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Correspondence should be addressed to G. Centeno; gaceba@us.es

Received 22 January 2018; Accepted 14 March 2018; Published 22 April 2018

Academic Editor: Antonio Riveiro

Copyright© 2018B.Gonzalez-Perez-Somarriba et al.*is is anopen access article distributedunder theCreativeCommonsAttribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Temporomandibular joint replacement (TMJR) is a complex surgical procedure in which the artificial joints available must assure
the anatomical reconstruction and guarantee a good range of the natural temporomandibular joint (TMJ) movements. With this
aim, different types of TMJ prostheses, including the stock prosthetic system and custom-made prostheses, are being currently
implanted. Although temporomandibular joint replacements (TMJRs) are expected to accomplish their function during a number
of years, they might actually fail and need to be replaced. *is paper analyzes different design factors affecting the contact stress
distributions within the TMJ prosthesis interface, which are consequently involved in their deterioration and final failure of the
prosthetic device. With this purpose, a numerical model based on finite elements has been carried out in order to evaluate the
stress states attained in different prosthesis configurations corresponding to general types of TMJ prostheses. On the other hand,
the actual degradation of resected implants has been evaluated via optical microscopy. *e linkage between the numerical
simulations performed and experimental evidence allowed the authors to establish the different wear and damage mechanisms
involved in the failure of stock TMJ prostheses. Indeed, the results obtained show that the contact stresses at the interface between
the mandible and the glenoid fossa components play a key role in the failure process of the TMJR devices.

1. Introduction

Medical prostheses are artificial devices used to replace the
main function of damaged human tissues. *is damage can
occur as a result of degenerative diseases, traumatic accidents,
or tumours. Besides, there are a variety of reasons promoting
the intensive use of prostheses nowadays including the earlier
diagnosis of diseases, the greater rate of success in surgical
procedures, the higher longevity of the population, a demand
for better quality of life, and the more active lifestyles, among
others. As a consequence, for the last few decades, the scientific
community and industrial companies have been focusing on
the study and development of a new kind of prosthesis [1]
especially for bones and their joints [2, 3], mainly based on the
use of groundbreaking manufacturing technologies such as
additive manufacturing [4, 5] or other innovative machining

technologies [6] and forming processes [7–9]. *ese ap-
proaches have been carried out from different points of view
including medical, engineering, and industrial perspectives,
being the principles of multidisciplinary approaches essential
for the final purpose of the design and the manufacturing of
even more successful devices to be implanted.

Regarding cranial, craniofacial, and maxillofacial pros-
theses, they have been applied clinically for over 20 years [10]
as the most successful procedure for reconstruction of these
tissues once they are irreversibly damaged. As occurs with
other kinds of prostheses, they are currently being implanted
at a significant increasing rate and consequently applied to
a wider age range of patients. In the case of maxillofacial
prostheses, TMJR makes use of complex devices with the aim
of providing a biomechanical solution to advanced-stage TMJ
disease [11]. Although they are designed andmanufactured in
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order to accomplish their function during a number or years,
they might actually fail and need to be substituted [12, 13],
resulting in repetitive surgical procedures for the patients and
the increase of medical costs. Failure of TMRJs is a conse-
quence of the extremely challenging physical environment
into which the prosthesis is implanted, being degradation,
friction in the joint contact interface, tribocorrosion [14], and
the subsequent wear the main causes which are most com-
monly associated with this failure.

Two main categories of TMJR devices are commonly
implanted: stock prostheses, which the surgeon must fit at
implantation, and custom-made prostheses. One of the most
important examples of stock TMJ prostheses is the metal-on-
metal (Cr-Co) Christensen implant, whose behaviour has been
analyzed not only frommedical [15] but also from engineering
view, as for instance carrying out numerical modelling using
finite element analysis [16]. Currently, there exist 44 models
depending on different sizes and dimensions for the particular
configuration of the Christensen implant. On the other hand,
customised TMJR devices can be represented by the
ultrahigh-molecular weight polyethylene (UHMWPE) on
metal (Cr-Co) Biomet Microfixation TMJ Replacement
System® [12], being the glenoid fossa cup made of UHMWPE
and the mandibular condyle of Cr-Co. Figure 1 depicts the 2
mentioned TMJR types, whereas the main characteristics
and differences between stock and custom-made TMJ
prostheses can be found in previous research works as [17].

Taking into account this background, the use of suitable
biomaterials [18] and numerical methods [19, 20] for in-
creasing knowledge of stress/strain states in the TMJ
prosthesis interface should lead to the correct design pa-
rameters [21] that could decrease material wear and increase
the longevity of joint replacement devices.

