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Temporomandibular joint (TMJ) is anatomically the most intricate joint which connects
the lower jaw to the upper jaw and regulates jaw movements. It significantly deals with
mastication and speech. It is hence imperative to study the mechanics and functioning
of the jaw joint to devise alternative solutions for its replacement whenever required.
Further, human skulls are anthropologically categorized into three types — African,
Asian and European. Out of these, the Indian skull is also a bit different than its Asian
counterparts because of its osteology and skeletal biology. Hence, a comprehensive
biomechanical and computational study is essential to provide customized solutions.
For the present study, four different loading conditions are selected to perform finite
element analysis on the human skull, Anonymized and unidentifiable CT scan data sets
from open-source web platforms are converted to STL and then 3D models using 3D
slicer. Finite element analysis of jaw joint is carried out. Results based on Von Mises
stress studies show significant behavioral differences under varying load conditions.

Hence, it is crucial to identify solutions for TMJ disorders of the Indian population.

1. INTRODUCTION

The temporomandibular joint is both ginglymus (hinging
joint) and arthrodial (sliding joint), which is why it is often
labeled as ginglymoarthrodial joint as shown in Figure 1. It is
an extensively used joint in the human skull and body. TMJ
opens and closes numerous times daily and is vital for speech,
snoring, mastication, deglutition, yawning and the involuntary
alliance of articular pairs [1].

Since a multitude of Indian population is suffering from
TMJ disorders, therefore it is critical to address TMJ issues
taking all considerable frames of reference. There is paucity in
understanding connections among muscle behavior, jaw
motions, craniofacial morphology and all the forces acting on
TMJ. Extensive research and awareness are needed to
understand the etiology of temporomandibular joint disorders
found in Indian patients. New inventions and methods should
be adopted and followed to analyze, avert, and alleviate these
disorders.

The analysis of mandibular biomechanics helps us
understand the mechanism, activity and pattern of
temporomandibular disorders can be presumed by analyzing
the TMJ biomechanics. This will aid in up-gradation in the
design and performance of prosthetic devices, thereby
enhancing the serviceable life of these devices. TMJ prosthetic
replacement is an extensive surgery and it is only advisable as
last resort. Testings and experiments on TMJs of actual human
beings are also avoided because administering experimental
devices inside the TMJ can cause severe harm to its tissue.
Therefore researchers, surgeons, diagnosticians and scientists
use in-vitro techniques such as CT scanning, laser 3D scanning,
finite element analysis (FEA) and other analytical
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technologies for extensive research in TMJ biomechanics.
Spencer and Demes discussed in a classic study of basic
joint mechanics to assess the differences in size and shapes of
jaw mandible and it is also [2] useful in understanding the bite
forces for different generations and races. Chen and Xu
discussed and constituted a 2-D FE model of human TMJ
which deduced the distribution of stresses [3] between
condylar, temporal surfaces and articular disk. Finite element
analysis has been in use for the study of the biomechanics of
joint since the 70s, Richmond et al. successfully incorporated
the morphology and biomechanical [4-9] properties of bone,
muscles and tissues in constructing and improving FEA
models that can calculate the stresses and strains. On the other
hand, Kober et al., Strait et al., Ren et al., and Milne et al. [10-
13] demonstrated various errors arising in substantially
depicting the anatomy, internal structure, mechanisms, muscle
forces, loads and spatial constraints using FEA technique.
Richmond et al. successfully incorporated the morphology and
biomechanical [14] properties of bone, muscles and tissues in
constructing and improving FEA models that can calculate the
stresses and strains. There is a relative certainty that FEA is a
vital tool for studying the biomechanics of TMJ, keeping the
evidence of errors alongside [15-20]. Aoun et al., presented a
hypothesis (also used in the current study) to elaborate the
functioning of TMJ in three static [17] mandible positions by
clenching using FEA models and thus the behavior of natural
TMJ has been characterized using computational analysis.
Dimitroulis, an Australian medical pioneer in the field of
study of Temporomandibular joint has narrowly discussed the
vitality of extensive studies to understand TMJ, its functioning,
mechanisms, disorders, diseases, solutions, replacements,
surgical needs and the whole rationale in the Indian context.


https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.080303&domain=pdf

[21] It has been predicted that Indian Maxillofacial specialists
need to be prepared for recognizing and managing disorders
that present with more complex symptomatology where the
aspect of TMJ surgery is extremely viable.

