024, 3, 40-44. https://doi.org/10.35556/idr-2024-3(108)40-44.

3. Pasad, AK; Nadgere, ].B.; Iyer, J.V. Stress Distribution in Peri-implant Bone of Implants Restored with Screw, Cement, and
Cement-Screw Retained Crowns Using Three Crown Materials: A Three-dimensional Finite Element Analysis. |. Maxillofac. Oral
Surg. 2025, 24, 1054-1061. https://doi.org/10.1007/s12663-025-02565-6.

4. Geng, ].P.; Tan, K.B.C; Liu, G.R. Application of finite element analysis in implant dentistry: A review of the literature. J. Prosthet.
Dent. 2001, 85, 585-598.

5. Ceddia, M.; Marchioli, G.; Romasco, T.; Comuzzi, L.; Piattelli, A.; Deporter, D.A.; Di Pietro, N.; Trentadue, B. Effect of Crestal
Position on Bone-Implant Stress Interface of Three-Implant Splinted Prostheses: A Finite Element Analysis. Materiels 2025, 18,
3344. https://doi.org/10.3390/mal8143344.

6. Alsayed, H.D.; Shahin, I.G.; Anany, N.M.; El-Anwar, M.L; Elshazly, T.M.; Alhotan, A. Comparative numerical fnite element
analysis of tooth-implant versus implant-implant supported three unit fxed prostheses under oblique loading. Odontology 2026,
1-10. https://doi.org/10.1007/s10266-026-01336-0.

7. lonfrida, J.A,; Stiller, H.L.; Kémmerer, P.W.; Walter, C. Dental Implant Failure Risk in Patients with Bruxism— A Systematic
Review and Meta-Analysis of the Literature. Dent. J. 2025, 13, 11. https://doi.org/10.3390/dj13010011.

8.  Tanaka, M.; Bruno, C.; Jacobs, R.; Torisu, T.; Murata, H. Short-term follow-up of masticatory adaptation after rehabilitation with
an immediately loaded implant-supported prosthesis: A pilot assessment. Int. J. Implant. Dent. 2017, 3, 8.

9. Deokate, N.; Acharya, S; Patil, R.; Shaikh, S.M.; Karwa, V. A comprehensive review of the role of stem cells in neuroregenera-
tion: Potential therapies for neurological disorders. Cureus 2024, 16, e67506. https://doi.org/10.7759/cureus.67506.

10. Montet, C.; Abouelleil, H.; Labadi, C.; Gauthier, R.; Lafon, A.; Attik, N. What Enhancement Could p-Titanium Bring to Oral
Implantology? Dent. Mater. 2026, 42, 431-439. https://doi.org/10.1016/j.dental.2025.11.005.

11. Haugen, H.J.; Chen, H. Is There a Better Biomaterial for Dental Implants than Titanium? — A Review and Meta-Study Analysis.
J. Funct. Biomater. 2022, 13, 46. https://doi.org/10.3390/jfb13020046.

12. Barao, V.A.R,; Ramachandran, R.A.; Matos, A.O.; Badhe, R.V.; Souza, ].C.M.; Mathew, M.T.; Sukotjo, C.; Fischer, N.G. Prediction
of Tribocorrosion Processes in Titanium-Based Dental Implants Using Acoustic Emission Technique: Initial Outcome. Mater.
Sci. Eng. C 2021, 123, 112000. https://doi.org/10.1016/j.msec.2021.112000.

13. Schwitalla, A.D.; Miiller, W.D. PEEK dental implants: A review of the literature. J. Oral Implantol. 2013, 39, 743-749.

14. Fabris, D.; Moura, J.P.A.; Fredel, M.C.; Souza, ].C.M,; Silva, F.S.; Henriques, B. Biomechanical Analyses of One-Piece Dental
Implants Composed of Titanium, Zirconia, PEEK, CFR-PEEK, or GFR-PEEK: Stresses, Strains, and Bone Remodeling Prediction
by the Finite Element Method. J. Biomed. Mater. Res. Part. B Appl. Biomater. 2022, 110, 79-88. https://doi.org/10.1002/jbm.b.34890.

15. Ma, R; Tang, T. Current Strategies to Improve the Bioactivity of PEEK. Int. |. Mol. Sci. 2014, 15, 5426-5445.
https://doi.org/10.3390/ijms15045426.

16. Rahmitasari, F.; Ishida, Y.; Kurahashi, K.; Matsuda, T.; Watanabe, M.; Ichikawa, T. PEEK with Reinforced Materials and Its
Properties: A Review. Dent. Mater. ]. 2017, 36, 282-288. https://doi.org/10.4012/dmj.2016-206.

17.  Salih, S.I; Oleiwi, ].K.; Hamad, Q.A. Preparation and Investigation of Mechanical Properties of PEEK/SiC Composites. Mater.
Today Proc. 2021, 42, 2450-2456.

18. Bock, R.M.; Jones, J.R. SiC-Based Biomaterials for Bone Regeneration Applications. Acta Biomater. 2020, 108, 1-16.

19. Mishra, S.K.; Bhasmey, S.R.; Chowdhary, R. Complete-Arch Implant-Supported Fixed Dental Prostheses Fabricated with PEEK
and PEKK Framework: A Systematic Review. Evid. Based Dent. 2023, 24, 193. https://doi.org/10.1038/s41432-023-00928-x.

20. Hong, M.-H.; Choi, H. Three-Dimensional Finite Element Analysis of Stress Distribution in Dental Implant Prosthesis and Sur-
rounding Bone Using PEEK Abutments. Biomimetics 2024, 9, 472. https://doi.org/10.3390/biomimetics9080472.

