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Abstract: The temporomandibular joint (TMJ) is a critical joint for the opening and closing of the 
mouth. The generation of customised TMJs according to individuals’ dental anatomy is needed. 
Currently, the implants available on the market lack consideration of the patient’s dental anatomy. 
This leads to the creation of an imbalance in the reaction forces on both ends of the TMJ. This re-
quires a slight structural change in the design parameters to give a solution. The purpose of this 
study is to propose a new design that includes the geometry and materials for a TMJ implant. Stress 
analysis was carried out on the TMJ to balance the reaction forces at both TMJ ends. A static analysis 
was performed using ANSYS Workbench, to compare the results of two customised designs of TMJ 
implants, in order to better balance the reaction forces at both ends. The model in the study showed 
that the reaction forces for both the patient-specific TMJ implants were nearly balanced. The reaction 
forces were better balanced, and almost equivalent to the intact conditions. The stresses in the man-
dible were more uniformly distributed in the customised design of the TMJ implant. The two types 
of design showed that the custom design took up less space in the patient’s region of surgery, mak-
ing it a better option compared to a stock TMJ implant. The custom implant would allow faster 
patient rehabilitation, as the reaction forces would be close to those in intact conditions. 
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1. Introduction 
Medical disorders associated with the TMJ, such as ankyloses and osteoarthritis, are 

commonly discussed in the literature [1]. However, there are several other diseases that 
affect the regular functioning of the TMJ. Presently, the remedying or treatment of such 
problems involves physiotherapy, conservative management accompanied by drugs 
(medication), therapy, splints, arthrocentesis, arthroscopy, or discectomy [2]. In the worst 
cases, such as bony ankylosis, recurrent fibrous ankylosis, severe degenerative joint dis-
ease, aseptic necrosis of the condyle, advanced rheumatoid arthritis, two or more previous 
TMJ surgeries, the absence of the TMJ structure due to pathology, tumours involving the 
condyle and mandibular ramus area, or the loss of the condyle due to trauma or pathol-
ogy, when all the remedies mentioned above are not successful, the replacement of the 
TMJ by surgery is the only option available to patients [3]. The surgery route for the solu-
tion of patient problems related to TMJ is not very straightforward; the success rate of the 
surgery highly depends on the design of the prosthesis and, at the same time, the process 
is expensive, too. In order to minimise the possibility of the failure of the prosthesis after 
surgery, optimisation, in combination with rigorous non-destructive analysis, is essential. 
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In the past few years, technology in the biomedical domain has grown very rapidly, 
and the field of the design and development of universal and customised patient-specific 
implants is gaining a high level of attention from doctors and researchers. However, in 
the standard model of TMJ prosthesis available on the market, the fossa part is not well 
fitted [4]. One of the major problems in this area is that everyone has to wait a long time 
for the output results and, in the meantime, failure can occur, leading to different prob-
lems, such as chronic infection, allergy, etc. [5]. On the other hand, custom-made implants 
are 50% more expensive [6], and require pre-implantation validation. One of the well-
known standard TMJ implants is produced by Christensen; it is a metal–metal system in 
which the condyle and fossa part are connected via a screw arrangement. This Christensen 
model is now out of production [7]. 

A comparative study of the TMJ system is rarely available and, therefore, the choice 
of prosthesis is fully dependent on the experience of the surgeon [8]. A considerable 
amount of literature is available on the design customisation and non-destructive testing 
of TMJs using finite element analysis (FEA). One such study was published to compare 
the custom-made geometry of the fossa component with the standard commercial model 
[9]. In the study, the load transfer mechanism in the total TMJ model was investigated. In 
another study, the effect of the screw fixation on a TMJ condylar prosthesis was analysed. 
In this investigation, the effect of the number of screws on the stress distribution and sta-
bility of a TMJ prosthesis was analysed [10]. The conclusion was that only three staggered 
screws are required to provide the optimum stability for the implant, and the position of 
these screws significantly affects the strain distribution in the implant [11]. A comparative 
analysis of different standard TMJ prostheses, made by Christensen Inc. (Richland, Wash-
ington, United States) and Techmedica Inc./ TMJ Concepts (California, United States), was 
carried out, and it was reported that the Techmedica Inc. group had better outcomes com-
pared to the others. Similarly, a detailed review has been presented on the current status 
of the FEM analysis of TMJ implants [10,11]. 

