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a b s t r a c t 

A novel and custom-made selective laser melting (SLM) 3D-printed alloplastic temporomandibular joint 

(TMJ) prosthesis is proposed. The titanium-6aluminium-4vanadium (Ti-6Al-4V) condyle component and 

ultra-high molecular weight polyethylene (UHMWPE) fossa component comprised the total alloplastic 

TMJ replacement prosthesis. For the condyle component, an optimized tetrahedral open-porous scaffold 

with combined connection structures, i.e. an inlay rod and an onlay plate, between the prosthesis and 

remaining mandible was designed. The trajectory of movement of the intact condyle was assessed via 

kinematic analysis to facilitate the design of the fossa component. The behaviours of the intact mandible 

and mandible with the prosthesis were compared. The biomechanical behaviour was analysed by assess- 

ing the stress distribution on the prosthesis and strain distribution on the mandible. After muscle force 

was applied, the magnitude of the compressive strain on the condyle neck of the mandible with the pros- 

thesis was lower than that on the condyle neck of the intact mandible, with the exception of the area 

about the screws; additionally, the magnitude of the strain at the scaffold–bone interface was relatively 

high. 

© 2017 Published by Elsevier Ltd on behalf of IPEM. 
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. Introduction 

The temporomandibular joint (TMJ) plays a unique and cru-

ial role in our daily life, as it is involved in speech, expression

nd chewing. TMJ defects are caused by trauma, infection, tu-

our, ankylosis, and/or idiopathic resorption. Reconstruction of ac-

uired TMJ defects is an obvious challenge in oral and maxillofacial

urgery. Several techniques have been developed over the decades,

uch as costochondral grafting, iliac crest bone grafting, distraction

steotomy, fibular free flap, and alloplastic TMJ implants [1,2] . As

ompared to autogenous reconstruction, an alloplastic TMJ pros-

hesis can reduce donor site morbidity, provide immediate func-

ion, and be customizable. Although all of the currently available

lloplastic TMJ implants have shown promise, artificial TMJs have

ot been accepted as universally as artificial hip and knee joints,

s these were introduced several decades ago [3,4] . In addition to

he biocompatibility problems that caused severe implant failures
∗ Corresponding author. 
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n the early 1980s [5] , another main reason for concern has been

he highly complex biomechanical role of the TMJ. 

The TMJ is the point of articulation for the mandible, articu-

ar discs, and the base of the skull, which connects at the left and

ight joints. In order to adapt to different vital functions, mandibu-

ar condyles with incongruent surfaces carry out extremely com-

lex movements with respect to the base of skull [6,7] . Accord-

ngly, researchers have recommended the use of custom-made TMJ

rostheses rather than stock prostheses, as custom-made TMJs can

e better fitted to the anatomical structures of each individual to

nsure correct physiological functioning [1,8–10] . 

Additive manufacturing techniques have been used recently for

he construction of customized artificial TMJs. According to some

tudies [3,8,11] , these products could improve the outcomes of ar-

ificial TMJ restoration. However, the design of the artificial fossa

f the TMJ does not permit it to guide the movement of the ar-

ificial condyle along its physiological trajectory; thus, deviation

f mandibular movement can occur, with the healthy contralat-

ral TMJ suffering a secondary injury [9,12,13] . Moreover, currently

vailable TMJ implants are all made of internally homogenized

etal; therefore, the stiffness of the artificial condyle is much

igher than that of condylar cortical and trabecular bone, which

ould readily induce a stress shielding effect subsequent to long-

erm usage [14,15] . 

http://dx.doi.org/10.1016/j.medengphy.2017.04.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2017.04.012&domain=pdf
mailto:guodazuo@vip.sina.com
mailto:qrong@pku.edu.cn
http://dx.doi.org/10.1016/j.medengphy.2017.04.012
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Fig. 1. Condyle component structure and design of the replacement prosthesis. Left 

panel: the profile of the condyle prosthesis; top right panel: the condyle defect re- 

gion marked in blue in the intact mandible; lower right panel: the condyle defect 

region replaced by the condyle prosthesis. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this arti- 

cle.) 

e  

m

2

 

p  

w  

t  

s  

p  

s  

a  

T  

w  

fi  

6  

i  

L  

m  

u  

i  

c

2

 

e  

t  

c  

c  

i  

a  

c  

a  

l  

s  

t  

t  

e  

t

Several additive manufacturing techniques have recently been

developed to fabricate structures for tissue engineering [16] .

