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Abstract
The purpose of this study is to develop a three-dimensional (3D) finite element 
model of the temporomandibular joint (TMJ) and to further investigate the 
stress distributions after occlusal splint therapy. Six patients with anterior disc 
displacement without reduction were reconstructed before and after six months 
of occlusal splint treatments from computed topography (CT) and magnetic 
resonance imaging (MRI). One must focus on the magnitude and location of the 
maximum stresses under physiological loading. In the 3D model studies, each 
mandibular condyle, disc, and articular eminence was divided into five regions: 
anterior, posterior, central, medial, and lateral. The results of this study show 
that the abnormal von Mises stresses occurred in the condyle during jaw closing, 
and overloading of the anterior condyle and posterior disc during jaw opening 
occurred before treatment. Stresses of all regions became well distributed after 
treatment, and an approximately 30% stress reduction in the condyle and a 35% 
stress reduction in the disc were found during jaw opening (p < 0.05), a remarkable 
difference. This result shows the potential clinical benefits in terms of proven 
superior biomechanical behavior according to occlusal splint treatment.

Keywords: Biomechanical behavior; Finite element analysis; Splint therapy; 
Temporomandibular joint; Von Mises stress

Introduction
Temporomandibular joint disorders (TMDs) are common in 
adults, and one-third of adults report having one or more 
symptoms, which include joint pain, headache, and clicking 
or grating within the joint [1-3]. It is referred to as a cluster of 
conditions characterized by pain in the temporomandibular joint 
(TMJ) during motion. Despite the wide use of oral splints in the 
treatment of TMDs and bruxism, their mechanisms of action 
remain unclear and controversial [4]. Splint treatment is worth 
investigating, although occlusal adjustment is not an accepted 
treatment in all parts of the world. The material of the splint 
is widely investigated, focusing on wear resistance [5-7]. This 
technique has been discouraged as a treatment, in contrast to the 
author’s statement [8,9]. Nevertheless, some patients suffering 
from a TMJ syndrome will improve or become cured when 
occlusal splint treatments are used [10-12]. There are several 
kinds of therapies commonly used for the treatment of TMJ 
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disorders. Noninvasive therapies should be considered before 
pursuing invasive, permanent, or semi-permanent treatments 
that have the potential to cause irreparable harm. 

Finite element analysis is a useful tool that can be applied to 
quantify the stress distribution in the TMJ and surrounding tissues, 
and it has been previously used in the study of biomechanical 
behavior of orthopedic devices, including hip, knee, and spinal 
implants, under various loading conditions [13-15]. Until today, 
no literature has reported on the use of a three-dimensional 
(3D) model for comparison of the TMJ to understanding the 
stress fields of TMDs before and after occlusal splint treatment, 
although numerous finite element simulations of the TMJ have 
been performed [16,17]. 

To examine the biomechanical behavior of TMDs, one must 
focus on the magnitude and location of the maximum stresses 
under physiological loading. Therefore, the aim of this study was 
to develop 3D finite element models reconstructed from in vivo 
image data, to quantify the stress distribution in the mandibular 
condyle, disc, and articular eminence, and to further investigate 
the von Mises stresses of the models during jaw closing and 
maximum opening before and after occlusal splint treatment.

Materials and Methods
Patient selection and therapeutic intervention
Six patients (mean age ± SD: 37.45 ± 5.81 years; range: 34 to 
41 years) suffering from anterior disc displacement without 
reduction in the TMJ were enrolled in this study. The objectives 
were to investigate the stress distributions of TMJ models 
before and after splint treatment, and then to further compare 
the six symptom free TMJ models (control group). The patients 
received an occlusal splint treatment, which covered the entire 
upper dental arch. They were advised to wear the splint day and 
night, excluding mealtimes for six months. Regular check-ups 
were performed and adjustments made once every two months 
to ensure that the close contacts of the occlusal splint were 
balanced. No additional drugs or manual therapies in this study 
were adopted or performed.

Ingestion and transformation of TMJ numerical 
images
For the reconstructed model, magnetic resonance imaging (MRI, 
slices at 1 mm intervals; HDx 3.0T, Signa, USA) and computed 
tomography (CT, slices at 1 mm intervals; High Speed CT1, 
General Electrics, USA) examinations were conducted with closed 
and maximum open mouth positions in the parasagittal section, 
as shown in Figure 1.

