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Abstract: Objective: To evaluate the biomechanical performance of polyetheretherketone (PEEK) and titanium al-
loys in a base-type fixation system for mandibular defect reconstruction following partial resection due to tumors,
trauma, or cancer, using finite element analysis. Methods: Finite element analysis was conducted to simulate a fixa-
tion system made from titanium alloys, including pure titanium (Ti), TiGAI4V (TC4), and Ti35Nb7Zr5Ta (TiNb), as well
as PEEK materials, including unmodified PEEK, glass fiber-reinforced PEEK (GFR-PEEK), and carbon fiber-reinforced
PEEK (CFR-PEEK). The biomechanical performance of these materials was compared. Results: The PEEK-based
fixation systems generated higher maximum stress on the mandible and fibula compared to the titanium alloy sys-
tems, particularly with the GFR-PEEK fixation system. When loaded in the anterior region, the maximum stress on
the mandible exceeded its yield strength, indicating that both PEEK and GFR-PEEK are unsuitable for mandibular
defect repair. CFR-PEEK, however, exhibited more favorable stress distribution, making it a better candidate for
these applications. Conclusion: Prolonged low stress on the bone may result in resorption or degeneration. Among
the materials analyzed, CFR-PEEK demonstrated the most stable performance, suggesting it as the optimal choice
for mandibular defect repair in fixation systems.

Keywords: Mandibular reconstruction, finite element analysis, titanium alloy, polyetheretherketone, fixation sys-
tem

lar defect reconstruction. Titanium and its
alloys are particularly favored due to their elas-
tic modulus, which closely approximates that of
bone tissue, making them suitable for a wide
range of applications supported by extensive
research. For instance, Park et al. [4] investi-
gated the stability of various titanium alloy fixa-
tion plates in mandibular defect reconstruction.
Clinical studies by Sohmura et al. [5] have
reported common complications such as in-
flammation, loosening, fractures, and bone res-
orption around implants. Volimer et al. [6] also
found that the most frequently encountered

Introduction

The mandible, as the only movable bone in the
skull, plays a critical role in essential facial
functions [1]. In clinical practice, partial man-
dibulectomy may be required due to conditions
such as tumors, trauma, or cancer. To recon-
struct mandibular defects following partial re-
section, initial fixation between the fibula and
mandible is commonly achieved using fixation
plates [2, 3]. The materials selected for these
implantable devices must meet specific crite-
ria, including non-toxicity, excellent biocompat-
ibility, and an elastic modulus similar to that of

bone tissue.

Metals, alloys, and polymers are the primary
materials used in fixation systems for mandibu-

issue with titanium plates in mandibular recon-
struction is loosening. Yoda et al. [7] analyzed
the healing conditions of bone interfaces after
titanium plate implantation, noting that discrep-
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ancies between implants and the surrounding
bone tissue can significantly impact postopera-
tive healing and reconstruction.

With advancements in the field, the integration
of computer-aided design and manufacturing
(CAD/CAM) into surgical treatment planning
has become increasingly common [8]. Lee et al.
[9] used CAD technologies to customize titani-
um plates for mandibular defect models in rab-
bits and conducted a comparative study on
their impact on food intake and screw loosen-
ing. Their findings suggested that CAD/CAM-
guided mandibular reconstruction can facilitate
faster recovery.

Despite the widespread use of titanium and
its alloys, the high incidence of complications
associated with titanium plate implantation
has prompted researchers to explore alterna-
tive reconstruction materials. Polyetherether-
ketone (PEEK), a polymeric material, has gained
attention in orthopedics [10]. Kang et al. [11]
investigated the biomechanical properties of
PEEK reconstruction plates under various che-
wing conditions using finite element analysis,
assessing their safety and stability. Although
the elastic modulus of PEEK is closer to that of
bone tissue compared to titanium alloys, its
overall stiffness is relatively low. The mechani-
cal properties of PEEK can be improved by
incorporating rigid fibers [12-14].