Among these approaches, selective laser melting (SLM) has been

confirmed to be able to fabricate objects with precise internal ar-

chitecture and external profiles. Several studies have shown that

additive manufacturing of titanium alloy scaffolds can be used to

repair bone defects because it has similar biomechanical properties

[17–19] . A few researchers designed and fabricated a customized

pure titanium condyle via selective laser melting technology in

2014 [20] . They designed a hollow structure for the condyle com-

ponent by using two titanium plates to fix the prosthesis onto

the outer surface of remaining mandible, an approach of fabricat-

ing the internal structure and connection design of the condyle

component that differs from that of the present study. Consider-

ing these results, this technique may be suitable for the fabrication

of a novel TMJ prosthesis. 

A canine model was used in this study, as it has two left and

right temporomandibular articular complexes, each of which com-

prises a condylomeniscal and meniscotemporal joint on either side,

similar to the structure in humans. Both canine and human TMJs

have a condylar joint and a reciprocally fitting one. The masseter,

temporalis, and pterygoid muscles supporting the condylar pro-

cesses within the fossa in canines are similar to those in humans.

Canines also perform open–close and lateral movements of the

mandible, despite their comparatively small range of lateral move-

ment [21,22] . Several studies have been conducted on the TMJ us-

ing canine models, including temporomandibular joint meniscus

reconstruction and unilateral condylectomy [23,24] . The ultimate

goal of our research is to design TMJ prosthesis for humans. In this

initial study, we obtained individual trajectories of condyle move-

ment in the canine model and applied this information in the sub-

sequent design of the articular surface of the TMJ fossa component.

In a human study, we would use this same procedure to obtain

the lower surface of the fossa component. Although the movement

of the canine mandible differs from that of humans, the method

with which we collected the envelope surface of condyle move-

ment trajectory would be similar. As with the animal experiment,

we will test the hypothesis that the custom-made prosthesis de-

sign can endure individual TMJ movement variations. If similar in

vivo findings are achieved, the same procedure will be used to de-

sign TMJ prosthesis for humans by first obtaining individual tra-

jectories of TMJ movement, and then by designing the customized

articular surface. 

Finite element analysis (FEA) is well established in the study of

the biomechanical behaviour of the TMJ [25–28] . In this study, the

individually designed TMJ prosthesis was constructed and tested

using FEA. To reduce the stress shielding effect, the trabecular de-

sign in the novel TMJ prosthesis was optimized to be comparable

to the structural modulus of bone. An inlay rod and an onlay plate

were designed to strengthen the connection between the prosthe-

sis and the remaining bone. To maintain healthy movement of the

mandibular condyle, the articular surface of the prosthetic fossa

component was designed with specific consideration for condylar

movement. The reliability of the prosthesis was demonstrated by

comparing the behaviour of an intact mandible and a mandible

with the customized TMJ prosthesis. 

2. Materials and methods 

2.1. Computer-aided design (CAD) models 

The bone structure morphology of the TMJ was constructed to

accommodate an adult beagle canine. Computed tomography (CT)

scans were performed using an 8-slice scanner (BrightSpeed, GE

Medical Systems, USA) with a rotation time of 1 s, a slice thick-

ness of 1.25 mm, voltage between 120 and 140 kV, and automatic
xposure control. CT images were taken for four positions of the

andible: closed, 1/3-open, 2/3-open, and widest open positions. 

.2. Design of the custom-made TMJ prosthesis 

The individually designed TMJ implant was a total TMJ re-

lacement prosthesis composed of condyle and fossa components,

hich were fixed to the mandible and zygoma separately with

hree screws and four screws, respectively. The prosthesis was in-

talled on the right side of the mandible. Because of clinical ex-

erience and knowledge of the anatomy of a beagle skull, four

crews were chosen to fix the fossa component to the cranium,

nd three screws were used to fix the condyle to the mandible.

he screws used for the TMJ fixation were 2.0 mm in diameter,

hich is considered the minimum diameter able to provide suf-

cient stability [29] . The condyle component comprised titanium-

aluminium-4vanadium alloy (Ti-6Al-4 V), which was created us-

ng the Mlab Cusing 3D Metal Printing Machine (Concept Laser,

ichtenfels, Germany). The accuracy of the machine was approxi-

ately 40 μm. The fossa component consisted of ultra-high molec-

lar weight polyethylene (UHMWPE), which was manufactured us-

ng a computerized numerical control machine (Dima Digital Ma-

hine, Shenzhen, China). The screws were also Ti-6Al-4 V alloy. 