21. Anitua, E.; Ochoa, L.; Larrazabal, N.; Eguia, A. Maximum Bite Forces in Healthy Adults with Complete Natural Dentition: A
Systematic Review. ]. Prosthodont. 2026, 1-20, early view. https://doi.org/10.1111/jopr.70157.

22.  Altiparmak, N.; Polat, S.; Onat, S. Finite Element Analysis of the Biomechanical Effects of Titanium and CFR-PEEK Additively
Manufactured Subperiosteal Jaw Implant (AMS]I) on Maxilla. J. Stomatol. Oral Maxillofac. Surg. 2023, 124, 101290.
https://doi.org/10.1016/j.jormas.2022.09.011.

23. Akca, K;; Iplikcioglu, H. Finite element stress analysis of the influence of staggered versus straight placement of dental implants.

Int. ]. Oral Maxillofac. Implant. 2001, 16, 722-730.

https://doi.org/10.3390/jcs10070347



J. Compos. Sci. 2026, 10, 347 25 of 25

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Teixeira, E.R.; Sato, Y.; Akagawa, Y.; Shindoi, N. A comparative evaluation of mandibular finite element models with different
lengths and elements for implant biomechanics. J. Oral Rehabil. 1998, 25, 299-303.

Pierrisnard, L.; Hure, G.; Barquins, M.; Chappard, D. Two dental implants designed for immediate loading: A finite element
analysis. Int. ]. Oral Maxillofac. Implant. 2002, 17, 353-362. https://pubmed.ncbi.nlm.nih.gov/12074450.

Jassim, M.M.; Hamad, T.I. In Vitro Assessment of Some Properties of Biocompatible Polymer Dental Implant Consisting from
Poly Ether Ketone (PEEK) and Silicon Carbide Nanofiller. Indian ]. Public Health Res. Dev. 2019, 10, 2772-2777.
https://doi.org/10.5958/0976-5506.2019.03289.3.

Menacho-Mendoza, E.; Cedamanos-Cuenca, R.; Diaz-Suyo, A. Stress analysis and factor of safety in three dental implant sys-
tems by finite element analysis. Saudi Dent. |. 2022, 34, 579-584.

Kondratiev, A.; Demenko, V.; Linetskiy, I.; Weisskircher, H.W.; Linetska, L. Evaluation of Bone Turnover around Short Finned
Implants in Atrophic Posterior Maxilla: A Finite Element Study. Prosthesis 2024, 6, 1170-1188. https://doi.org/10.3390/prosthe-
sis6050084 https://www.mdpi.com/journal/prosthesis.

Onone Gialain, I.; Folmer Rodrigues da Silva, L.; Kasumi Gantier Takano, M.; Yagiie Ballester, R.; Guimaraes Roscoe, M.; Bar-
bosa Cruz Meira, J. Peri-implant bone resorption risk of anterior maxilla narrow singhle implants. Biomater. Investig. Dent. 2022,
9, 92-100.

Geetha, M.; Singh, A.K,; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopaedic implants—A
review. Prog. Mater. Sci. 2009, 54, 397-425.

Niinomi, M. Mechanical properties of biomedical titanium alloys. Mater. Sci. Eng. A. 1998, 243, 231-236.

Kurtz, S.M.; Devine, ].N. PEEK biomaterials in trauma, orthopedic, and spinal implants. Biomaterials 2007, 28, 4845-4869.

Anil, A.; Ibraheem, W.I.; Meshni, A.A.; Preethanath, R.S.; Anil, S. Nano-Hydroxyapatite (nHAp) in the Remineralization of
Early Dental Caries: A Scoping Review. Int. J. Environ. Res. Public Health 2022, 19, 5629. https://doi.org/10.3390/ijerph19095629.
Sarot, ].R.; Contar, CM.M.; Cruz, A.C.C.; de Souza Magini, R. Evaluation of the stress distribution in CFR-PEEK dental implants
by the finite element method. ]. Mater. Sci. Mater. Med. 2010, 21, 2079-2085.

Brunski, J.B. Biomechanical factors affecting the bone-dental implant interface. Clin Mater. 1992, 10, 153-201.
Szmukler-Moncler, S.; Salama, H.; Reingewirtz, Y.; Dubruille, ].H. Timing of loading and effect of micromotion on bone-implant
interface. J. Biomed. Mater. Res. 1998, 43, 192-203.

Himmlova, L.; Dostalova, T.J.; Kacovsky, A.; Konvickova, S. Influence of implant length and diameter on stress distribution: A
finite element analysis. J. Prosthet. Dent. 2004, 91, 20-25.

Bataineh, K.; Al Janaideh, M. Effect of Different Biocompatible Implant Materials on the Mechanical Stability of Dental Implants
under Excessive Oblique Load. Clin. Implant Dent. Relat. Res. 2019, 21, 1206-1217. https://doi.org/10.1111/cid.12858.

Wang, H.; Feng, X.; Shi, Y.; Lu, X. Tribological Behavior of PEEK Composites Filled with Various Surface-Modified Whiskers.
Chin. ]. Eng. 2007, 29, 182-185. https://doi.org/10.13374/j.issn1001-053X.2007.02.043.

Abhay, S.S.; Ganapathy, D.; Veeraiyan, D.N.; Ariga, P.; Heboyan, A.; Amornvit, P.; Rokaya, D.; Srimaneepong, V. Wear Re-
sistance, Color Stability and Displacement Resistance of Milled PEEK Crowns Compared to Zirconia Crowns under Simulated
Chewing and High-Performance Aging. Polymers 2021, 13, 3761. https://doi.org/10.3390/polym13213761.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcs10070347



