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Purpose: The purpose of this study was to compare the biomechanical behavior of the custom-made mandibular condyle prosthesis
and total TMJ prosthesis. Methods: Three models of one beagle dog, the condyle prosthesis (Model 1, replacing the right condyle only),
the TMJ prosthesis (model 2, replacing the whole right TMJ) and the intact TMJ (model 3) were established, and the mechanical re-
sponses under muscle forces loading were analyzed using finite element method. Results: Models 1 and 3 had the similar stress distribu-
tion on the right disc, which suggested that the condyle prosthesis did not change the disc stress so much when the muscle forces were
applied. The stress of the right TMJ prosthesis in Model 2 was larger than both Models 1 and 3, and the stress of the contralateral TMJ
reduced by 12% in Model 2. The anterior border of the condyle seemed to be a stress concentration region, not only for the intact con-
dyle, but also for the condyle prosthesis and the total TMJ prosthesis. Conclusions: The total TMJ prosthesis changed the biomechanical
balance of the bilateral TMJ. When the condyle prosthesis iss applied, the custom-made profile is recommended.
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1. Introduction

The temporomandibular joint (TMJ) is a very com-
plex joint with variable functions, which plays a crucial
role in our daily speech, expression and chewing.
Trauma, infection, ablation of tumor, ankylosis and
idiopathic resorption could cause TMJ defects, which
should be reconstructed properly. The reconstruction of
acquired TMJ defects is an obvious challenge for oral
and maxillofacial surgeons [26]. TMJ discs between the
condyle and the fossa-eminence play very important
roles, such as distributing joint forces and stabilizing
the mandible [5]. During functions, the discs show

a viscoelastic response to static and dynamic loading
and absorbs stress [1], [22]. For the condyle prosthesis,
the disc functions as a cushion. If the disc was removed
during surgery, the resorption of the bone could occur
under the stress [25]. Besides, changes of loading style
after the reconstruction surgery cause the stress changes
for bilateral TMJ discs and might cause calcifications
[10]. Therefore, contralateral TMJ stress should be con-
sidered carefully when the prostheses were applied in
unilateral TMJ.

Compared to autogenous reconstruction developed
over the decades, alloplastic TMJ prostheses can reduce
donor site morbidity, as well as provide immediate
function and be customizable [6], [16], [19], [27].
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Based on the location of TMJ defect, alloplastic TMJ
reconstruction could be divided into 3 models: prosthe-
ses for the singular replacement of the fossa, prostheses
and reconstruction plates for singular replacement of
the condyle and prostheses for combined fossa-condyle
replacement [4]. Each kind of prostheses should be
applied according to different indications. When total
bony ankylosis of TMJ is the case, the third mode of
prostheses is more appropriate. When the disc is intact,
prostheses for singular replacement of the condyle are
more suitable than other prostheses.

The mandibular body connects the left and right
joints. Disability or limitation of functional move-
ments in one side definitely affects the contralateral
TMJ. When one kind of prostheses is applied unilater-
ally, the actions of contralateral TMJ should receive
more attention. Our previous study proposed a cus-
tom-made TMJ prosthesis fabricated by selective laser
melting [28]. We found that the magnitude of the
compressive strain on the condyle neck of the mandi-
ble with the prosthesis was lower than that on the
condyle neck of the intact mandible with the excep-
tion of the area around the screws, where muscle
forces were applied. Besides our research, some stud-
ies had evaluated the TMJ prosthesis including stan-
dard and custom-made design with finite element
analysis (FEA) [17], [20]. No study comparing the
biomechanical behaviors of the condyle prosthesis,
the total TMJ prosthesis and the intact TMJ has been
found till now. In the present study, we compared the
biomechanical responses of three models with FEA,
including the contralateral TMJ stress when the mus-
cle forces were applied, since FEA has been used to
research biomechanical behavior of the TMJ for
a long time [3], [12], [20], [21]. In the next stage of
research, the customized condyle prosthesis and the
total TMJ prosthesis for different dogs are planned to
be manufactured as reported in this study, and in vivo
experiments are to be performed to check their effec-
tiveness and compare contralateral TMJ changes.