Ingawalé and Goswami explained and discussed the
temporomandibular joint anatomy [22] and its biomechanics
(Indian origin TMJ included) in the book titled Human
Musculoskeletal Biomechanics, it extensively details the
various methods and techniques as well as hypotheses utilized
in the study of the biomechanics of human TMJ. To
correctively examine the type and range of TMJ disorder, FEA
was carried out simulating the response of TMJs exhibiting a
restrictive condylar displacement during the opening and
closing movement by Creuillot et al. [23] validating the
importance of articular disc and functional ligaments in natural
motions of TMJ. There are many other instances in literature
[24-28] where FEA was conducted to determine stresses at
various mandible positions and for various loading conditions
too.

Ndukwe and Anitha [29] studied the scope, application
analysis and also limitations of 3D models for ascertaining the
use of FEA in biomechanical analysis of human jaw joint.
THE human TMJ disc is the most significant part of TMJ
anatomy which is being studied by Gomes et al. to establish
the potential use of tissue engineering in the TMJ domain for
substituting articular disc. Pre-clinical trials involving FEA
experiments [30-32] have been carried out to evaluate
potential biomaterials and to increase knowledge regarding
disease mechanisms. An archaeological point of view has been
presented by Stansfield et al. [33] which suggested a sensible
approach in future comparative studies using FEA techniques
for biomechanical studies of the human joint. It has been put
forward in the study that accurate modeling of a human skull
is unattainable and conclusions from computational analysis
are subjective to the sensitivity of input parameters.

Summarizing the literature, it has been observed that there
are numerous studies dedicated to exploring the behavioral
differences in TMJ with normal functioning and TMJ with
disorders in the medical and scientific arena. But when there
arises a need for customized last resort solutions such as
prosthesis or total joint replacement, there is a dearth of
information on stresses acting on TMJ or jaw joints of the
Indian population. There is also a lack of research in finite
element analysis or in-vitro experiments for zeroing in on the
factors responsible for TMJ disorders, specifically for the
Indian population.

In the present paper, our objective as derived after careful
literature review is to investigate jaw joints of Indian ethnicity
with and without disorders using the finite element analysis
method. The variations in boundary conditions and material
properties are specified sensitively to the FE model as
discussed in section 2.1. CT scan data sets (anonymized and
unidentifiable) are used to create an STL file and 3D finite
element models. Von mises stress developed under varying
loading conditions and are thereafter being compared with
values as obtained from other literature studies.

It has been found that computational analysis performs
steadily in predicting stresses of a model of human TMJ. The
approach to achieve the aforementioned conclusion involves
the in-vitro experimentation under four loading conditions —
balanced occlusion, unbalanced occlusion, bruxism and
clenching.

It can also be presumed that the performance models of
these jaw joints (specific to Indian ethnicity) obtained from
open-source web platforms may vary significantly from the
others in the world. This presumption can form the basis of
future work which involves customized designing of TMJ
prosthesis specific to Indian patients suffering from TMJ
disorders.

Temporal bone

Siyloid process

Mandible, condylar process

Zygomatic arch

Mandible, coronoid process

Angle of mandible

Ramus of mandible

Body of mandible

Figure 1. Human jaw anatomy [1]
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2. MATERIALS AND METHODS

CT scan data sets are acquired from open-source platforms
like 3D Slicer, DICOM Library, Osirix keeping the data sets
unidentified and anonymized. One CT scan is with no
abnormalities and the other CT scan is with a degenerative
disorder (ankylosis). The contours of the cranium and the
mandible along with the lower jaw, articular fossa and teeth
are obtained from CT images. The soft tissue contours for the
articular disc and muscles in connection with bony elements
of TMJ are located with assistance from an oral and
maxillofacial professional. Bones are rather inflexible as
compared to the relevant soft tissues hence they are classified
as a rigid material. The STL of all bone components are
created in a 3D slicer and then are reconstructed/meshed
automatically in ANSY'S analysis software.