.2.1. Design of the condyle component 

The defect region of the mandible in this study included the

ntire condyloid process spanning from the mandibular notch to

he posterior border of the mandibular ramus ( Fig. 1 ). The condyle

omponent of the TMJ prosthesis was designed to restore the

ondyle defect. The condyle component was designed as shown

n Fig. 1 . The profile of the condyle component was based on the

natomical shape of the condyle of the beagle model. Atop the

ondyle component was a preserved layer of 1-mm-thick condyle

rticular surface with a polished outer surface. This 1-mm-thick

ayer played an important role in load bearing and load transmis-

ion between the fossa and condyle components during mastica-

ion. The polished articular surface was purposed to decrease fric-

ion ratio and material wear. This layer was modelled as a solid

ntity in the FEA model; the friction ratio between the interface of

he fossa component and condyle component was set to be 0.01. 
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Fig. 2. Mechanically tested scaffolds of the tetrahedral, cubic, diagonal, and trun- 

cated pyramidal structures and their respective parameterized models with the size 

of the basic cell ( c ) and strut diameter ( d ). Rows I, II, III, and IV correspond to 

the parameterized structures and mechanically tested scaffolds of the tetrahedral 

structure, cubic structure, diagonal structure and truncated pyramidal structure, re- 

spectively. In each row, the structure is shown on the left, the compression-tested 

scaffold is shown in the middle, and the bending- and torsion-tested scaffold is 

shown on the right. In row IV, ‘ a ’ refers to the length of an additional connec- 

tion strut and ‘ h ’ refers to the height of a basic cell. For rows I, II, and III, the side 

length of the compression-tested models was 3 c ×3 c ×3 c , and the side length of the 

bending- and torsion-tested models was 6 c ×6 c ×24 c . For row IV, the side length of 

the compression-tested model was (2 c + a ) × (2 c + a ) ×2 h , and the side length of the 

bending- and torsion-tested models was (4 c + 3 a ) × (4 c + 3 a ) ×16 h . 
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Fig. 3. Four mandible positions (Position 1, fully closed mouth position; Position 2, 

small mouth-opening position; Position 3, large mouth-opening position; Position 

4, maximum mouth-opening position) and the corresponding open angles along the 

mouth opening trajectory. Points A (coracoid process) and B (canine tooth) are the 

two markers along the mouth opening trajectory. 
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The combined fixation structures for the condyle component

ontained an inlay rod and an onlay plate to strengthen the con-

ection between the prosthesis and the remaining mandible. The

nlay rod (a round tapered bar 3 mm in length, with a maximum

iameter of 1.6 mm and a 10-degree taper angle around) located

n the medial underside of the condyle component was introduced

nto the intramedullary mandible, with at least 1 mm of bone sur-

ounding the inlay rod. The onlay plate, 4 mm in width, 1 cm in

ength and an invariable thickness of 1 mm, was designed with a

ustom-made inner surface to fit the outer surface of the ramus.

he bone-contact side of the onlay plate was designed as based on

he dimensions of the outer surface of the mandibular ramus to

ield a precise fit. Three screw holes on the onlay plate were po-

itioned away from vital structures and into the most appropriate

one for fixation, as had been performed in an earlier study [30] .

crews of maximum possible length were chosen according to the

one thickness at the respective screw position, as determined via

he three-dimensional reconstructed geometry model. The screws

hould be completely embedded within the bone. 

In this study, a novel tetrahedral structural design of the open-

orous titanium scaffold was proposed and investigated to fabri-

ate the middle portion of the condyle component ( Fig. 2 ). Testing

odels of the tetrahedral structure were created by using ANSYS

imulation software with changeable parameters. 

Struts were meshed with BEAM188 elements with circular cross

ections, additionally, a mesh density of three elements per strut
as applied for accuracy [18] . The material for the model was a

itanium alloy (Ti-6Al-4 V). 