2. Materials and methods

All experiments were authorized by Peking Uni-
versity Institutional Review Board (LA2014244). The
bone structure morphology of the TMJ was obtained
from an adult beagle dog. The dog was obtained from
Department of Laboratory Animal Science, Peking
University Health Science Center. The dog was indi-
vidually housed in a stainless-steel cage, maintained
on alternating 12-h cycles of light and dark and pro-

vided with normal canine diet. A veterinarian per-
formed the examination and confirmed it was in good
health before computed tomography (CT) scans. CT
scans were performed under general anesthesia using
an 8-slice scanner (BrightSpeed, GE Medical Sys-
tems, USA) with a rotation time of 1 sec, a slice
thickness of 1.25 mm, voltage of 120–140 kV and
automatic exposure control. After CT scans, the dog
recovered from general anesthesia and continued liv-
ing as before.

CT images were taken for four positions of the
mandible: the closed, 1/3 open, 2/3 open, and widest
open positions. As shown in Fig. 1, three geometric
models of the mandible and TMJ complex in both
sides were established based on these CT images: the
condyle prosthesis replacing the right TMJ (Model 1),
the total TMJ prosthesis replacing the whole right
TMJ (Model 2) and the intact TMJ (Model 3). All
three models were imported into the finite element
software ANSYS for stress analysis. The TMJ pros-
theses can then be manufactured by Mlab Cusing 3D
Metal Printing Machine (Concept Laser, Lichtenfels,
Germany) and applied in future animal experiments.

Fig. 1. The condyle prosthesis replacing the right condyle
(Model 1), the total TMJ prosthesis replacing the whole

right TMJ (Model 2), the intact TMJ (Model 3)



Biomechanical comparison between the custom-made mandibular condyle prosthesis... 153

2.1. The model
with the condyle prosthesis

replacing the right TMJ only

In this model, the condyle prosthesis was designed
accordingly to the method developed previously [28].
To put it brief, the condyle prosthesis was fixed to the
mandible with 4 screws. The screws and the condyle
component were made of titanium-6 aluminum-4 va-
nadium alloy (Ti-6Al-4V). The profile of the prosthe-
sis was based on the anatomical shape of the beagle’s
right condyle. On the top of the condyle prosthesis,
a 1-mm layer of 1 mm with a polished outer surface
was kept as the articular surface of the condyle. The
combined fixation structures for the condyle prosthesis
contained an inlay rod and an onlay plate to strengthen
the connection between the prosthesis and the re-
maining mandible. The tetrahedron structural design
with the mean cell size of 2500 μm and strut diameter
of 570 μm of open-porous titanium scaffold was ap-
plied to fabricate the middle part of the condyle pros-
thesis. The disc and the cranial fossa were recon-
structed according to the CT images.

2.2. The model with the total TMJ
prosthesis replacing
the whole right TMJ

The total TMJ prosthesis was constructed according
to our previous study [28]. In short, it was composed of
condyle and fossa components, which were fixed to the
mandible and zygoma with screws separately. The con-
dyle component was constructed as the condyle pros-
thesis above. The fossa component was made of ultra-
high-molecular-weight polyethylene (UHMWPE). The
lower surface of the fossa component was obtained by
kinematic analysis of condyle movement, which was
considered as the envelope surface. The upper surface
of the fossa component, which was also considered as
contact interface, was based on skull geometry with
a best-fit position in the bone. The space between the
envelope surface and the contact interface was where
the fossa component occupied.

2.3. The intact TMJ model

The right TMJ in the intact TMJ model and the con-
tralateral TMJs of all three models were constructed
according to the CT images. The CT data were imported

into MIMICS (Version 10.01, Materialise, Inc., Leuven,
Belgium) to reconstruct its geometry.

2.4. Finite element models

All three models were analyzed with the use of
FEA software ANSYS. The teeth were removed in
these models because they were considered to have
marginal influence on the biomechanics of the mandible,
especially on the behavior of the condyles, as shown
in previous studies [2], [13], [16]. Only the part of the
skull connecting the fossa component and the bilateral
zygomatic arches were modeled for simplicity.

All materials in this study were considered isotropic
and homogeneous. The material properties of the models
were assigned on the basis of previous studies (Table 1)
[11], [16], [17]. The Young’s modulus was 12.8 GPa
for the mandible cortical bone and 114 GPa for the
condyle prosthesis and screws, respectively [11].
Poisson ratios for all hard tissues were assumed to
be 0.3.