The soft tissue contours of the joint and the articular disc are
created and meshed in the software. The material properties
are assigned to the bony as well as soft tissue components in
the finite element framework from the literature. The finite
element meshes of the temporal bone, mandible, articular disc
and ligaments are constructed in ANSYS using eight-node
brick elements.

Few contact pairs are established to define the relationship
between articular disc, mandible, condyle, fossa, temporal
bone, and ligaments of the interaction between them. The
articular disc is in direct contact with the temporal bone and
condyle. The temporomandibular ligament is connected with
the jaw and with the lateral part of the disc. Since the synovial
fluid is present inside the mouth, a friction coefficient of
0.0001 is considered for all interactions. As per our literature
review and analysis, Koolstra has explained that the most

Static Structural
e oo W
20-05-2019 00:26
[ Fixed Support
[B] Fixed Support 2
[€) Force: 300.N
[B] Force 2:300.N
[B Force 3:300.N
[B Force 4:300.N
[&] Force 5:300.N
[ Force &:300.N

[l Force 2:21213N
B Force 8:21213N

detrimental factor for internal joint [19] disorders is high
friction due to less lubrication in the jaw joint. In this article,
we have analyzed a human joint with a dislocated articular disc
and it is a very common internal joint disorder known as
ankylosis.

All these conditions are true to the data collected from CT
scan with no abnormalities whereas, for CT scan data with a
degenerative disorder, the temporal bone and condyle are
fused due to the absence of articular disc between them. Hence
two sets of analyses are conducted for four different boundary
conditions between disc and bone: i) Normal disc movement,
(coefficient of friction 0.0001), free sliding; and ii) Fused jaw
bone without any sliding, penetration or separation. The
boundary conditions are taken from the literature [22].

2.1 Boundary and load conditions

The functioning of TMJ can be understood by predicting the
stresses occurring on the mandible, the disc and the joint for
different bite forces and various bite patterns. Each force
vector shown in Figure 2 represents various existing muscle
forces and is determined according to different muscular
regions and patterns. These force vectors are distributed and
assigned values to obtain the desired resultant force for
varying boundary conditions. The mesh models for the normal
and fused jaw are imported to ANSYS to study stress
distribution and its outcomes in the TMJ to test four different
hypotheses. Considering bone to be a ductile material, Von
Mises failure criterion is used to investigate the stress profile
of TMJ. The models are given linear and isotropic properties
from literature (Table 1).

Figure 2. Boundary loading conditions representing forces acting on the FE model

Table 1. Isotropic properties for material in the FE mesh

Table 2. Resultant Forces applied to FE mesh models, with

model the location of max stresses
Material Young’s Modulus (GPa) Poisson’s Ratio Load Resultant Force (N) Location of
Cortical bone 17 0.3 - . Maximum Von Mises
Teeth 50 0.25 Condition Left Right Stress
Cancellous bone 0.5 0.3 Balanced 200 200 Equal on both condyle
Cartilage 0.006 0.49 Unbalanced 250 400 Right condyle
400 500
The articular fossa is considered as fixed support and the Bruxism (vertical) | (vertical) Left Condyle
condyle is allowed to have anterior-posterior linear motion as 300 (transverse) _
well as rotation. Resultant force values (Table 2) are assigned Clenching 1000 1000 Equal CRI%htI
ondyle

from Ingawale et al. [22]. For different loading conditions,
maximum Von Mises Stress is found at the condylar head. For
both normal and fused TMJs, balanced occlusion showed the
least values for maximum Von Mises stresses.
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2.2 Types of loading

Biomechanical behavior of TMJ is studied for two different



scenarios: a) Normal jaw and b) Fused jaw. The different
loading conditions along with isotropic properties are detailed
in Table 1 and Table 2 respectively. All these models are
discussed below concerning each loading condition.