Implants are designed to improve patients’ function, and reduce joint disability. Ac-
cording to a survey carried out in 2017, 1000 cases of TMJ reconstruction were observed 
every year in the USA alone [12]. TMJ Concept and Biomet are two market leaders for TMJ 
implant manufacturers [13]. While established companies, such as TMJ Concepts and 
Zimmer Biomet, have a standard design procedure, these implants are designed based on 
the geometry of a regular American person. At the same time, it is known that the anat-
omy of Indians is different from that of American people, meaning that it is necessary to 
include different design considerations for the Indian patient [14]. Currently, there is an 
urgent need to design and develop implants to meet the needs of Indian patients. In doing 
so, a few structural parameters need to be changed, so that the problems associated with 
the earlier design are not carried forwards. To restore the normal working of the TMJ, one 
needs to generate a structure that is a replica of the standard structure, and then a custom-
made TMJ implant can be developed [15]. Custom-made TMJ implants have several draw-
backs, such as the need for a precise operation, and an increased lead time for manufac-
turing [16]. The design of the TMJ implant brings about various adverse effects, such as 
ear problems, tissue excision, facial nerve dysfunction, infection, allergic reaction, implant 
wear, or dislocation. The reliability of the implant is key, as, if any failure occurs during 
regular work, it may lead to problems such as chronic infection or allergy [17], or other 
problems affecting health. Hence, a brief study and standardised work procedure are 
needed, to test the reliability. In designing a new implant, one must take care of these 
adverse effects, and reduce or diminish the adverse effects associated with the TMJ im-
plant. Another substantial side effect observed is stress shielding, in which the density of 
the bone associated with the implant is reduced, leading to greater porosity and weakness 
in the bone. To avoid this problem, one needs to create a porous implant, so that proper 
load transfer occurs. When considering the problems associated with the implant, it is 
necessary to include the variation in the muscle-loading conditions, from normal condi-
tions (that is, a natural intact mandible) to implant-attached conditions, as, in the implant-
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attached condition, the body would require time to get used to the rhythm of muscle syn-
chronisation for the opening and closing of the mouth, and mastication changes. 

To understand complex structures such as TMJ, one cannot rely on one surgical/med-
ical discipline, but also requires knowledge of multiple areas, such as mechanical and bi-
ological material properties, and design. 

In this study, a patient-specific TMJ implant was developed. The developed custom-
made implant was designed to consider only the condyle region. A static analysis was 
performed using ANSYS Workbench, and the findings of the simulation study, performed 
on the custom-designed implants, were analysed. It was observed that the reaction forces 
for the customised TMJ implants were evenly distributed, and nearly equivalent to the 
original circumstances, namely the intact mandible condition. 

2. Modelling 
Computed tomography (CT) scan data of a 29-year-old Asian man were gathered. 

The 3D Slicer imported the DICOM (Digital Image and Communication in Medicine) file 
obtained in [18]. The three images, namely the axial, sagittal, and coronal planes were 
visible on the imported data. The axial plane was scanned at a 5 mm offset, resulting in 53 
slices, and the coronal and sagittal planes were scanned at a 1 mm offset, resulting in 231 
slices on each plane. The 200 HU–1000 HU threshold effect, based on Hounsfield units, 
was used to distinguish the bone from the surrounding muscle, skin, and tissue. The man-
dible, skull, and spine models were then separated via the segmenting of each of the slices, 
in order to create a rough model of the skull and mandible, as depicted in Figure 1. 

 
Figure 1. Model illustration generated via 3D Slicer (L-Left, R-Right). 

The model produced via 3D Slicer was not suitable for analysis, as it was in a raw 
state. Using Meshmixer, smoothening was applied to the surface, to facilitate analysis and 
create a realistic state. The model was smoothed, before being transferred into CATIA in 
the shape sculpted as a STL file. The mandible was turned into a solid model once the 
model had been post-repaired in CATIA for any data lost during conversion [18]. 

Similarly to the previous phase, the segmented skull model from the DICOM file, 
generated via 3D Slicer, was imported and smoothed in Meshmixer. Then, a plane cut was 
made to condense the section of the temporal bone that was of interest. After the plane 
had been cut, we fixed the model and divided it into the temporal zone. After modelling, 
the temporal bone was imported into CATIA. The model was transformed to a solid 
model, with compensation for the decreased thickness in the temporal bone. The assembly 
of the mandible and temporal bone was performed once both sides of the temporal bone 
had been sculpted. The distance between the jaw and temporal bones was taken into ac-
count when assembling all three models, as depicted in Figure 2. 
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Figure 2. Assembly of the TMJ. 