Table 1. Material properties in the FEA models

Model Material
Young’s
modulus
[MPa]

Poisson’s
ratio

Skull Cortical bone 12.800 0.3
Mandible Cortical bone 12.800 0.3
Condyle component Titanium alloy 114.000 0.3
Screws Titanium alloy 114.000 0.3
Fossa component UHMWPE 500 0.3
Articular disc Fibrocartilage 47.1 0.4

The top surfaces of the skull and the ends of the
zygomatic arch were fully constrained from move-
ment in all directions. The loads were applied on both
sides of the mandible via corresponding muscle
forces. All data relevant to muscle forces were ob-
tained from the study by Hu et al. [8]. The location of
the muscular attachments and the direction of muscle
forces were defined from anatomical data.

The articular disc with approximately cylindrical
shape was manually created based on the radiology
images of dog’s skull and the previous study [14]. The
upper and lower surfaces of the articular disc con-
tacted with the skull and mandible. The interface be-
tween the bone and the articular disc was modeled as
surface-to-surface contact with a friction coefficient
of 0.001 [21].

For the prostheses in Models 1 and 2, the contact
interfaces of the screws–prosthesis and screws–bone
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were considered bonded. The interfaces between the
prosthesis surface and the bone surface were modeled
as surface-to-surface contact with a friction coefficient
of 0.3, based on published studies [16], [18]. The fric-
tion ratio of the interfaces between the fossa compo-
nent and the condyle component, the disc and the
condyle prosthesis, was considered to be 0.01 [28].

Fig. 2. Finite element models for the condyle prosthesis (Model 1),
the total TMJ prosthesis (Model 2)

and the intact TMJ (Model 3)

The bone, articular disc, implant and screws were
meshed with tetrahedral elements, as these elements
were well suited to the mesh irregular and complex

geometries. The scaffolds were meshed with beam
elements and each strut was a single unit. Aimed to
the satisfied convergence of the numerical results,
the meshes of the models were dense enough shown
in Fig. 2. The number of cells and nodes was shown
in Table 2.

Fig. 3. The location of two control lines

After the muscle forces were applied on the FEA
models, the biomechanical properties of 3 models
were investigated, and the behavior of the discs, the
prostheses and the mandibles were compared. To ana-
lyze the strain on the external surface of the mandible,
two different lines were chosen (Fig. 3). Line 1 trav-
ersed characteristic structures presented on the exter-
nal surface of the mandible. Line 2 extends from the
right condyle to the left condyle along the lower bor-
der of the mandible.

Table 2. Number of elements and nodes in the FEA models

Element Nodes

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Bone 123715 312637 224817 65828 83154 24552
Prostheses 15552 55981 4129 13304
Screws 6988 35753 1702 8019
Right articular discs 1607 1607 3211 3211
Left articular discs 1613 1613 1613 3220 3220 3220
Scaffolds 1992 1992 1467 1467
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3. Results

3.1. Behavior of 5 discs
and 1 fossa component

In the three models, a total of 5 TMJ discs were
reconstructed and the stresses on them were calculated
after the muscle forces were applied on the models.
The fossa component in Model 2 was also compressed
as other 5 TMJ discs when the mandible functioned.
Therefore, the stress of all 6 structures including
5 TMJ discs and 1 fossa component was compared
in our study (Figs. 4, 5; Table 3). The results showed
that the difference of the stress on the disc in Models 1
and 3 was around 5%. The maximum von Mises

Fig. 4. Von Mises stress distributions of five discs

Fig. 5. Von Mises stress distribution of the fossa component
of the TMJ prosthesis replacing the right TMJ in Model 2

stress in the right disc of Model 1 was by 5.7% larger
than that in Model 3, while the stress in the left disc of
Model 1 was by 3.1% lesser than that in Model 3. As
shown in Fig. 5, the maximum von Mises stress in the
fossa component of Model 2 was 36.9 MPa, by
113.8% larger than that in model 1 and by 126.1%
larger than that on Model 3. The stress in the left disc
of Model 2 was 11.91 MPa, by 12.0% lesser than that
in Model 1 and by 14.7% lesser than that in Model 3
(Table 3). The von Mises stress of the fossa compo-
nent was much larger than that of 5 discs, and the
stress distribution of all 6 structures were similar
(Figs. 4, 5; Table 3).