The behaviour of this structure was compared to that of three

ifferent structural designs (cubic, diagonal and truncated pyrami-

al) proposed and studied by Wieding et al. [18] . Under the same

onditions, the mechanical properties of the four structural scaf-

olds were optimized to yield a structural modulus of 12.8 GPa

mean Young’s modulus of the cortical bone and cancellous bone

f the beagle condyle [31] ). For the tetrahedral structure, the side

engths of the testing models were 3 c ×3 c ×3 c , 6 c ×6 c ×24 c and

 c ×6 c ×24 c (where ‘ c ’ represents the size of a basic cell) for uni-

xial compression, bending and torsion loadings, respectively. Ac-

ording to the formula presented by Wieding et al. [18] , the struc-

ural compression, bending and shear modulus of the 4 scaffolds

ere calculated based on the numerical results. 

The tetrahedral structure for the open-porous scaffold offered a

ufficient balance between rigidity and weight, and was, thus, cho-

en for use in the design of the condyle component. As a result,

ith a mean cell size of 2280 μm and strut diameter of 570 μm,
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Fig. 4. Kinematics of the mandible. Left panel (a): the relationship curve of the horizontal displacement of Point A and mouth-opening angle; right panel (b): the relationship 

curve of the vertical displacement of Point A and mouth-opening angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

e  

l  

o  

c  

m

 

i  

f  

t  

i  

t  

c  

f  

b  

d  

p  

e

2

 

c  

m  

s  

e  

g  

i  

p  

g

 

t  

A  

g  

w  

s  

m  

s

 

(  

t  
the tetrahedral structure yielded a structural modulus of 12.8 GPa.

These dimensions and properties were applied to the design of the

scaffolds in the condylar component, with the open-porous tetra-

hedral structure having the same profile as the condyle. 

2.2.2. Design of the fossa component 

The aim of the designed TMJ prosthesis was to comfortably re-

produce the full-range mandible open–close mouth movements of

a normal TMJ; thus, the movement behaviour of a healthy TMJ

was recorded to facilitate the design of the fossa component. In-

tact mandible models of four positions observed in the process of

mouth opening, i.e. closed, one-third-open, two-thirds-open, and

widest open positions, were marked in Points A (coracoid process)

and B (canine tooth) for motion analysis ( Fig. 3 ). 

The envelope surface of condyle movement was determined via

kinematic analysis, with this surface being designed as the lower

surface of the fossa component ( Figs. 4 and 5 ); this means that the

condyle would be able to move freely along the lower surface of

the matched fossa component. The motion of the mandible during

mouth opening was simplified to rigid body planar motion along

the sagittal plane in this study. Intact mandible models of the

four aforementioned mouth-opening positions were generated and

aligned in a global coordinate system with the maxilla in the same

position. These mandible models were projected onto the sagittal

plane and marked in Points A (coracoid process) and B (canine

tooth) for motion analysis. The relationship curves between the

horizontal/vertical displacement of Point A and the mouth-opening

angle were obtained by fitting the coordinates of Point A and the

relative angles of Segment AB at the aforementioned four positions

with the least-square method. The location of any chosen point on

the mandible could be deduced from the relationship curves. As

shown in Fig. 4 , the horizontal and vertical displacements of Point

A (the coracoid process) varied according to the mouth-opening

angle, which reflected the kinematics of the mandible. The fabri-

cation process for the envelope surface is illustrated in Fig. 5 . First,

the dimensional and positional information on the articular sur-

face of the condyle was obtained; then, this information was con-

verted into discrete and dense point clouds. The motion of mouth

opening was uniformly decomposed into 11 stages. Based on the

kinematics of the mandible, 11 sets of locus points representing 11

condylar positions throughout the movement range of the condyle
ere calculated and plotted onto a global coordinate system. The

nvelope points above each of these points generated the enve-

ope point cloud, which consequently formed the envelope surface

f the condyle movement. Posterior and anterior stops were in-

orporated into the design to prevent excessive movement of the

andible. 

According to Sinno et al. [3] , stability is an important factor

n the success of a TMJ reconstruction. The upper surface of the

ossa component, which was also considered as the contact in-

erface, was based on skull geometry, locating a best-fit position

n the bone ( Fig. 6 ). The space between the envelope surface and

he contact interface was the space precisely occupied by the fossa

omponent. Four screw holes were added to the outer plate away

rom vital structures and into the best possible bone for fixation

etween the fossa component and the zygomatic arch, as had been

one with the condyle component ( Fig. 7 ). Screws of the greatest

ossible length were chosen; these screws should be completely

mbedded into the bone. 