The sectional gap was taken into account when the assembly was put together, and 
the articulating disc was modelled on the CATIA workbench and made to touch both 
sides. The assembly was carried out in a way that ensured the correct fit on the spatial 
plane, once all three significant components had been modelled. This could be used to 
simulate and examine stress simulation, and in the implant design. 

Modelling of the Customised Implant and Its Assembly 
CT scan data were used to model the implant. The same can also be achieved using the 

magnetic resonance imaging (MRI) data of the patient. In the current study, the mandible was 
intact for the available subject. For modelling, the section of the body is cut for which the im-
plant is necessary, and the surface is modelled according to the dimensions of the CT scan 
data, resulting in an implant model that is identical to the body of the mandible. 

Once this model was generated, the support body was created. In the case of the first 
design (inspired by dental implants), as shown in Figure 3a, the root is slightly slanted, 
and has a self-tapping portion at its end. This implant is attached to the mandible via 
drilling and assembling. The root was made with a slight curve, to increase the contact 
region, locking the implant and restricting its movement after the operation. In the case of 
the second design, as shown in Figure 3b, a cantilever protrusion is provided on the im-
plant, such that the surface of the protrusion matches the surface of the mandible body. 
Furthermore, provision is made to screw the external screw with a slight counter-sink, so 
that the head of the screw matches the implant surface. 

 
(a) (b) 

Figure 3. Customised implant for the left side: (a) first design with the drilling type, (b) second 
design with a cantilever and external screws (referred to from left to right). 
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The left side of the mandible was selected for the implant design, because the subject 
had damaged the left side, and the right side was intact. In the case of a shattered or bro-
ken mandible, the surface geometry of the other side will be taken as the guide, and the 
surface-contact region of the temporal bone will be taken as a reference for the contact 
surface of the implant, to design the customised implant. Note that the mandible is not 
perfectly symmetrical, so care should be taken, considering this. One of the essential steps 
consists of modelling and importing the geometry in the ANSYS® workbench from 
CATIA. The assembly was performed on the broken mandible and, thereafter, was im-
ported from CATIA to ANSYS® using the STEP file format. The skull part was suppressed, 
and was not considered for analysis, as it was not the area of interest in the study. Ultra-
high-molecular-weight polyethylene (UHMWPE) was used for the glenoid fossa part of 
the customised TMJ implant. 

3. Materials and Methods 
Four materials were explored for the customised implant. Table 1 [19–21] and Table 

2 [22–24] summarise the material properties. As a result of rigorous literature reviews and 
the verification of properties that are carcinogenic in humans, Ti alloy, Ti-6Al-4V, Co-Cr-
Mo, and ultra-high-molecular-weight polyethylene (UHMWPE) were the materials con-
sidered for the implants. The material properties were considered isotropic and ortho-
tropic in nature for the mandible, and were compared. UHMWPE was used for the gle-
noid fossa part of the customised TMJ implant, and Ti-6Al-4V was considered for the con-
dylar and ramus part. Regarding fasteners, the Ti alloy was used for the screw. This was 
considered the perfect combination of materials for designing the implant [5]. 

Table 1. Mechanical properties of the materials used for the customised implant [19–21]. 

Material Proper-
ties 

Co-28Cr-6Mo Ti-6Al-4V Ti-Alloy UHMWPE Articular Disc 

Density (kg/m3) 8300 4429 4620 940 1134 
Young’s modulus 

(MPa) 
210,000 113,800 96,000 928 44.1 

Poisson’s ratio 0.2999 0.3387 0.36 0.4216 0.4 

Table 2. Mechanical properties used for the human mandible [22–24]. 