Table 3. Maximum von Mises stress of discs
and the fossa component of the total TMJ prosthesis [MPa]

Model 1 Model 2 Model 3
Right joint discs/
fossa component 17.26 36.9 16.32

Left joint discs 13.54 11.91 13.97

3.2. Behavior
of condyle components

The stress distributions of the condyle prosthesis
in Model 1 and the condyle component in Model 2
were similar as shown in Fig. 6. The stress concentra-
tion region of both models laid in the lateral part of
the prostheses. However, the maximum von Mises
stress in Model 2 was larger than that in Model 1.
They were 156.2 MPa in Model 2 and 134.2 MPa in
Model 1, respectively.

Fig. 6. Von Mises stress distributions of the condyle prosthesis
in Model 1 and the condyle component of the TMJ prosthesis

in Model 2
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3.3. Behavior of mandibles

In Figures 7 and 8, the distribution of the maxi-
mum and minimum principal strains was shown. The
maximum and minimum principal strains along two
lines on the mandible were shown in Figs. 9–12. In
Model 3, the maximum and minimum principal strains
in the intact mandible presented a symmetrical dis-
tribution in the regions of the bilateral condyles. For
line 1, the maximum principal strains in the right

mandible in Model 1 and Model 2 were larger than
that in the left mandible. The condyle prosthesis and
the condyle component of the total TMJ prosthesis
changed the strain of the right mandible and presented
larger strain compared to the left. The minimum prin-
cipal strain distribution of the right condylar region in
Model 2 was significantly different from other models
since the total TMJ prosthesis replaced the right TMJ.
For line 2, the strain difference between the right con-
dyle and the left condyle among the three models was
not so obvious.

Fig. 7. The maximum principal strain distributions of the mandibles in 3 models
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Fig. 9. The maximum principal strains on the external surface
of the mandible along the line 1 in 3 models

Fig. 10. The maximum principal strains on the external surface
of the mandible along the line 2 in 3 models

Fig. 8. The minimum principal strain distributions of the mandibles in 3 models
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Fig. 11. The minimum principal strains on the external surface
of the mandible along the line 1 in 3 models

Fig. 12. The minimum principal strains on the external surface
of the mandible along the line 2 in 3 models

4. Discussion

Biomechanical behaviors could affect the long-
term results of TMJ prostheses. In this study, 3 mod-
els were established to compare the biomechanical
response of the condyle prosthesis, the total TMJ
prosthesis and the intact TMJ when muscle forces
were applied. It could be inferred that different types
of TMJ prostheses could cause different biomechani-
cal effects on the bilateral TMJ regions and the
prosthesis itself. The results revealed that the biome-
chanical behavior of the contralateral TMJ could be
affected by the total TMJ prosthesis with customized
morphology for the first time, which could be helpful
for the TMJ prosthesis design and application.

The biomechanical behavior of 5 discs and 1 fossa
component showed that Models 1 and 3 had the simi-
lar stress distribution on the same region of the right
disc, which was close to the results of previous stud-

ies [7], [23], [24]. This result could suggest that the
customized condyle prosthesis in this study did not
change the disc stress so much when the muscle
forces were applied. It also could be inferred that the
materials used in the condyle prosthesis to replace
the original condyle did not lead to the increased
stress of the disc and stress distribution change, even
if a kind of metal was used. The morphology of the
condyle prosthesis might be an influential factor for
biomechanical responses of TMJs. Therefore, the
customized profile would be recommended when the
condyle prosthesis was applied.

The movements of TMJ were finished by bilateral
TMJs at the same time. Changes in one side could
definitely affect the other side under both physical
and pathological status. Tanaka et al. reported that
unilateral disc displacement could influence the stress
in the contralateral joint using FEA [22]. Therefore,
from the biomechanical view, the less the prosthesis
affects the contralateral joint, the better. In this study,
the condyle prosthesis in Model 1 had nearly kept the
same stress of contralateral disc as the intact mandi-
ble in Model 3. This result showed that the condyle
prosthesis in this study had good biomechanical be-
havior when muscle forces were applied at closed
position.