The images were segmented for data extraction to describe the 
surfaces of the condyle, disc, and articular eminence. An edge 
detection algorithm was used with AVIZO 6.2 (Internet Securities, 
Inc., USA) to distinguish cortical bone from cancellous bone and 
to detect the various boundary components of the mandible.

The 3D image reconstruction and solid modeling were conducted 
using ANSYS Workbench 12.1 (ANSYS, Inc., USA) finite element 
software. Upon reconstruction of the condyle hard tissue and 

articular eminence from CT data, the soft tissue of the disc was 
detected using MRI data. A condyle cartilage layer with a uniform 
thickness of 0.2 mm was added to the bony surface of the 
mandibular condyle [18], and the friction coefficient inside the 
TMJ was assumed to be 0.01 [19]. The structures of the condyle, 
disc, and articular eminence were regarded as a continuous 
integer. In order to obtain accurate results from the finite 
element method, converging and reinforcing the mesh are one of 
the major important processes that allow the model to approach 
the actual conditions. Through five convergence processes, we 
could assume a reliable mesh, and the final 3D model consisted 
of approximately 280,000 nodes and 160,000 solid elements. The 
elements adopt tetrahedral features with 10 nodes, i.e., each side 
had a mid-side node, and three degrees of freedom, as shown in 
Figure 2.

The properties of the cortical bone, cancellous bone, and articular 
disc of the TMJ were defined in previous literature [20,21]. The 
condyle surface is defined by the properties of the cortical bone, 
whereas internal nodes were assigned to the cancellous bone. 
However, due to the elastic modulus of the condyle cartilage 
layer, which is similar to that of hyaline cartilage of several 
other synovial joints, the condyle cartilage layer was defined as 
a nonlinear material to better mimic in vivo properties of the 
mandibular condyle [22].

Mathematical model
The mastication muscles on the TMJ are complex and transmit 

Figure 1 Clinical image of CT and MRI of temporomandibular 
joint. 

Figure 2 Finite element 3D model of mandible.
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functional chewing forces during jaw movement [23]. The three 
muscles used during mastication, masseter, medial pterygoid, 
and temporalis, are activated to close the mouth, while the lateral 
pterygoid is used for mouth opening. It is necessary to know the 
cross-sectional area (CSA) to determine the maximum muscle 
force via the following mathematical function [24]. This method 
integrates the CSA of the muscles for accuracy and reliability. The 
maximum muscle forces of each are as follows: masseter, left 
side: 176.86 N, right side: 161.32 N; temporalis: 104.71 N, 125.80 
N; medial pterygoid: 87.69 N, 79.18 N; and lateral pterygoid: 
107.67 N, 95.46 N.

                                                                     (1)

Eq. (1) estimated the maximum muscle forces possible based on 
the CSA, where K = 37 N cm-2.

Statistical analysis
The nonparametric Kruskal-Wallis test was used to calculate 
statistical significance among the groups, and all data were stored 
and processed with Excel. The mean and standard deviations of 
each group were compared using analysis of variance. For all 
statistical analyses, values of p < 0.05 were considered statistically 
significant.

Results
For successful occlusal splint treatment, it is highly recommended 
to reduce the von Mises stresses of the mandibular condyle, disc, 
and articular eminence. Figure 3 displays the stress distribution 
of one model during jaw closing, showing the interface between 
condyle, disc, and eminence after treatment. For the entire TMJ 
model, the highest von Mises stress varied from 0.74 MPa to 3.34 
MPa (Figure 4). An approximately 30% stress reduction in the 
condyle and 35% stress reduction in the disc were found during 
jaw opening (p < 0.05), a remarkable difference. Furthermore, 
stress in other regions of the TMJ became well distributed after 
treatment. The maximum stresses were usually in the anterior-
posterior directions in all regions.