Property Bone type Value 
Cortical Bone (Orthotropic property) 

Density (kg/m3) 1134 
Young’s modulus, x-direction (MPa) 10,800 
Young’s modulus, y-direction (MPa) 19,400 
Young’s modulus, z-direction (MPa) 13,300 
Poisson’s ratio, xy-plane 0.249 
Poisson’s ratio, yz-plane 0.224 
Poisson’s ratio, xz-plane 0.309 

Cortical Bone (Isotropic property) 
Young’s modulus (MPa) 19,000 
Poisson’s ratio 0.3 

Boundary Conditions 
The static study was performed considering four conditions: 

i. Isotropic material property for the mandible with an articular disc. 
ii. Isotropic material property for the mandible without an articular disc. 

iii. Orthotropic material property for the mandible with an articular disc. 
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iv. Orthotropic material property for the mandible without an articular disc. 
In carrying out the study, a bite force of 1000 N was considered, corresponding to 

maximum chewing forces [25] and the safety factor. The forces are summarised in Table 
3 [25]. The forces were applied to the incision points on the body (mandible) and the clo-
sure points on the body (skull), as shown in Figure 4. Other boundary conditions are also 
shown in Figure 4, which include fixed support to the tooth (molar region), because this 
would be the region of contact of the mandible with the skull, and would not move once 
the load was applied in the closed-jaw or clenched condition. Elastic support was pro-
vided at the region where the articular disc met the skull, because the region would be 
slightly damped, and would not act as a rigid fixed support. 

Table 3. Muscle forces [25]. 

Muscle Name Nom. Force (N) 
Right masseter M1 200 
Left masseter M2 200 

Right temporalis M3 40 
Left temporalis M4 40 

Right lat. pterygoid M5 135 
Left lat. pterygoid M6 135 

Right med. Pterygoid M7 300 
Left med. pterygoid M8 300 
Right ant. digastric M9 48 
Left ant. digastric M10 48 

In this work, a bonded-type connection was used between the customised TMJ im-
plant, mandible, and screw. In the construction of the coordinate system, the centre of 
gravity of the mandible is considered to be the origin of the coordinate system. The axis 
is defined as follows: 

i. The z-axis is considered as normal to the axial plane. 
ii. The y-axis is considered as normal to the frontal or coronal plane. 

iii. The x-axis is considered as normal to the sagittal plane. 

 
Figure 4. The applied boundary conditions. 
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In this study, adaptive meshing was performed, using quadratic tetrahedral ele-
ments. The intact human mandible was meshed with a varying number of elements, rang-
ing from 5000 to 308,748. For each case, the change in equivalent stress in the whole body 
was observed. Figure 5 shows the variation in the equivalent stress with the number of 
elements in the human mandible. With the use of 110,270 elements, a 129.5 MPa pressure 
was observed. An increase in the number of elements up to 308,748 brings a deviation of 
the order 0.5%. The equivalent stress converges within 0.5%, and further refinement is not 
needed. 

 
Figure 5. Mesh convergence graph. 

4. Results and Discussions 
The simulation study of the customised implant and intact mandible were performed 

with ANSYS® software. For the implanted and intact mandible results of all four studies, 
namely (i) the isotropic mandible with an articular disc, (ii) the isotropic mandible without 
an articular disc, (iii) the orthotropic mandible with an articular disc, and (iv) the ortho-
tropic mandible without an articular disc, are summarised and depicted in Figures 6 and 
7 and in Tables 4–6. 
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Figure 6. Von Mises stress contours for customised implant-1: (a) without an articular disc (isotropic 
mandible); (b) with an articular disc (isotropic mandible); (c) without an articular disc (orthotropic 
mandible); (d) with an articular disc (orthotropic mandible); Von Mises stress contours for custom-
ised implant-2: (e) without an articular disc (isotropic mandible); (f) with an articular disc (isotropic 
mandible); (g) without an articular disc (orthotropic mandible); (h) with an articular disc (ortho-
tropic mandible). 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 7. Equivalent strain contours for customised implant-1: (a) without an articular disc (isotropic 
mandible); (b) with an articular disc (isotropic mandible); (c) without an articular disc (orthotropic 
mandible); (d) with an articular disc (orthotropic mandible); Equivalent strain contours for custom-
ised implant-2: (e) without an articular disc (isotropic mandible); (f) with an articular disc (isotropic 
mandible); (g) without an articular disc (orthotropic mandible); (h) with an articular disc (ortho-
tropic mandible). 

Table 4. Results for all the studies on all the bodies in two customised TMJ implant types (static 
study). 

Implant 
Type 

Mandible 
Material 
Property 

Considering the 
Articular Disc 

Property 

Stress on All 
Bodies 

Strain on All Bodies Deformation in 
μm 

Reaction Force 

   
Max. 

(MPa) 
Avg. 

