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Abstract: In biomedical engineering field, Temporomandibular joint (TMJ) is considered as a bi-component joint composed by fossa and condyle. It is 
considered the most active human joint and it performs daily activities such as speaking and chewing. Due to cyclic loading, TMJ disorders impair TMJ 
function so that it is necessary to replace the natural joint with an alloplastic prosthesis TMJ orthopedic prosthesis are made of metal alloys and ultra 
high molecular weight polymers. According to the literature, TMJ replacement surgery is commonly performed worldwide achieving good outcomes. 
However clinical outcomes point out that TMJ prosthesis present reduced joint kinematics with a limited translational mobility compared to natural 
joint. In case of unilateral TMJ replacement, this result generates a unilateral hipomobility and a contralateral overload. According to previous studies, 
this is caused by lateral pterygoid muscle detachment during condylectomy of replacement surgery. To investigate this phenomenon, this study use 
computational simulation with Ansys software. Finite element analysis is performed with the aim of evaluating effect of unilateral and bilateral pterygoid 
muscle detachment on mechanical behaviour of a natural human mandible subjected to molar and incisal bite.

Keywords: Temporomandibular Joint. Finite Element Analysis. Ansys. Lateral Pterygoid muscle.

unilateral replacement, this effect induces a unilateral hypomobility and a 
contralateral hypermobility, so as to overload the natural contralateral TMJ. 
According to literature, this lack is likely related to the detachment of lateral 
pterygoid muscle due to condylectomy during replacement surgery (4,6,7). 

TMJ natural mobility is generated by condylar movement of condyle 
against glenoid fossa (8–10). TMJ kinematics is considered complex be-
cause the condyle performs translation and rotation movements on the 3 
conventional planes. Moreover, direction and amplitude of TMJ mobility 
are determined by the shape of articular surface, i.e. fossa and eminence, 
and by the force exerted by masticatory muscles. Therefore, the combined 
action of masticatory muscles generates the mandibular movements of 
opening and closing, of protrusion and retrusion and of lateral excur-
sion, which gives rise to the cycles of chewing and speaking. A technique 
commonly used to evaluate mechanical behavior of TMJ replacement is 
computational simulation using Computer Aided Modeling (CAM) software 
(11). This computational simulation is a Finite Element Analysis (FEA) of 
mandible computational model subjected to masticatory muscles forces. 
FEA results inform on TMJ mechanical response, quantifying and charac-
terizing stress and strain generated on mandible computational model. In 
this study FEA is performed in case of a unilateral bite, at incisors, and 
bilateral, at molars, with the action of lateral pterygoid muscle and without 
it, with the aim of evaluating the effect of this muscle on stress and strain 
distribution on mandibular bone.

Materials and methods
Mandible computational model is created from CT data. At first, 

CT-data in DICOM format is segmented with Invesalius software (CTI 
Renato Archer, Brazil), which generates a STL file. Segmentation technique 
uses threshold to separate bone structures from other biological tissues 
and produces a surfaces model of mandibular bone. Surfaces model is 
then transformed into a volumetric model with CAM software, such as 
Solidworks (Dassault Systèmes, France) and Magics (Materialise, Belgium). 

Introduction
Temporomandibular Joint (TMJ) is a bilateral joint that connects man-

dibular bone to temporal bone. TMJ is a diarthrodial joint composed by 
condyle, at mandible extremities, and glenoid fossa, at temporal bone. 
The main TMJ function is to perform chewing and speaking activities so 
that TMJ diseases impair normal daily activities and have a psychosocial 
impact on life of individual (1)pain duration, psychological impairment and 
demographic characteristics. Methods A total of 75 patients with TMD and 
75 healthy controls were recruited. The short version of Oral Health Impact 
Profile (OHIP-14. The study published in 2017 by Lotesto (2) revealed that 
TMJ replacement surgery is commonly performed internationally with an 
high success rate. TMJ replacement surgery is the end-stage solution 
to treat TMJ disorders after previous conservative surgical treatments 
(3). The two most implanted TMJ replacement devices are TMJ Concepts 
custom-made system and TMJ Biomet stock system. TMJ Concept is 
patient-fitted device, manufactured from Computed Tomographic (CT) 
data of patient, while TMJ Biomet presents different sizes to be adapted 
to patient anatomy. Both devices are bi-component systems replacing 
condyle and fossa components. Condyle component is made of metallic 
alloy (Ti-alloy or CoCr-alloy) and fossa component is composed of me-
tallic mesh and UHMWPE, in case of TMJ Concepts system, or entirely 
made of UHMWPE for TMJ Biomet system. The history of use of these 
TMJ replacement devices is around 20 years so that several clinical studies 
have been carried out. Recently, Zou et al. (4) realized a review study about 
postoperative outcome of TMJ replacement. According to collected data, 
stock and custom-made TMJ replacement systems showed similar pos-
toperative results. Clinical outcomes detected a relevant decrease of pain 
factor and a remarkable mouth opening index increase of about 10 mm, 
which improves the patients’ quality of life. However, analysis of TMJ pros-
thesis kinematics has shown poor results of mandibular lateral excursion 
and protrusion (5,6). So that, compared with natural TMJ, TMJ prosthesis 
perform purely rotational pattern, losing translational motion. In case of 
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CAM software corrects superficial imperfection and creates a refined solid model of mandible, generating a STP file. Finally this file is transferred to 
Ansys Workbench software (Ansys INC, USA) where FEA is performed.