The two most commonly used fiber-reinforced
PEEK composite materials are glass fiber-rein-
forced polyetheretherketone (GFR-PEEK) and
carbon fiber-reinforced polyetheretherketone
(CFR-PEEK). Kurtz et al. [15] demonstrated that
when the volume fraction of reinforcing fibers is
approximately 30%, PEEK composite materials
exhibit an elastic modulus that closely resem-
bles that of human bone tissue.

Previously, we reported the design of a novel
base-fixation system for mandibular defect re-
pair, demonstrating its superiority over the tra-
ditional buccal-fixation system [16]. In this stu-
dy, we aimed to further our research by deter-
mining the optimal material for this base-fixa-
tion system. Mandibular reconstruction was
performed using the three-dimensional model-
ing software Mimics 21.0, and finite element
analysis was conducted with Ansys 2019 R3 to
evaluate six different fabrication materials and
their effects on the fixation system under two
loading conditions.
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Materials and methods
Finite element model

A CT scan was conducted on the mandible of a
healthy volunteer, who was informed of the
study details and provided consent. The scan
data were imported into Mimics 21.0 software
for initial modeling. The cortical and cancellous
bone structures of the mandible were segment-
ed using threshold-based techniques. The mo-
del was then imported into Geomagic Wrap
2017 to complete the three-dimensional recon-
struction. Similarly, a fibula model was created.
Both the mandibular and fibula models were
imported into Geomagic Design X, where Boo-
lean operations were performed to generate
the mandibular defect model.

A fixation system model was constructed using
Solidworks 2020, a three-dimensional design
software. This model was assembled with the
mandibular defect model in Solidworks to cre-
ate a comprehensive mandibular reconstruc-
tion model. Detailed schematics of the recon-
structed model are provided in our previous
report [16]. The completed model was then
imported into Ansys 2019 R3 for finite element
analysis and meshed using tetrahedral ele-
ments. Based on the study by Cheng et al. [17],
fibula transplantation to the middle portion of
the mandibular defect demonstrated superior
biomechanical properties and facilitated sub-
sequent prosthetic reconstruction. In the fixa-
tion system proposed in this study, the fibula
was secured using two screws inserted into
both the left and right sides of the mandibular
segment.

Material parameters

The materials used for fabricating the fixation
system were categorized into two groups: (1)
titanium and its alloys, including pure titanium
(Ti), TiGAI4V (TC4), and Ti35Nb7Zr5Ta (TiNb, a
low-elastic modulus alloy developed by Pérez
etal. [18]); and (2) PEEK and its reinforced com-
posites, including PEEK, glass fiber-reinforc-
ed PEEK (GFR-PEEK), and CFR-PEEK. The man-
dibular model was differentiated into two com-
ponents: cortical bone and cancellous bone.
The material parameters are summarized in
Table 1 [18-22].

Loading and boundary conditions

Both condyles were fully constrained, and an
occlusal load of 300 N was applied vertically to
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Table 1. Material parameters used in the finite element analysis [18-22]

Material

Elastic modulus (MPa)

Passion’s ratio

Cortical bone of mandible
Cancellous bone of mandible
Fibula

Tie

TC4°

TiNb°®

PEEK®

GFR-PEEK®

CFR-PEEK'

13700 0.30
7930 0.30
13700 0.30
103000 0.30
110000 0.34
43600 0.34
4000 0.36
12000 0.4
20000 0.4

aTi: pure titanium; °TC4: TiBAI4V; °TiNb: Ti35Nb7Zr5Ta; ‘PEEK: polyetheretherketone; °GFR-PEEK: glass fiber-reinforced poly-
etheretherketone; ‘CFR-PEEK: carbon fiber-reinforced polyetheretherketone.