(MPa) Max.  Avg. Max.  Avg. 
Right 

(N) Left (N) 

Mandible 
intact con-

dition 

Isotropic Without 127.7 8.5 10.2 × 10−3 0.4 × 10−3 150 60 332 326 
Isotropic With 86.5 10.8 982.4 × 10−3 5.7 × 10−3 700 390 686 713 

Orthotropic Without 136.4 8.4 15.4 × 10−3 0.6 × 10−3 230 80 322 321 
Orthotropic With 71.3 10.5 1241 × 10−3 7.6 × 10−3 960 550 640 655 

Custom 
type 1 

Isotropic Without 96.2 9.4 6 × 10−3 0.3 × 10−3 140 60 345 315 
Isotropic With 81.9 11.4 830 × 10−3 6.4 × 10−3 641 420 688 705 

Orthotropic Without 97.4 10.0 8 × 10−3 0.3 × 10−3 210 73 337 308 
Orthotropic With 80.6 11.8 1049 × 10−3 8 × 10−3 902 580 644 644 

Custom 
type 2 

Isotropic Without 119.9 8.1 3 × 10−3 0.2 × 10−3 140 62 341 314 
Isotropic With 156.4 7.9 320 × 10−3 2 × 10−3 620 390 686 701 

Orthotropic Without 145.7 9.6 4.5 × 10−3 0.2 × 10−3 220 79 331 307 
Orthotropic With 203.8 8.7 370 × 10−3 2.7 × 10−3 890 530 641 641 
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Table 5. Results for all four studies per body and the two customised TMJ implant types (static 
study). 

Implant 
Type 

Mandible 
Material 
Property 

Considering 
the Articular 
Disc Prop-

erty 

 Stress on 
Mandible 

(MPa) 
Strain on Mandible 

Stress on 
Implant 
(MPa) 

Strain on Implant 
Stress on 
Screws  
(MPa) 

Strain on Screws 

   Max. Min. Max.  Min. Max. Min. Max.  Min. Max. Min. Max.  Min. 
 Isotropic Without 56 5.5 0.3 × 10−3 0.3 × 10−3 72 16.8 0.8 × 10−3 0.1 × 10−3 - - - - 

Custom 
type 1 Isotropic With 82 8.0 5.2 × 10−3 0.4 × 10−3 64 20.8 0.6 × 10−3 0.2 × 10−3 - - - - 

 Orthotropic Without 57 4.8 4.4 × 10−3 0.4 × 10−3 69 20.0 0.8 × 10−3 0.2 × 10−3 - - - - 
 Orthotropic With 72 6.7 6.3 × 10−3 0.5 × 10−3 81 24.6 1.0 × 10−3 0.2 × 10−3 - - - - 
 Isotropic Without 50 4.9 2.8 × 10−3 0.3 × 10−3 90 11.3 0.9 × 10−3 0.1 × 10−3 120 8.5 1.5 × 10−3 0.1 × 10−3 

Custom 
type 2 

Isotropic With 116 5.5 7.2 × 10−3 0.3 × 10−3 91 11.2 1.0 × 10−3 0.1 × 10−3 156 10.3 1.7 × 10−3 0.1 × 10−3 

 Orthotropic Without 50 5.1 4.5 × 10−3 0.4 × 10−3 112 13.9 1.1 × 10−3 0.1 × 10−3 146 10.3 1.8 × 10−3 0.1 × 10−3 
 Orthotropic With 127 5.4 9.5 × 10−3 0.4 × 10−3 92 12.0 1.0 × 10−3 0.1 × 10−3 204 12.1 2.2 × 10−3 0.1 × 10−3 

Table 6. Von Mises stress and strain for the intact mandible with four studies per body (static 
study). 

Mandible 
Material 
Property 

Considering 
Articular Disc 

Property 

Stress on Mandi-
ble 

Strain on Mandible Stress on Articu-
lar Disc 

Strain on Articular Disc 

Max. 
(MPa) 

Avg. 
(MPa) 

Max.  Avg.  Max. 
(MPa) 

Avg. 
(MPa) 

Max.  Avg.  