.3. Finite element model 

The FEA method is an effective tool to demonstrate the biome-

hanical properties of complex structures [33,34] . The finite ele-

ent model presented in this study was calculated using ANSYS

oftware. The teeth were considered to yield only marginal influ-

nce on the biomechanics of the mandible, particularly with re-

ard to the behaviour of the condyles [35] , so were thus removed

n our model, as in previous studies [2,36] . For simplicity, only the

ortion of the skull connecting the fossa component and right zy-

omatic arch was modelled. 

The material properties of the models were assigned based on

he results of previous studies [2,31,37] and are given in Table 1 .

ll materials used in this model were considered isotropic, homo-

eneous, and linear elastic materials. The mandible cortical bone

as considered to have a Young’s modulus of 12.8 GPa and a Pois-

on coefficient of 0.3 for experimental validation [31] . The Young’s

odulus and Poisson coefficient of the condyle component and

crews were 114 GPa and 0.3, respectively. 

The prosthesis was applied to the right side of the mandible

 Fig. 7 ). Seven 2.0-mm-diameter screws were used to fix the pros-

hesis, with four being used to fix the fossa component and
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Fig. 5. Creation of the envelope surface of condyle movement. (a) Articular surface of the condyle at the closed position; (b) point clouds of the articular surface of the 

condyle at the closed position; (c) 11 sets of point clouds of the articular surface throughout the entire movement of the condyle from the closed position (red points) to 

the widest open position (green points); (d) point clouds of the envelope surface of condyle movement; (e) the envelope surface of condyle movement. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Fossa component structure and design of the replacement prosthesis. Top panel: right zygoma marked in blue. Lower left panel: the upper surface of the fossa 

component (contact interface) marked in red, and the lower surface of the fossa component (envelope surface of condyle movement) marked in blue. Lower right panel: the 

fossa component precisely occupying the space between the contact interface and the envelope surface. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 

Table 1 

Material properties in the finite element analysis (FEA) model. 

Model Material Young’s modulus (MPa) Poisson’s radio Tensile strength (MPa) 

Skull Cortical bone 12,800 0.30 

Mandible Cortical bone 12,800 0.30 

Condyle component Titanium alloy 114,0 0 0 0.30 897 

Screws Titanium alloy 114,0 0 0 0.30 897 

Fossa component UHMWPE 500 0.29 



6 X. Xu et al. / Medical Engineering and Physics 46 (2017) 1–11 

Fig. 7. Assembly diagram of the customized TMJ prosthesis. Top panel: full view 

of the prosthesis assembled on the skull and the mandible; middle panel: the 

fossa component with four screws; lower panel: the condyle component with three 

screws. 
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three being used to fix the condyle component. Depending on

the anatomical structure, screw lengths varying from 5 mm to

11 mm were able to yield adequate fixation. The screws were

modelled with pin geometry for simplicity. The screws–prosthesis

and screws–bone contact interfaces were considered as bonded.

Prosthesis–bone interfaces were modelled as surface-to-surface

contact elements with a friction coefficient of 0.3, as based on pre-

viously published studies [2,38] . This type of contact seemed to

be important when considering the effects of external fixation on

load transfer. Between the interface of the fossa component and

the condyle component, the friction ratio was considered 0.01. 

Rigid-body displacement of the mandible during biting was

prevented by the top surfaces of the skull, the left condyle, and

the ends of the zygomatic arch, which were fully constrained in

all directions. The bone adjacent to the incisor tooth was also con-

strained in all directions, as shown in Fig. 8 . Loads were applied to

both sides of the mandible via corresponding muscle forces, which

were simulated by distributing groups of parallel vectors across the

areas of attachment. The four most important muscles, i.e. the su-

perficial masseter, deep masseter, anterior temporalis, and poste-

rior temporalis, were simulated. All data relevant to the muscle

forces were taken from studies by Hu et al. [39] . The location of

the muscular area and the direction of muscle forces were defined

according to anatomical data. 

The bone, implant, and screws were meshed with four-node

linear tetrahedral elements, as these elements are well suited to

reproduce the irregular and complex geometries. The scaffolds
ere meshed with circular-section beam elements; a mesh den-

ity of three elements per strut was applied. The mesh of the

andible model with the prosthesis, shown in Fig. 8 a, consisted

f 260,921 elements and 55,618 nodes, whereas the mesh of the

ntact mandible model, shown in Fig. 8 b, consisted of 83,573 el-

ments and 17,914 nodes. They both yielded sufficient density to

atisfy the requirements of convergence of the numerical results. 