Table 2. Maximum stress and displacement of each part in the titanium alloy and PEEK groups

Maximum stress (MPa)

Maximum displacement (mm)

Loading region  Material — — - - -
Fixation plate Fixation screw Mandible Fibula Reconstruction model

Anterior tooth TiNb 105.07 149.69 120.32 65.63 2.53

TC4 17713 211.90 119.08 37.01 2.50

Ti 175.97 145.91 100.712  75.26 2.54

PEEK 43.63 36.52 130.35 155.58 2.55

GFR-PEEK 85.05 62.07 143.19 127.09 2.54

CFR-PEEK 94.36 124.75 120.70 7111 2.53

Posterior tooth TiNb 52.09 75.87 76.21 35.62 1.53

TC4 100.09 100.91 75.73 23.51 1.52

Ti 111.05 88.50 69.58 38.47 1.67

PEEK 19.46 20.54 76.95 92.18 1.54

GFR-PEEK 36.80 34.67 7713 80.42 1.54

CFR-PEEK 40.69 60.03 78.06 38.95 1.53

the posterior and anterior teeth on the healthy
side, respectively [16, 23].

Results
Overview of results

The finite element analysis results indicated
that the titanium alloy group exhibited similar
analytical outcomes across different material
compositions. For illustration, the TiNb alloy is
presented as a representative example. Like-
wise, within the PEEK group, various fabrication
materials demonstrated comparable patterns
in the finite element analysis results. Therefore,
this article focuses on CFR-PEEK as a represen-
tative material. A summary of the simulation
analysis results for both material groups is pro-
vided in Table 2.
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Stress analysis on fixation plates

Figure 1 shows the stress distribution diagram
for the TiNb alloy fixation plate. The analysis
reveals that under both loading conditions, the
maximum equivalent stress occurs near the
central screw hole, with elevated stress levels
observed at the bottom of the fixation plate.
Specifically, when the load is applied to the pos-
terior tooth region, the stress value of the fixa-
tion plate is significantly lower than that when
the load is applied to the anterior tooth region.

Figure 2 illustrates the stress distribution for
the base fixation plate made of CFR-PEEK. It is
evident that under posterior tooth loading, the
maximum equivalent stress on the fixation
plate is concentrated at the screw hole on the
middle-right side, with a stress value of 40.69
MPa. In contrast, under anterior tooth loading,
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o/MPa
A 52.09

46.30
40.51
34.73

2894
23.15
17.36

11.58
579
0

B oMPa
105.07

93.40
81.72

70.05
58.38
46.70
35.03
23.36

11.68
0.01

Figure 1. The stress cloud diagram of the Ti35Nb7Z-
r5Ta (TiNb) alloy fixation plate when the load was
applied to (A) the posterior tooth region and (B) the
anterior tooth region.

2713
22.61
18.09

B o/MPa
94.36

83.88
73.39
62.91

5243
41.94
31.46

20.98

10.49
0.01

Figure 2. The stress cloud diagram of the carbon
fiber-reinforced polyetheretherketone (CFR-PEEK)
fixation plate when the load was applied to (A) the
posterior tooth region and (B) the anterior tooth re-
gion.

the maximum equivalent stress shifts to the
screw hole on the middle-left side, with a stress
value increasing to 94.36 MPa.

Stress analysis on fixation screws

The stress distribution for the TiNb alloy fixation
screws is presented in Figure 3. The maximum
equivalent stress is observed at the screw con-
necting the fibula to the right end of the man-
dible (the screw on the far left in the figure),
which shows a higher overall stress level com-
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A o/MPa
7587
6745

59.02

5059
4216
3373
2530
16.87

8.44
0.02

B o/MPa
149.60
133.06
11643

99.80
83.17
6654
49.91
3328

16.65
0.02

Figure 3. The stress cloud diagram of the TiNb al-
loy fixation screws when the load was applied to (A)
the posterior tooth region and (B) the anterior tooth
region.

A o/MPa
60.03

53.36
46.69

AV A

20.02
13.35
6.68
0.01

B o/MPa
12475

110.89
97.03

AV A

41.60
27.74

13.88
0.02

Figure 4. The stress cloud diagram of the CFR-
PEEK fixation screws when the load was applied to
(A) the posterior tooth region and (B) the anterior
tooth region. CFR-PEEK: carbon fiber-reinforced poly-
etheretherketone.

pared to the other screws. The maximum equiv-
alent stress values under posterior and anterior
tooth loading are 75.87 MPa and 149.69 MPa,
respectively.