Isotropic Without 101.12 8.3727 0.0079 0.0004 127.73 9.4831 0.0102 0.0005 
Isotropic With 86.52 11.6540 0.0051 0.0006 28.12 2.4620 0.9824 0.0574 

Orthotropic Without 110.96 8.2524 0.0124 0.0006 136.44 9.4982 0.0154 0.0008 
Orthotropic With 71.32 11.2630 0.0063 0.0008 35.66 3.2209 1.2405 0.0751 

From Figure 6a,b, it was observed that, in the case of Customised TMJ Implant 1, the 
value of von Mises stress for the isotropic mandible without an articular disc property is 
higher than the value for the isotropic mandible with an articular disc property, whereas 
the value of von Mises stress for the orthotropic mandible without an articular disc prop-
erty is lower than the value for the orthotropic mandible with an articular disc property, 
as depicted in Figure 6c,d. 

As shown in Figure 6e,f, the von Mises stress value for the isotropic mandible without 
an articular disc property, in the case of Customised TMJ Implant 2, is lower than the 
value for the isotropic mandible with an articular disc property. A similar trend was ob-
served for the screws in Customised Implant 2. 

In accordance with Figure 6g,h, the von Mises stress value for the orthotropic man-
dible without an articular disc property is higher than the value for the orthotropic man-
dible with an articular disc property in the case of Customised TMJ Implant 2. However, 
in the case of the screws in Customised TMJ Implant 2, the von Mises stress value for the 
orthotropic mandible without an articular disc property is lower than the value for the 
orthotropic mandible with an articular disc property. 

The equivalent strain value for the isotropic mandible without an articular disc prop-
erty is higher than the value for the isotropic mandible with an articular disc property in 
the case of Customised TMJ Implant 1, as shown in Figure 7a,b. Similarly, the equivalent 
strain value for the orthotropic mandible without an articular disc property is slightly 
higher than the value for the orthotropic mandible with an articular disc property, as 
shown in Figure 7c,d. 

As shown in Figure 7e,f, the equivalent strain value for the isotropic mandible with-
out an articular disc property in the case of Customised TMJ Implant 2 is lower than the 
value for the isotropic mandible with an articular disc property. A similar trend was ob-
served for the screws in Customised Implant 2. 
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Further, as shown in Figure 7g,h, the equivalent strain value for the orthotropic man-
dible without an articular disc property is slightly higher than the value for the orthotropic 
mandible with an articular disc property, in the case of Customised TMJ Implant 2. How-
ever, in the case of the screws in Customised TMJ Implant 2, the equivalent strain value 
for the orthotropic mandible without an articular disc property is lower than the value for 
the orthotropic mandible with an articular disc property. 

From Table 5, it can also be observed that the summation of the force vector in both 
the fixed support region and the elastic support is equal to 1000 N, satisfying the required 
condition and, thus, verifying the model. Verification consists of cross-checking the results 
obtained with the input boundary conditions; in this research study, force is the primary 
input function given to the body. As the reaction force, obtained from the results, is equal 
to the input force, the results obtained are correct. It is observed that the strain value in 
the body is higher for orthotropic material, compared to isotropic material. This is because 
the orthotropic material property provides directional strength. However, it is observed 
that the body as a whole experiences less stress. Additionally, the maximum stress value 
is decreased (with one exception). The difference in stress levels is greater for the highest 
stress of 17% (exception in one instance, where it is −6.8%), than for the average stress of 
1–3% throughout the body as a whole. 

From Tables 4 and 5 and Figure 8, it can be observed that the properties of the ortho-
tropic material offer a more distributed loading condition, and a higher stress value, than 
the properties of the isotropic material. Further, from Table 5, it can be observed that Cus-
tomised Implant 2 is most affected, and Figure 6 represents the location of the implant 
which is most affected in the case of static study. On the other hand, custom design 1 has 
uniformly distributed stress. The reason for the more stress-affected body in custom de-
sign 2 is the improper surface-to-surface contact, and the presences of the screw thread. 
Custom design 1 has a more uniform stress distribution, due to a good surface-to-surface 
contact and an even distribution of the stress throughout the body. This is helpful, because 
it will promote calcium formation in the bone, and increase its strength. It can be observed 
that the most critical part is the balance in the reaction force on both sides, which is shown 
in Table 4. The custom design achieves this properly, because of the customisation of the 
implant. It is also observed that the difference in the reaction force is in the range of 0 to 
8% in the case of Custom Implant 1 and Custom Implant 2 for the static case. 