2.2.1 Balanced occlusion

For a balanced loading condition, the 3D mesh model
obtained from CT scan data for normally functioning TMJ has
been assigned material properties as discussed previously. The
model is refined, a volume mesh generated and then
investigated for comparative stress in the joint for 200 N load
(Table 2) on bhoth the left and right side of the jaw. The model
is constrained to imitate the movements of the jaw during
normal opening and closing. During balanced occlusion, both
condyles can linearly move in the anterior-posterior direction
along with few degrees of rotation in the mediolateral axis.

Same constraints are applied and simulated for the mesh
model of the human jaw with displaced disc or fused jaw.

e 21731 N
B Foree 317321
B Force & 17321 N
. Force 5: 1.7321 N
[ Force 61,7321 N
[ Etastic Support: 2. N/m®
. Fixed Support 3

2.2.2 Unbalanced loading

For unbalanced loading condition, the mesh model for both
normal and fused TMJs is subjected to unbalanced loading
(Table 2). The left side of the jaw is assigned a load of 250 N
and the right side is assigned a 400 N load. Same constraints
for linear and rotational movements assigned for balanced
occlusion has been applied for unbalanced occlusive loading.

2.2.3 Bruxism

In the case of bruxism, mesh models are subjected to
distinctive loads in vertical and transverse directions. Also, the
left side of the jaw has been assigned a different load as
compared to the right side. The values are given in Table 2.
During bruxism, the forces are applied on the first and second
molars, second premolar on both sides. All the conditions and
constraints are the same for a normally functioning jaw as well
as a fused jaw.

0000 s
0055 007

0.100{m)

Figure 3. Balanced load 200 N

[ Force 243301
. Force 5: 6.9262 N
[ Force 6 69262 N
I Elestic Support 2. Njm?
. Fixed Support 3

0.000 0.050

0.100(m)
0.025 0.075

Figure 4. Unbalanced load of 250 N and 400 N
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Figure 6. Clenching 1000 N

2.2.4 Clenching

The simulation of bilateral molar clenching has been
performed to investigate the comparative stress development
and distribution in the normal and fused jaw. A 1000 N load
has been applied to both sides in case of a normally
functioning jaw, with linear and rotational movements as that
of balanced occlusion. For a fused jaw, the load of 1000 N has
been applied on the first and second molars and the second
premolar on the right side only, keeping the articular surface
constrained.

It has to be considered that the magnitudes of TMJ forces
differ significantly in literature and there are no universally
accepted values among researchers on TMJ loading [22]. Due
to the presence of conflicting views on the magnitude, type and
direction of TMJ forces in literature, researchers use different
TMJ loading conditions for finite element modeling.

2.3 Analyses

For normal and deformed models, four varying load
conditions are formulated as shown in Figures 3-6. Figure 3
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represents balanced load, 4 represents unbalanced, 5
represents bruxism and 6 represents clenching respectively.
Analyses are carried out to investigate Von Mises stress
distribution for each loading condition.

3. RESULTS AND DISCUSSION
3.1 Results

Figures 7 to 9 present Von Mises stress distribution for the
normal jaw and fused jaw for four loading conditions i.e.,
Balanced occlusion (min force 200 N), Unbalanced occlusion,
Bruxism and Clenching (max force 1000 N) in FEA simulation.
The results have been validated with the available literature for
normal jaw. For a fused jaw, FEA simulation for varying load
conditions has been attempted for the first time to our
knowledge for the Indian populace. Comparison is drawn
between the maximum value of Von Mises stress for normal
and fused jaw for different types of occlusions.
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(b) Fused Jaw (Bruxism)

(b) Fused Jaw (Clenching)



In all loading conditions, it is observed that the maximum
VVon Mises stress occurs at the condylar head. FEA results as
shown in the graph (Figure 10) concur that the least Von Mises
stress happens during balanced occlusion. It is also observed
that in increasing order, the maximum Von Mises stress is
observed during unbalanced occlusion, bruxism, and
clenching respectively as shown in Figure 11. In FEA
simulation for a jaw with ankylosis, the maximum Von Mises
stresses are quite higher.