Figure 4 displays the stress distribution of the
CFR-PEEK fixation screws. Similar to the TiNb
screws, under both loading conditions, the
maximum equivalent stress occurs at the screw
located at the junction of the distal end of the
right mandible and fibula, specifically the left-
most screw in the figure. This screw exhibits
elevated stress levels over a significant portion
of its structure. The maximum equivalent stress
values under posterior and anterior tooth load-
ing are 60.03 MPa and 124.75 MPa, res-
pectively.
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o/MPa
120.32

A o/MPa
76.21

67.72 106.95

B

59.28 93.58
50.81 80.21
4234 66.84
33.87 53.47
25.40 40.11
16.94 26.74

8.47 13.37

0 0

'\

posterior to the right mandibu-
lar head, with elevated stress
levels at both mandibular
heads and condyloid process-
es. The maximum equivalent
stress values under posterior
and anterior tooth loading are
76.21 MPa and 120.32 MPa,
respectively.

Figure 5. The stress cloud diagram of the mandible fixed by the TiNb fixation

plate when the load was applied to (A) the posterior tooth region and (B) the

'\

anterior tooth regjon.

A o/MPa B o/MPa
78.06 120.70
69.38 107.29
60.71 93.88
52.04 80.47
43.37 67.06
34.69 53.64
26.02 40.23
17.35 26.82

8.67 13.41
0 0

Figure 6 shows the stress dis-
tribution in the mandible rein-
forced with CFR-PEEK plates.
The maximum equivalent str-
ess under both posterior and
anterior tooth loading is con-
centrated posterior to the ri-
ght mandibular head, with re-
corded stress values of 78.06
MPa and 120.70 MPa, res-
pectively.

Stress analysis on fibulas

Figure 6. The stress cloud diagram of the mandible fixed by the CFR-PEEK

fixation plate when the load was applied to (A) the posterior tooth region
and (B) the anterior tooth region. CFR-PEEK: carbon fiber-reinforced poly-

etheretherketone.

A o/MPa
3562

31.67
27.73
23.78
19.83

15.88

Figure 7. The stress cloud diagram of the fibula fixed
by the TiNb fixation plate when the load was applied
to (A) the posterior tooth region and (B) the anterior
tooth region.

Stress analysis on mandibles
Figure 5 presents the stress distribution in the

mandible stabilized by the TiNb fixation plate.
The maximum equivalent stress was observed
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The stress distribution in the
fibula is shown in Figure 7.
Under both posterior and an-
terior tooth loading conditi-
ons, the maximum equivalent stress is ob-
served on the lower left side of the fibula, with
stress values of 35.62 MPa and 65.63 MPa,
respectively.

Similarly, the stress distribution for the CFR-
PEEK group is depicted in Figure 8. The maxi-
mum equivalent stress is also concentrated on
the lower left side of the fibula, with values of
38.95 MPa under posterior loading and 71.11
MPa under anterior loading.

Overall displacement of the mandibular recon-
struction model

Figure 9 shows the overall displacement of the
mandibular reconstruction model using TiNb.
The maximum displacement occurs at the mid-
point of the mandible, particularly at the chin,
under both loading conditions. The displace-
ment gradually decreases from the center of
the mandible toward both lateral sides. The
maximum displacement values for the recon-
struction model under posterior and anterior
tooth loading are 1.53 mm and 2.53 mm,
respectively.

Figure 10 illustrates the overall displacement
of the mandibular reconstruction model using

Am J Transl Res 2024;16(10):6097-6105



Material selections for mandibular defect repair models

A o/MPa
38.95

34.64
30.33
26.02
21.70
17.39
13.08
8.77
445
0.14

B o/MPa
7111

63.23

55.35

47.47

39.59

3L

23.83
1595

8.07
0.19

Figure 8. The stress cloud diagram of the fibula fixed

by the CFR-PEEK fixation plate when the load was ap-
plied to (A) the posterior tooth region and (B) the an-

terior tooth region. CFR-PEEK: carbon fiber-reinforced
polyetheretherketone.