In this study, after the muscle forces were applied in the

EA models, the biomechanical properties of the custom-made

MJ prosthesis were investigated, and the behaviours of an intact

andible and the mandible with the prosthesis were compared. To

nalyse the strain on the external surface of the mandible, a con-

rol line was chosen based on the previous studies [2,10,38] ; this

ine traversed characteristic features present on the external sur-

ace of the mandible, including the neck, ramus, angle, and body

f the mandible. 

. Results 

.1. Open-porous scaffolds for the condyle component 

In order to obtain comparable results, the four structural de-

igns were assumed to have the same structural modulus of

2.8 GPa under uniaxial compression testing [36] . Under bend-

ng, the tetrahedral, cubic, diagonal and truncated pyramidal de-

igns exhibited comparable bending modulus values of 10.71 GPa,

.69 GPa, 12.72 GPa and 10.96 GPa, respectively ( Table 2 ); however,

heir results under torsional loading were significantly different.

he shear modulus of the cubic and truncated pyramidal designs

as very low at 0.39 GPa and 0.72 GPa, respectively. The tetra-

edral design exhibited a moderately higher shear modulus of

.29 GPa. Furthermore, the porosities of the four designs varied:

5.40% (tetrahedral), 73.12% (cubic), 44.23% (diagonal) and 72.37%

truncated pyramidal). 

.2. TMJ prosthesis assembly behaviour 

The von Mises stress in the fossa component is illustrated in

ig. 9 a. The magnitudes of stress were small, less than 10 MPa,

ith the exception of the critical region. The critical regions in the

ossa component, particularly about Screw 4, were observed to be

nteriorly and laterally located, indicating that these regions were

he main load-transfer regions in the TMJ prosthesis ( Fig. 9 c). 

Fig. 9 b shows the von Mises stress in the condyle component.

ritical regions could be observed in the lateral areas of the scaf-

olds, with stress values exceeding 100 MPa. Without consideration

f the scaffolds, the anterior and lateral areas of the articular sur-

ace and regions near the inlay rod and screw holes in the onlay

late also exhibited relatively high stress distributions. Regarding

he screws used to fix the condyle component, the critical region

as observed about Screw 5, with the peak von Mises stress being

5.09 MPa ( Fig. 9 d). In general, the highest peak stress value in the

ondyle component was far below the ultimate tensile strength of

he titanium alloy (897 MPa) [40] . 

.3. Bone behaviour 

The maximum principal and minimum principal strains along

he control line on the external surface of the mandible are shown

n Fig. 10 , respectively. The maximum principal strain increased by

ess than two times the initial value, while the minimum princi-

al strain reduced to one-third the initial value after the prosthesis

as applied; these results showed the influence of the prosthesis

n the right condyle. The results also demonstrated that the pros-

hesis negligibly influenced the strain on the opposite condyle. 
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Fig. 8. Finite element model, boundary conditions, and muscular actions. Left panel (a): mandible with the prosthesis, and right panel (b): intact mandible. DM, deep 

masseter; SM, superficial masseter; AT, anterior temporal; PT, posterior temporal. The control lines are in white. 

Fig. 9. von Mises stress (MPa) on (a) the fossa component, (b) the condyle prosthesis, (c) each screw used to fix the fossa prosthesis, and (d) each screw used to fix the 

condyle prosthesis. 
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Fig. 11 illustrates that the maximum and minimum principal

train distributions in the right condyle neck were affected by the

MJ prosthesis. In the intact condyle, the critical region was ob-

erved in the condyle neck. When the mandible was implanted

ith the TMJ prosthesis, the magnitude of the compressive strain

n the condyle neck was lower than that in the intact mandible,

ith the exception of the area about the screws; additionally, the

agnitude of the strain at the scaffold–bone interface was rela-

ively high. The fixation of the prosthesis is a critical factor for TMJ

mplant success [32] . The bone near Screw 5 exhibited a high de-
ree of minimum principal strain, peaking at approximately around

100 με, and the remaining two screws, Screws 6 and 7, did not

acilitate much load transfer between the prosthesis and bone. 

Observation of the results on the right zygomatic arch revealed

hat the screw fixation regions of the fossa component became

ritical positions of the skull ( Fig. 12 ). High tension and compres-

ive strains were observed near the inlet of Screws 4 and 3, where

hey reached values of 3452 με and 3961 με, respectively; how-

ver, these values were lower than the critical value (40 0 0 με) that

s considered to cause hypertrophy of bone [41] . 
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Table 2 

Geometrical values of the design parameters and mechanical results for the four designs investigated 

(tetrahedral, cubic, diagonal and truncated pyramidal). 