In Model 3, the stress on the right disc was larger
than the left disc. The reason for this might be the
asymmetric profile between the two sides of the man-
dible. Some authors found that mandibular morphology
was related to EMG activity and TMJ disc displace-
ment [9], [15]. We applied the muscle forces of the
same magnitude on bilateral mandible, which could
cause some bias of the results. In this study, the main
purpose was to compare the biomechanical effect of
the same sides of the mandibular under the same me-
chanical environment. The stress distributions of discs
in Models 1 and 3 were similar, for the left and the
right side, respectively, which showed that the con-
dyle prosthesis in this study restored the function of
the defect of the right condyle.

The stress of the condyle prosthesis on Model 1
was less than the condyle component of the TMJ
prosthesis on Model 2, which indicated that total
TMJ prosthesis suffered larger stress than the con-
dyle prosthesis, while the contralateral side of the
total TMJ prosthesis had its stress changed and re-
duced by 12%. It could be inferred that the total TMJ
prosthesis changed the biomechanical behavior of
the bilateral TMJs. Therefore, it should be consid-
ered when the total TMJ prosthesis was applied on
the patient, especially for the contralateral TMJ. The
change of the loads might cause pathological status
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[10]. We designed the condyle prosthesis and the
total TMJ prosthesis according to the profile of the
CT image of the dog, and applied the same muscle
forces. The reason for the biomechanical changes
could be inferred was that the materials of the pros-
thesis might lead to those results. UHMWPE has
much larger Young’s modulus than the disc. It is
harder than biological disc to change its morphology
when muscle forces were applied. Therefore, it
changed the biomechanical effect of the contralateral
TMJ when the prosthesis was applied.

According to the results, the anterior border of
the condyle could be a stress concentration part, not
only for the intact condyle, but also for the condyle
prosthesis and the total TMJ prosthesis. This result is
consistent with our previous study [28]. When the
anterior part of mandible was loaded by the force,
the anterior border and the lateral surface of the con-
dyle was stressed more than other parts. This stress
distribution style might be related to “L” shape of
mandible. When the mandibular body was loaded,
the anterior border of the condyle was more stressed
than other parts, which should be considered when
the prosthesis was applied for replacement of the
condyle. The strain along line 2 among 3 models
varied slightly, which suggested that the lower bor-
der of the mandible was affected little by the pros-
thesis.

FEA has been used for TMJ prosthesis evalua-
tion in several studies, which supplied valuable in-
formation for the prosthesis improvement [9], [16],
[20], [28], [29]. In this study, the stress distributions
of the contralateral TMJs for unilateral TMJ re-
placement of customized condyle prosthesis and the
total TMJ prosthesis were compared under the same
biomechanical condition. In vivo experiments are to
be performed to check the effectiveness of both
prostheses and compare contralateral TMJ histologi-
cal changes.

The main limitation of our research was the animal
model, which was different from the human model.
The aim of the study was to compare the biomechanical
behavior between condyle prosthesis and total TMJ
prosthesis. To keep the same biomechanical environ-
ment around the prosthesis was the essential factor for
the comparison. Therefore, the animal models with
the consistent biomechanical conditions could reveal
the valuable comparison results. Another shortcoming
was that this research belonged to theoretical study,
which was different from experiments in reality. We
plan to perform in vivo experiments to check the ef-
fectiveness and compare contralateral TMJ changes in
future.

5. Conclusions

The comparison among the condyle prosthesis re-
placing the right condyle, the total TMJ prosthesis
replacing the right TMJ and the intact TMJ showed
that the condyle prosthesis with customized profile in
this study had good biomechanical behavior and did
not affect contralateral TMJ much. The materials with
high Young’s modulus in total TMJ prosthesis af-
fected the biomechanical behaviors of bilateral TMJ,
even with customized morphology. Therefore, elas-
ticity of the TMJ prosthesis should also be considered
in the future besides the customized-made morphol-
ogy. The contralateral intact TMJ might be affected
when the TMJ prosthesis was applied, which would
bring the changes of the mandible biomechanical be-
havior.
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