   
(a) (b) (c) 
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Figure 8. Comparison of Custom 1 and Custom 2 TMJ implants: (a) von Mises stress for the isotropic 
material, (b) von Mises stress for the orthotropic material, (c) von Mises stress for the intact mandi-
ble, (d) principal strain for the isotropic material, (e) principal strain for the orthotropic material, (f) 
principal strain for the intact mandible. 

The results of the static study for the intact mandible are summarised in Table 6, and 
shown in Figure 8c,f. It was observed that the articular disc was one of the essential bodies 
to absorb the force distribution near the contact region, and deformed to a greater extent 
to withstand the loading conditions. From the comparison study, it was observed that the 
articular disc shifted the load towards the condylar head, minimising the stress impact on 
the mandible body. In contrast, the deformation in the disc region increased, due to its 
lower Young’s modulus. The orthotropic material properties distributed the stress 
throughout the body, and demonstrated its benefits. It was also observed that the defor-
mation in the study considering the articular disc property was too high, near to 0.7 mm 
in the isotropic case and 0.96 mm in the case of the orthotropic material. Thus, by adding 
the articular disc, the material became elastic (a hyperelastic material), and hence deforms 
more. So, adding the articular disc property into the model makes the model safer for the 
mandible body, by distributing stresses throughout the body. 

From the study, it was also observed that the maximum stress in the case of Custom-
ised Implant 1 was less than that in Customised Implant 2. However, these data cannot be 
generalised because the stress value might be localised within specific areas only. As can 
be seen from the result for Customised Implant 2, the maximum observed stress is in the 
area of the screw drilled into the mandible. So, the characteristic that would give a better 
result is the average stress across the body. 

The average stress value for the two cases of customised TMJ implants is less than 
the intact mandible condition, showing that stress shielding would occur in all conditions. 
However, Table 5 clearly shows that Customised Implant 1 shares and distributes the 
masticating load (bite force) to the bone tissue (the human mandible) better than Custom-
ised Implant 2. This implies that customised TMJ Implant 2 is more prone to stress shield-
ing than the design of Customised Implant 1 is. 

From the observed results, it can be stated Customised Implant 1 is better. The issue 
which may arise with Customised Implant 1 touches on its assembly within the patient, 
because there is not much space in the region for surgery, and the implant requires drilling 
into the axial plane. 

It was observed that the articular disc is one of the essential bodies to absorb the force 
distribution near the contact region. It deforms to a greater extent to withstand the loading 
condition. The maximum stress is reduced from 47 to 26% in the study case, with the ar-
ticular disc property in all bodies, while, in the mandible body alone, it is reduced from 
36 to 8%. Thus, it can be stated that the articular disc helps in the absorbing and shifting 
of load towards the condylar head, and minimises the stress impact on the mandible body. 
The customised implant design shows a better distribution of stress throughout the body. 
The reaction forces obtained from the customised implant are more balanced, thus making 
the design more user-friendly, and allowing the patient more relaxation after the 
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operation, and an easier recovery. The stress-shielding process is reduced, providing a 
better solution than the currently available implants. 

5. Conclusions 
This research study presents an approach to the modelling of the temporomandibu-

lar joint region using the patient’s CT scans. The research work discusses the steps for 
modelling the TMJ, and its analysis in static modes. The analysis can help in the design 
and development of patient-specific implants. The model developed could be used to plan 
surgeries and practice surgery. This can be achieved by creating a digital model or digital 
twin, comprehending the areas where incisions are made during the operation, and accu-
rately determining the stress levels in the temporomandibular region, locating the crucial 
facial nerves. On the basis of the results obtained, it can be stated that the orthotropic 
material results in a better stress distribution, compared to the isotropic material. The or-
thotropic material has a greater impact on the temporomandibular modeling than the iso-
tropic material, as most of the orthotropic cases exhibit higher von Mises stresses, in gen-
eral. 

The current study is based on the material properties obtained through the range of 
literature; the actual material properties may differ. Further, only isotropic and ortho-
tropic materials are considered. In actual practice, material shows great variation, and this 
can be explored in future. The experimental validation of the results can be carried out in 
the near future. 

Further, the design of the implant affects the stress shielding. Custom design 1 pre-
vents the stress-shielding effect better than custom design 2 (as shown in Table 5), and 
may be preferred as a suitable customised TMJ implant. Based on the current study, it can 
be concluded that prior modelling and analysis of the customised TMJ implant may result 
in better the functioning and performance of the human TMJ implant. 
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