Normal Jaw (Maximum Von Mises

Stress)
2.50E+06
m Balanced
2.00E+06 Occlusion
1.50E+06 Unbalanced
Occlusion
1.00E+06 Bruxism
5.00E+05 .
I Clenching
0.00E+00 '™

Goswami Present
etal Study

Figure 10. Maximum von Mises stress (Pa) during finite
element simulation for four different load conditions

Jaw with ankylosis (Von Mises Stress)

1.60E+08
1.40E+08
1.20E+08
1.00E+08
8.00E+07
6.00E+07
4.00E+07
2.00E+07
0.00E+00

u Von Mises Stress

Figure 11. Maximum Von Mises Stress (Pa) for fused jaw
(jaw with ankylosis)

3.2 Discussion

This paper aims to highlight the vitality of in vitro
techniques like FEM or other analytical technologies for
biomechanical evaluation of natural human
temporomandibular joint to perceive its anatomy, stresses,
structural and practical aspects. This paper aims at finding out
the effects of varying load conditions on healthy TMJ vs. TMJ
with ankylosis for the Indian populace.TMJ is the most
extensively used load-bearing joint used in the human body
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and to establish the type and amount of stresses acting
generally on this joint is extremely crucial as it will help in
further design and development of a prosthesis for patients
suffering from end-stage TM disorders.

Table 3. Comparative values of max Von Mises stress for
normal jaw

Maximum Von Mises Stress (Pa) in

S Type of Normal Human Jaw
No. loading Current  Base Paper Other
Study [20] Studies
Balanced
1. Occlusion 4.4e+5 0.884e+5 0.35e+6
Unbalanced
Occlusion 1.30e+6 2.30e+5
3. Bruxism 1.24e+6 2.7%+5
4. Clenching 2.24e+6 1.10e+6 1.68e+8

Von Mises stresses are reported for healthy TMJ and TMJ
with ankylosis for four different loading conditions, i.e.
normal loading, unbalanced occlusion, bruxism and clenching.
As expected, clenching created high stresses around the disc
surfaces and higher stresses are observed in TMJ with
ankylosis in all the four loading conditions. Von Mises stresses
corresponds to tissue strains rather than contact pressures,
hence in the case of unhealthy TMJ, stresses are mostly higher
as a disc with tissues have been displaced from its original
position and bones are fused at condyle and fossa contact. The
present study gives an all-inclusive investigation of all the
loading conditions that have a compounding effect on the
functioning of TMJ.

In this paper, the results of basic simulation tasks are
compared to literature values from the past data.

1. The Von Mises stresses values observed for varying
load conditions for a normal jaw in the present study
as well as from literature are given in Table 3:

2. Von Mises stresses values for varying load conditions
for a jaw with ankylosis are given in Table 4:

Table 4. Comparative values of max Von Mises stress for a
jaw with ankylosis

Maximum Von Mises Stress (Pa)

NSZ) Type of loading in Jaw with Ankylosis
' Current Study Other Studies
1. Balanced 7.3e+07 80+06
Occlusion
2. Unbalanced 1.3e+08
Occlusion
Bruxism or Teeth 1346408
Grinding
4. Clenching 1.29e+08 6.8e+08

4. CONCLUSION

1. The observations made for maximum Von Mises
stress in the current study for normal jaw and jaw
with ankylosis are compared and validated with
available literature in Tables 3 and 4 respectively.

2. The approach under the current study allows patient-
specific anatomical 3d reconstruction of complex
body structures and their functional constituents. The
model allows for a dynamic investigation of the TMJ
(healthy and disc displaced) and compares the type



and number of stresses.

3. The FE models can successively assist in studying

the biomechanical behavior of intricate structures
which can further assist in improving the design,
efficiency and durability of artificial prostheses.

4. Patient-specific 3D modeling can also help in

designing customized artificial prosthetic devices for
patients suffering from end-stage TMJ disorders with
better fit, fixation, efficiency and long life. However,
more dynamic as well as static analyses must be
carried out along with experimental validation for a
comprehensive investigation.
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