Finite Element Model (FEM)
Finite Element Model (FEM) of mandible is created in Ansys Workbench by discretizing solid model into linear tetrahedral elements (14628 nodes 

and 63112 elements) and modeling with cortical bone property. Cortical bone is considered an isotropic and linear elastic material with an elastic 
modulus of 13 GPa and a Poisson ratio of 0.3 and characterized by density of 1950 kg/m3 (12,13). Bites simulated are bilateral Incisor bite (INC) and 
unilateral Molar bites on Right (RMOL) and Left side (LMOL). In unilateral molar bite working side and balancing side are distinguished. Thus, in RMOL 
case the working side is on right and the balancing is on left, and vice versa in LMOL case. 

Figure 1a shows FEM with external forces and boundary conditions applied. Model geometry is modified on condyle and dental parts to apply 
boundary conditions. Thus, model is fixed on bite point in three directions, as fixed support, and condyle heads are vertically constrained, so that 
they can translate on x and y directions (14). To simulate bite loading forces of masticatory muscles are applied to FEM (Table 1).

Data of muscles insertion areas derived from Hylander book (8) and amplitude and direction of forces from Korioth model (15). To evaluate the effect 
of lateral pterygoid muscle on TMJ mechanical behaviour, FEA of three bite loading is performed with lateral pterygoid and without it, as follows: 
Case A): lateral pterygoid on both side; Case B): no lateral pterygoid; Case C): lateral pterygoid on left side; Case D): lateral pterygoid on right side.

                    
Figure 1 - a) FEM created in Ansys Workbench with applied muscular forces and boundary conditions. b) Control line to calculate minimum principal 
strain from right to left condyle.

Muscles
Unilateral Molar Bite

Bilateral Incisor BiteWorking side Balancing side

Fx Fy Fz Fx Fy Fz Fx Fy Fz

Superficial masseter -28.4 -57.4 121.3 23.6 -47.9 101.1 -15.8 -31.9 67.4

Deep masseter -32.1 21.0 44.5 26.7 17.5 37.1 -11.6 7.6 16.1

Medial pterygoid 71.4 -54.6 116.1 -51.0 -39.0 83.0 66.3 -50.7 107.8

Anterior temporal -17.2 -5.1 114.0 13.7 -4.0 90.5 -1.9 -0.6 12.5

Middle temporal -13.9 31.5 52.8 14.2 32.0 53.6 -1.3 2.9 4.8

Posterior temporal -9.3 38.1 21.1 6.1 25.2 14.0 -0.6 2.6 1.4

Lateral pterygoid 12.6 -15.2 -3.5 -27.4 -32.9 -7.6 29.9 -36.0 -8.3

Table 1 - Masticatory muscle forces. Force values reported in Unilateral Molar Bite refer to RMOL bite. In LMOL case, working side force values are 
applied to left side and vice versa on balancing side, and force vector x changes direction. In Bilateral Incisor Bite the applied muscular forces are the 
same for both sides, only force vector x is reversed.

Results
This study aims to evaluate the influence of lateral pterygoid muscle on TMJ biomechanical behaviour and to predict the effect of lateral pterygoid 

muscle detachment in the event of TMJ replacement. Thus, distribution of equivalent (Von-Mises) stress on both condyles and pattern of minimum 
principal elastic strain along a control line on mandibular bone (Fig. 1b) are collected with FEA.

Equivalent Von-Mises Stress
As shown in Table 2, the results of stress distribution in case of bilateral INC bite show that maximum occurs near to fixed support on incisors.

a.                                                                               b.                                                                          
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Equivalent (Von-Mises) Stress (MPa)
INC RMOL LMOL

Total Right Left Total Right Left Total Right Left

Case A 16.2 12.8 13.0 34.5 13.7 34.5 33.3 32.3 13.1

Case B 15.5 15.0 13.9 35.3 14.9 35.3 35.3 34.3 13.3

Case C 20.0 14.6 13.3 34.5 15.0 34.5 35.2 34.3 12.9

Case D 20.2 13.1 13.6 35.3 13.6 35.3 33.3 32.3 13.5

Table 2 - Equivalent Von Mises Stress.