Parameter Design Tetrahedral Cubic Diagonal Truncated pyramidal 

Geometrical Strut diameter ( μm) 570 d 600 d 631 d 615 d 

Size of basic cell ( μm) 2280 c 1910 c 1900 c 20 0 0 c 

998 a 

3869 h 

Porosity (%) 55.40 73.12 44.23 72.37 

Mechanical Structure modulus (GPa) 12.80 12.80 12.80 12.80 

Bending modulus (GPa) 10.71 7.69 12.72 10.96 

Shear modulus (GPa) 3.29 0.39 8.58 0.72 

d strut diameter 
c size of the basic cell 
a length of the additional connection strut in truncated pyramidal structure 
h height of the basic cell in truncated pyramidal structure 

Fig. 10. (a) Maximum principal strain ( με) and (b) minimum principal strain ( με) 

on the external surface of the mandible along the control line (right condyle to left 

condyle). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Maximum principal strain ( ε) on the right condyle of the mandible: (a) 

for the mandible with the prosthesis, and (b) for an intact mandible; minimum 

principal strain ( ε) on the right condyle of the mandible: (c) for the mandible with 

the prosthesis, and (d) for an intact mandible. 
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4. Discussion 

A novel individually designed 3D printing custom-made allo-

plastic TMJ prosthesis was developed in this study. The custom-

made profile was proven adaptable to individual anatomical struc-

tures, and the tetrahedral scaffold was optimized to reduce the

stress shielding effect in the alloplastic condyle. An inlay rod and

an onlay plate in the base of the prosthesis were also designed

to strengthen the connection with the remaining portion of the

mandible. UHMWPE has had long-term success as a joint spacer

in hip and knee replacements [42] . Thus, it was also used to con-

struct the fossa in our design. 

Some researchers have noted that the design of TMJ alloplas-

tic replacements should emphasize engineering improvements in

material selection, modulus, stiffness, notch sensitivity, and mod-

ularity [3] . In this study, the prosthesis was designed to be made

of Ti-6Al-4 V, a highly biocompatible material. The additive man-
factured trabecula in the artificial condyle was effectively able

o promote high porosity in the prosthesis, thereby reducing its

tiffness. The trabecula architecture within the condyle was also

ompletely optimized to closely match the Young’s modulus of

one, which consequently reduced the stress shielding effect. The

onnection structure for the inlay rod and onlay plate was also

esigned to reinforce the connection between the prosthesis and

he remaining mandible. Furthermore, the advantage of additive

anufacturing is that various components with varying functions

an be concurrently fabricated, with finer details being adjustable

o satisfy a variety of engineering requirement. SLM 3D printing
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Fig. 12. (a) Maximum and (b) minimum principal strains ( ε) on the skull. 
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echnology can be used to construct irregular shapes and make

omplex parts/designs a reality. The purpose of optimizing scaffold

abrication is to overcome biological constraints and to minimize

he stress shielding effect and weight of the prosthesis. 

Based on Wolff’s law, the trabecular arrangement in bone af-

ords an adaptable reaction to the loads under which it is placed

43] . Therefore, making the scaffolds by considering load transfer

ay be the optimal way to fabricate bone substitution materials,

uch as Ti-6Al-4 V. 

In this study, four different trabecular designs (tetrahedral, cu-

ic, diagonal and truncated pyramidal) were compared. The cubic

tructure yields the highest porosity, but it exhibits weak bearing

apacity against bending and especially against torsion. The diago-

al design offers the highest rigidity against bending and particu-

arly against torsion, among these four designs. However, it yields

ncreased weight with low porosity. The truncated pyramidal de-

ign offers high bending-bearing capacity and high porosity, but

t exhibits weak torsion-bearing capacity. The tetrahedral design

ields relatively high porosity, a relatively high bending modulus,

nd a relatively high shear modulus, which proved to be a good

alance between rigidity and weight. Thus, this type of design was

hosen in this study. 

In the current condyle component, some vertical struts that

onnected the articular surface of the condyle component and on-

ay plate suffered a high level of stress ( Fig. 9 b). This appears to be

 clear indication of load-transfer, as it coincided with the arrange-

ent order of the trabecular bone structure. 