CFR-PEEK. The displacement pattern in the
CFR-PEEK group is similar to that of the titani-
um alloy group. The maximum displacement is
observed at the mandibular symphysis, with
values progressively decreasing toward the
condyloid processes. The maximum displace-
ment values under posterior and anterior tooth
loading are 1.53 mm and 2.53 mm, res-
pectively.

Summary of results

According to Pérez’'s research [18], the yield
strengths of Ti, TC4, and TiNb are 485 MPa,
960 MPa, and 680 MPa, respectively. The max-
imum equivalent stress observed in the fixation
plates and screws of the titanium alloy group
remains well within their respective yield str-
ength limits. Additionally, the maximum equiva-
lent stress values for both the mandible and
fibula are below the bone yield strength of 140
MPa.

As shown in Table 2, the maximum stress val-
ues on the mandible for all cases are lower
than the yield strength of 140 MPa, except for
the GFR-PEEK group, which slightly exceeds the
maximum stress value under anterior tooth
loading. Regarding the maximum stress on the
fibula, the PEEK group shows the highest val-
ues, followed by the GFR-PEEK group, while the
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CFR-PEEK group exhibits the lowest stress val-
ues on the fibula. Moreover, the maximum dis-
placements across the three groups are nearly
identical.

Discussion

Surgical resection of the mandible is often re-
quired due to trauma or tumors, necessitating
the use of fixation systems for reconstruction.
The materials used in these systems must pos-
sess not only excellent mechanical properties
but also good biocompatibility.

Pure titanium and titanium alloys have a higher
stiffness than bone tissue due to their high
elastic modulus. Consequently, during load app-
lication in mandibular reconstruction models,
the rigid structures tend to bear the majority of
the load, leading to stress concentration pri-
marily on the fixation plates and screws. The
complete fixation of the bilateral condyles re-
sults in elevated stress levels in the condyle
region, while stress is generally lower in other
areas of the mandible. Among the titanium
alloy groups, the TiNb group exhibits higher
stress distribution on the fibula compared to
the TC4 group. This can be attributed to TiNb’s
elastic modulus, which is closer to that of bone
tissue, thereby enhancing stress transmission
efficiency compared to TC4.

The design of orthopedic implants must bal-
ance the need for sufficient mechanical str-
ength with the goal of minimizing adverse eff-
ects on bone tissue post-implantation. The
loading conditions significantly influence bone
growth and resorption; specific levels of force
can stimulate new bone growth, while pro-
longed periods of low stress or absence of
force can lead to resorption or degeneration.
Among the three materials in the titanium alloy
group, TC4, which has the highest elastic mod-
ulus, bears more load during fixation, resulting
in lower stress on the fibula. In contrast, Ti and
TiNb alloys, with elastic moduli closer to that of
bone tissue, provide greater mechanical stimu-
lation to bone tissue during fixation. However,
the elastic moduli of all titanium alloys are still
significantly higher than that of bone, leading to
the common complication known as stress
shielding in orthopedic applications.

To address the stress shielding phenomenon, a
key research focus in orthopedic implants is

Am J Transl Res 2024;16(10):6097-6105
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Figure 9. Overall displacement of the mandibular reconstruction model fixed
by the TiNb fixation plate when the load was applied to (A) the posterior tooth

region and (B) the anterior tooth region.

A D/mm B D/mm
1.53

1.37
1.20
1.03
0.86
0.69
0.51
0.34

0.17
0

Figure 10. Overall displacement of the mandibular reconstruction model
fixed by the CFR-PEEK fixation plate when the load was applied to (A) the
posterior tooth region and (B) the anterior tooth region. CFR-PEEK: carbon

fiber-reinforced polyetheretherketone.