 In Case A, when all muscle are acting, stress distribution is almost symmetric with a slight overload 1.7% on left side. On contrary, Case B shows 
a greater overload on right side of 7.3%. When only one lateral pterygoid is working (Case C and D) stress overload is registered on non-operating 
side, ie on balancing side. This result is reinforced in cases of unilateral bite. As shown in case RMOL and LMOL, the overloaded side is the balancing 
side. In natural condition (Case A-RMOL, LMOL), stress on balancing side is about 2.5 times working side. The stress overload in Case D-RMOL and 
in Case C-LMOL is the largest recorded with a difference between working and balancing side of about 2.6 times on balancing side and the minor 
difference of 2.3 times is collected in cases C-RMOL and D-LMOL. Maximum equivalent Von Mises stress are located on condylar neck and reach 
values of 35.3 MPa on balancing side for RMOL case and of 34.3 MPa on balancing side for LMOL case. 

Minimum principal elastic strain
Minimum principal elastic strain informs about distribution of compressive strain along the mandibular bone. Strain distribution in INC case (Fig. 

2) shows that on right side Case A and D follow the same pattern as well as Case B and C, and on left side this relation is reversed. In RMOL bite (Fig. 
3), strain distribution on working side are nearly the same in all cases, but on balancing side Case A-C and Case B-D follow the same distribution. 
This trend is not so clear in LMOL simulation result (Fig. 4), because differences between cases are smaller. Minimum strain peaks on balancing side 
are detected on condyle neck and mandibular angle. On mandibular angle strain peak is -1.18e-3 mm/mm in case A,C-RMOL and -1.24e-3 mm/
mm in Case B,D-RMOL, and -1.04e-3 mm/mm in Case A,D-LMOL and -1.09e-3 mm/mm in Case B,C-LMOL. During INC bite, maximum strain 
reaches almost half of unilateral molar bite cases.

Figure 2 - Minimum principal elastic strain recorded on control line (from right to left condyle) of INC bite simulation.

Figure 3 - Minimum principal elastic strain recorded on control line (from right to left condyle) of RMOL bite simulation.
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Figure 4 - Minimum principal elastic strain recorded on control line (from right to left condyle) of LMOL bite simulation.

Discussion
This FEA analysis performs bilateral (INC) and unilateral loading (RMOL, LMOL) bite and tests the influence of lateral pterygoid muscle on stress 

and compressive strain distribution. Case A simulates natural condition of bite with all masticatory muscles in action, Case B considers a total lack 
of lateral pterygoid muscle and Case D and C tests the influence of the left and right muscle, respectively, during the three loading bites. Stress and 
strain results in case of unilateral bite show that TMJ maximum functional loading occurs during molar biting (16). During unilateral bite, maximum 
stress on mandibular bone increases on balancing side, or contralateral side of bite. This result coincides with several studies found in the literature 
(8,10,17). The influence of lateral pterygoid muscle on working side is observed in Case D-RMOL and in Case C-LMOL, when only lateral pterygoid on 
working side is acting. The similarity between natural case and D-RMOL and C-LMOL informs that muscle on working side could be considered the 
responsible of contralateral overloading. Hylander study of TMJ mechanics (17)and in particular the human mandible, is generally thought to function 
as a lever during biting. This notion, however, has not gone unchallenged. Various workers have suggested that the mandible does not function as a 
lever, and they base this proposition on essentially two assertions: (1 found that during molar bite muscles on working side seem to be more active 
and so to keep TMJ system in static equilibrium reaction forces on balancing side are larger than working side. Moreover, in literature (8) balancing 
side is called also resting side, so that the similarity between stress and strain distribution of Case B and C in RMOL bite, and Case B and D in LMOL 
bite are explained. Kumazaki´s clinical study of patients with unilateral disc displacement (18) observed that patients with this TMJ disorder on one side, 
prefer to use the unhealthy side as the working side, because it generates less pain. 

Comparing results of this study with previous ones (19,20) which simulates bilateral and unilateral bite on unilateral TMJ replacement system neglecting 
lateral pterygoid muscle, was noticed that contralateral overloading also occurred. Moreover, the case of TMJ prosthesis implanted on balancing side 
is observed to be the worst in terms of maximum stress calculated on prosthesis, it reaches almost 2.8 times the value of bilateral bite. The same trend 
was observed by Van Loon et al. (21) in a three-dimensional mathematical study.

Conclusion
In conclusion, FEA analysis performed in this study obtained result of TMJ biomechanical behaviour in agreement with data found in literature. 

The unilateral bite is the more critical loading because it creates a load difference between the two sides increasing loading on balancing side. This 
overloading increases if only lateral pterygoid muscle on working side is active. Thus, it could be predicted that TMJ replacement implanted on bal-
ancing side suffers a greater loading. However, with data collected in this study it is not possible to clearly analyze the influence of lateral pterygoid 
on TMJ replacement implanted on working or balancing side. As future perspectives, it should be performed a FEA simulating bilateral and unilateral 
bite on TMJ with implanted replacement device and the action of lateral pterygoid muscle on working and balancing side.
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