Though all of the US Food and Drug Administration (FDA)-

pproved alloplastic TMJ implants use an onlay connection to fix

he prosthesis, several authors have proposed that buccal-fixed

lates could withstand undesirable forces that could lead to frac-

uring of the plates [44–46] . In this study, the connection between

he prosthesis and the remaining bone tissue comprised of two

tructures: an inlay rod and an onlay plate, to ensure the long-

erm stability of the prosthesis. 

In addition to the popular applications of endoprostheses to re-

lace hip and knee joints, there have also been several studies that

ave used endoprostheses to restore mandibular defects [34,46–

8] . These prostheses are designed to restore large mandibular de-

ects, such as those of the mandibular body and ramus. 

Goh et al. evaluated the feasibility of replacing the condyle and

scending ramus with an endoprostheses in the Macaca fascicu-

aris [47] . They fixed the modular endoprosthesis with polymethyl-

ethacrylate (PMMA) cement. Although the results showed that

wo out of eight monkeys sustained fistulas with linear radiolu-

ency, which further indicated chronic infection at the cement–

one interface, modular endoprostheses for the replacement of the
ondyle and ramus unit were feasible for the restoration of normal

MJ function. 

Ramos et al. employed FEA to assess the strain distribution

f an intramedullary condyle component and concluded that in-

ramedullary fixation improved strain distribution [38] . The in-

ramedullary fixation yielded behaviour that was more similar to

he intact mandible than that of fixation via an external connec-

ion with surgical screws. Their research helped us to design a TMJ

rosthesis with an inlay rod. The mandibular condyle neck is thin,

owever, so it can only fit a thin inlay rod. Therefore, an onlay

late fixed to the outer surface of the ramus was also designed to

trengthen the connection between the prosthesis and the remain-

ng mandibular ramus; this method is in line with the methods of

urrent commercial alloplastic TMJs in use. 

TMJ replacement loading has previously been compared via FEA

or standard and custom-made temporal components [9] . In that

tudy, the authors uniformly thickened the temporal fossa surface

o construct the custom-made temporal component. In our study,

he TMJ fossa was custom-made not only based on the geome-

ry of the temporal articular surface, but also with regard to the

rajectory of movement of the condyle. Four condyle positions, as

escribed above, were calculated by using ANSYS software to es-

ablish the trajectory of the condyle. The articular surface of the

ondyle travelled along this trajectory to form the lower surface of

he TMJ fossa. 

Regarding the fossa component, the stress at the critical region

as relatively high at nearly 50 MPa, which is indicative of the pos-

ibility of abrasion of the implant with long-term use. Regarding

xation of the fossa component, the critical region was observed

bout Screw 4 ( Fig. 9 c). In this region, the peak von Mises stress

as 207.6 MPa. The von Mises stress at the end of Screw 1 was

ower than 23 MPa, which indicated that Screw 1 could be short-

ned to some extent while still maintaining stability. 

Overall, the strain distribution results were relatively symmet-

ical for the intact mandible; additionally, the magnitudes of the

trains in the two condyles were much higher than that in the

rontal region. The TMJ prosthesis altered the strain distributions

n the surface of the mandible relative to those on the surface

f the intact mandible; this led to non-symmetrical mechanical

ehaviour along the control line. The prosthesis yielded signifi-

ant effects on the right condyle, which is where the prosthe-

is was implanted; these effects included increasing the max-

mum principal stress between 0.5 and 2.5 times the initial

alue and altering the minimum principal stress. In addition,

he prosthesis increased the strain in the frontal region of the

andible and yielded marginal effects on the opposite side of the

andible. 
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When the mandible was implanted with a TMJ prosthesis, the

magnitude of the compressive strain on the condyle neck was

lower than that in the intact mandible, with the exception be-

ing the area surrounding the screws, and the magnitude of the

strain on the scaffold–bone interface was relatively high; this im-

plied that a large part of the load was transferred via the inlay rod

and scaffold–bone interface. This result indicated that the inlay rod

and the scaffold–bone interface primarily supported the prosthesis,

which, thus, facilitated the osseointegration and long-term stability

of the prosthesis. 

In conclusion, the results showed that the custom-made TMJ

prosthesis yielded good load-transfer properties and that the ap-

propriate strain distribution pattern on the bone provided a suit-

able environment for bone adaptation and integration, two benefits

that lower the failure risk of screw fixation. This novel, custom-

made alloplastic TMJ prosthesis using SLM could be a suitable op-

tion for TMJ replacement. A future in vivo study using this pros-

thesis would further prove its effectiveness. 
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