reducing the elastic modulus of implant materi-
als to better match that of bone tissue. Pure
titanium, with an elastic modulus closest to
human bone, has been used as an oral implant
material since the 1960s. Concurrently, medi-
cal titanium alloys have been developed along-
side the use of pure titanium in implantology.
Although the TC4 alloy used in this study is a
traditional titanium alloy with certain limita-
tions [24], it remains widely utilized and accept-
ed in the medical field. To reduce complications
following implantation, ongoing research is
focused on developing low elastic modulus tita-
nium alloys. Incorporating alloying elements,
particularly B-phase stabilizers such as Nb, Zr,
and Ta [25], is an effective strategy for lowering
the elastic modulus while maintaining a non-
toxic profile and excellent biocompatibility.
Numerous studies have explored the applica-
tion of low elastic modulus titanium alloys in
orthopedics. For instance, Miura et al. demon-
strated the high bone compatibility of Ti-25Nb-
11Sn alloy rods implanted into rabbit femurs
[26]. Additionally, Fukuda et al. [27] confirmed
that the Ti-Zr-Nb-Ta alloy, after surface activa-
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tion treatment, exhibits strong
bone bonding capability.

PEEK and its composites have
significant applications in arti-
ficial joints, trauma care, and
oral implants. However, the
inherent biological inertness
of PEEK can hinder its integra-
tion with bone. Consequently,
surface modifications to en-
hance its bioactivity have gar-
nered considerable attention.
Omrani et al. [28] explored the
effects of various surface mo-
dification techniques on the
adhesion and wettability of
PEEK surfaces. Ma et al. [29]
demonstrated that incorporat-
ing nanoscale active particles
into PEEK composites can
improve their surface activity.

Fiber-reinforced PEEK compo-
sites, developed from exten-
sive research on PEEK, hold
great promise for future appli-
cations. Notably, the elastic
modulus of unmodified PEEK
is lower than that of bone tissue, making it less
suitable for load-bearing structures such as
fixation plates. Stress analysis results support
this, showing that the fibula in the PEEK model
experiences the highest stress among the
three PEEK materials examined, sometimes
exceeding the bone’s yield strength.

In contrast, GFR-PEEK and CFR-PEEK, which
incorporate rigid fiber structures, exhibit higher
elastic moduli that more closely match that of
bone tissue, thereby facilitating better stress
transmission. While the elastic modulus of
GFR-PEEK is slightly lower than that of bone,
CFR-PEEK has a marginally higher modulus.
Consequently, CFR-PEEK demonstrates the lo-
west maximum stress values on the mandible
and fibula, making it a superior option for bear-
ing occlusal loads, effectively transmitting str-
ess, and minimizing potential damage to bone
tissue.

As shown in Table 2, the maximum stress expe-
rienced by the mandible and fibula is generally
higher in the PEEK group compared to the tita-
nium alloy group. It is important to emphasize
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that, to prevent stress shielding, bone tissue
must receive adequate mechanical stimula-
tion. Thus, while the PEEK group offers some
advantages over the titanium alloy group for
mandibular defect repair, certain limitations
must be noted. For fixation systems construct-
ed from GFR-PEEK, the maximum stress on the
mandible exceeds its yield strength under ante-
rior tooth loading. Similarly, for systems made
from PEEK, the maximum stress on the fibula
also exceeds its yield strength under similar
conditions. Therefore, neither material is suit-
able for mandibular defect repair. Overall, CFR-
PEEK emerges as the most favorable material
for current fixation systems in mandibular
defect repair. However, it is crucial to recognize
that this study involves model simplifications,
such as uniform material properties, idealized
boundary conditions, and the exclusion of indi-
vidual variability, which may differ from real-
world scenarios. These limitations could impact
the performance of the fixation system; hence,
further long-term clinical trials and observa-
tions are necessary for validation.

In summary, titanium and PEEK are two com-
monly used materials in orthopedic implants.
Titanium, a metal with a high elastic modulus,
often requires alloying to reduce its modulus. In
contrast, PEEK, a polymer with a low elastic
modulus, requires reinforcement to enhance
its mechanical properties. Regardless of the
approach, the objective remains to develop
materials that more closely match the mechan-
ical properties of human bone tissue, thereby
minimizing complications and improving patient
quality of life. Looking forward, the combined
use of titanium alloys and polymers like PEEK
could offer synergistic advantages, leading to
the development of new fixation systems with
superior mechanical properties and biocom-
patibility. Additionally, the use of digital technol-
ogy and 3D printing can enable personalized
design and manufacturing of mandibular defect
repair fixation systems, tailored to individual
patient conditions and mandibular morpho-

logy.
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