Magnitude and location of the highest stress
In the mandibular condyle region, the highest stress varied from 
1.35 to 3.34 MPa, and the highest stress was observed in the 
central mandibular condyle. It was observed that the highest 
Von Mises stress changes after treatment, and the decrease in 
stress after treatment in the central region shows no statistically 
significant differences (p > 0.05). The maximum stresses varied 
from 0.98 to 1.93 MPa in the articular disc region, whereby the 
highest stress observed was an abnormal stress focusing on 
the posterior region during jaw opening before treatment, and 
its stress distribution after treatment became well distributed. 
For the articular eminence, the highest von Mises stress varied 
from 0.93 to 1.82 MPa, and there were no significant differences 
among the groups before and after treatment (p > 0.05). 

Stress distributions analysis
There were similar tendencies in the stress simulation among 
the six patients; therefore, one model was selected on which to 
perform the following stress distribution analysis in the anterio-
posterior and medio-lateral directions (Figure 5). It was found 
that the stress is reduced and the stress curve approaches that 
of the control group after treatment. The stress distribution of 
the condyle increased in the central region, and the stress value 
increased slightly in the posterior articular eminence during jaw 
closing, as shown in Figure 5(a). During jaw opening, significantly 
abnormal stresses are observed in the anterior condyle and 
posterior disc of TMD patients due to anterior disc displacement 
without reduction (Figure 5(c)). However, in the medio-posterior 
direction, differences among groups were not able to be 
determined (Figure 5(b), (d)). In addition, for the condyle stress 
and disc release during the course of treatment, the stress curves 
after treatment displayed similar tendencies to that of the control 
group.

As part of the contact region, the load transferred from the 
mandibular condyle to the disc and articular eminence during 
function is established. It was observed that the maximum 
stress was generated at the contact points. The applied stress is 
considered the most important factor for long-term success of 
TMD treatment. Furthermore, the bone response will depend on 
the applied stress because of the overload stress in most cases. 
This is highlighted during overloading, showing the condyle 
stresses in jaw closing, the condyle and disc during opening 
before treatment, the well-distributed stresses, and the release 
after occlusal splint therapy.

Discussion
Although occlusal adjustment is not an accepted in all parts of the 
world, there are many successful cases documented in previous 
studies. TMJ pain and dysfunction were treated with stabilization 
splints in a one-year follow-up in 2005. Joint noise was observed 
to be reduced, and it is concluded that occlusal splint therapy 
is beneficial for the management of intra-articular pain and 
dysfunction. Furthermore, there are no risks of irreversible 
occlusal changes [11]. Forty patients with three different kinds of 
disorders were treated with splint therapy for eight weeks. Eighty 
percent of the patients were free of joint noise and pain at the 

Figure 3 Von Mises stress distribution of the mandible 
during jaw closing after treatment.
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patients with internal joint derangements with reduction [8], and 
Hateta demonstrated that therapeutic exercise contributed to 
earlier recovery of jaw function compared with splints [9].

Data analysis indicates that the condyle and eminence are more 
precisely modeled with CT than MRI images. Nevertheless, MRI 
could generate the disc component that could not be tracked 
by CT. Therefore, using CT to reconstruct hard tissue and MRI to 
reconstruct soft tissue produces the most precise model of the 
TMJ. 

The von Mises stresses in the mandibular condyle were 
considerably reduced by approximately 10% and 5% in the central 
and medial regions, respectively, and by approximately 15% in 
the anterior regions. The anterior, central, and medial regions 
of the mandibular condyle are considered important functional 
regions that sustain masticatory loading [26]. Treatment could 
release abnormal focusing stresses on these important regions. 
In the posterior and lateral regions, there is a stress-shielding 
problem before treatment. Decreasing the load would lead 
to severe resorption, while a mechanical stimulus or stress 
in the skeleton is one of the major factors in the maintenance 
of a normal balance between the dynamic processes of bone 
formation and resorption [27]. The abnormal effects of stress 
shielding are known to persist. This could promote the stress-
shielding problem in the posterior and lateral regions as a result 
of treatment.

Several researchers have attempted to assess or measure the 
mechanical loads directly in the TMJ during jaw movement by 
a strain gauge technique, which indicates that substantial forces 
are induced and, hence, the TMJ is acting as a load-bearing 
member [28]. However, these experimental approaches have 
shortcomings, such as surgical invasion of the TMJ structures. On 
the other hand, the analytical techniques of the finite element 
method have been used to investigate stresses and forces in the 
TMJ by mathematical models for a long time [29]. Researchers 
in the biomechanics field have successfully used these analytical 
techniques, which posses the following advantages [30]. These 
techniques measure the internal stresses in the model and can 
easily simulate conditions with different magnitude forces or 
bone densities. Another important factor, which governs the 
results of the analyses, is the mechanical and physical properties 
of the model compared with the actual object. In this study, there 
were four main materials, cortical bone, cancellous bone, condyle 
cartilage layer, and articular disc. The condyle cartilage layer is 
composed of mainly large proteoglycans, such as aggrecan and 
versican [31,32]. In general, large proteoglycans are more suited 
for resisting compressive forces than the articular disc, which is 
composed mainly of collagen fibers [33]. Accurate representation 
of the condyle cartilage layer in the TMJ finite element model 
is of great importance. The nonlinear material of the condyle 
cartilage layer is likely to more accurately mimic the in vivo 
properties of the mandibular condyle. The elastic modulus of 
the condyle cartilage layer is similar to that of hyaline cartilage 
in other joints. The addition of the condyle cartilage layer to the 
model was found to be the primary cause of the reduction in the 
loading of the mandibular condyle, as opposed to the disc or 
articular eminence. These findings led to the hypothesis that the 

end of the treatment period, and each patient’s TMJ returned 
to ordinary function. The patients were reevaluated 2.5 years 
later, and 75% of the patients had no joint pain. Sixty-six percent 
of the patients did not seek additional treatment for jaw pain 
and dysfunction [25]. Two different types of splint stabilization 
methods, splint therapy and pivot splint therapy, which are used 
in patients with painful anterior disc displacement of the TMJ, 
were compared (n = 20). There was a significant increase in the 
maximum jaw opening and a significant reduction of pain in both 
therapy groups. However, the differences between the groups 
were not statistically significant (p > 0.05). It was determined that 
both types of splints provided effective therapy in patients with 
anterior disc displacement [12].

In contrast to the author’s statement, this technique has been 
discouraged as a therapy. Occlusal splint therapy was compared to 
other therapies in the treatment of 20 patients with internal TMJ 
derangement with reduction. Flat plane occlusal splint treatment 
produced no significant changed in the dysfunction level of 

4(A)

4(B)

Figure 4 The maximum von Mises stresses in the condyle, disc 
and, articular eminence during jaw (a) closing, and 
(b) opening. A remarkable difference approximately 
30% stress reduction in the condyle and 35% stress 
reduction in the disc during jaw opening (P < 0.05). 
Furthermore, other regions of the TMJ stress became 
more well-distribution by treatment.
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5(A)
5(B)

5(C) 5(D)

Figure 5 The maximum von Mises stresses in the condyle, disc and, articular eminence in (a) anterio-posterior and (b) medio-lateral 
direction during jaw closing, and (c) anterio-posterior and (d) medio-lateral direction during jaw opening. Abbreviations: 
CB: condyle before treatment, CA: condyle after treatment, CC: condyle in control group, DB: disc before treatment, 
DA: disc after treatment, DC: disc in control group, EB: eminence before treatment, EA: eminence after treatment, EC: 
eminence in control group.

mandibular condyle is more likely to function as a shock absorber 
than the disc [34].

Our present study provides us with useful information related 
to stress distribution and the probability of locating areas that 
may be most likely to experience TMDs. The limitations of our 
study are as follows: (1) it adopted uniform muscle forces; (2) the 
viscoelasticity of bone was not taken into account; and (3) this 
study was based on a theoretical analysis. 

Conclusion
The present results proposed that TMDs could be cured using 
occlusal splint treatments, which promote the stress problem. 
There are many controversial issues surrounding occlusal splint 
treatment for the management of TMDs; nevertheless, splint 
therapy was able to release the overloading stress in this study. 

An approximately 30% stress reduction in the condyle and 35% 
stress reduction in the disc were found during jaw opening (p 
< 0.05), a remarkable difference. Furthermore, other regions of 
stress in the TMJ became well distributed after treatment. The 
maximum stresses were usually in the anterior-posterior direction 
in all regions. The present data demonstrated the potential 
benefits of using occlusal splint treatments for providing superior 
biomechanical behavior to the TMJ. 
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