In this scientific perspective, this paper analyzes dif-
ferent design factors affecting contact stresses at the TMJ
prosthesis interface (i.e., the contact interface between the
mandibular and the glenoid fossa components), which are
consequently involved in their deterioration and final
failure. With this purpose, a numerical model and the
subsequent finite element analysis (FEA) have been carried
out in order to evaluate the stress states attained in different
prosthesis configurations. On the other hand, the actual

degradation of replaced implants has been evaluated by
optical microscopy in order to establish a connection be-
tween FE numerical simulations and experimental evi-
dence. *e results show that the contact stresses in the
interface between the mandibular and the glenoid fossa
components play a key role in the failure process of the
TMJR devices.

After contextualizing this research within the state of the
art in TMJR, Section 2 presents the methodology for
obtaining the inputs variables for the numerical simulations,
whereas Section 3 focuses on the FEA. Section 4 discusses
the numerical results obtained and their linkage with the
actual degradation of real replaced implants. *e contri-
butions of the paper are exposed in Section 5.

2. Methodology

*is section exposes the methods used for providing the
inputs that are necessary for carrying out numerical sim-
ulations using a finite element code. In general, in what
concerns the analysis, design, and/or manufacturing of
medical devices, a precise methodology must be established.
Indeed, the previous work of the authors has dealt with this
issue [8, 22] proposing well-defined road maps including
every possible flow of materials, processes, and information.

Analogically, in the current case, the methodology starts
with the processing of a patient’s computerized axial to-
mography (CAT) provided by a DICOM (Digital Imaging
and Communications in Medicine) standard file. Muscles,
tendons, and other remaining tissues have to be deleted in
order to isolate just the bones. As depicted in Figure 2, the
results of this procedure have to be transferred to a com-
puter-aided design (CAD) software, which in this occasion
was the platform CATIA®. *e processing of the DICOM
files for obtaining the selected geometries corresponding to
the cranial bones was carried out using the open-source
software InVesalius® for reconstruction of computed to-
mography andmagnetic resonance images. Finally, the CAD
file containing the configuration of themandibular geometry
considered is exported to the finite element program
Abaqus.

(a) (b)

Figure 1: Stock and custom-made prostheses: (a) metal-on-metal (Cr-Co) Christensen® prosthesis including 2 geometries of the glenoid
fossa component and (b) customised Biomet-Lorenz® prosthesis model on resin for evaluation prior to the surgical procedure.

2 Advances in Materials Science and Engineering



On the other hand, the TMJ prostheses present two
parts, the glenoid and the mandibular components,
working as the human joint as they are connected through
an almost spherical interface (Figure 1) with different radii
(notice that mandibular component radius is slightly
smaller) and hold together by a series of mandibular
muscles.

In this regard, 3 different cases of the study have been
considered for the numerical evaluation of the contact stresses
at the prosthesis interface, that is, at the contact surface
between the glenoid fossa and the mandibular components.
As shown in Table 1, the three cases are defined as follows:
(i) “case 1” has a real Cr-Co Christensen mandibular compo-
nent combined with a generic Cr-Co glenoid fossa component,
(ii) “case 2” is geometrically similar to “case 1” but considered
a generic UHMWPE glenoid fossa component, and (iii) “case 3”
uses a Cr-Co Biomet-type mandibular component (higher
spherical radius at the TMJ prosthesis interface) combined with
a generic UHMWPE glenoid fossa component. *e illustration
of these cases is depicted in Table 2.

As mentioned above, these three cases were numerically
analyzed under the light of finite element simulations and
experimentally evaluated by measuring the damaged areas
on the TMJ prosthesis contact surface via optical micros-
copy. *e procedures followed and the results obtained are
discussed in the following sections.

3. Finite Element Analysis

*e FEA was carried out using the implicit solid-formulation
finite element method software Abaqus [22]. *e simulation

was performed considering elastic behaviour of all the ma-
terials involved and considering isotropic behaviour of the
cortical bone and TMJ prosthesis component, either made of
metal (Cr-Co) or polymer (UHMWPE). *e material
properties of Cr-Co, UHMWPE, and the cortical bone
provided in Table 3 were taken from the literature [16].*ese
values are similar to others provided in different research
studies [23, 24].

Once the assembly of TMJ prostheses fixed to the
mandibular bone is performed (Figure 3(a)), all the bodies,
both the mandibular cortical bone and the two TMJ pros-
thesis components, were meshed using the 4-node tetra-
hedron C3D4 [22]. *e mesh size was set to 0.8mm and
refined until 0.16mm as approaching to the TMJ prosthesis
contact interface, as can be seen in Figure 3(b). In this
regard, a sensitivity analysis was performed until estab-
lishing the optimal size of the mesh at the critical zones,
especially at the contact interface up to the convergence of
contact stress distribution. Besides, surface-to-surface con-
tact conditions were implemented at the interface, estab-
lishing “hard contact” based on augmented Lagrange for the
normal direction and a penalty algorithm for the tangential
direction, considering Coulomb’s friction conditions with
the friction coefficient provided in Table 4 [25] for the two
material configurations considered, that is, metal on metal
(case 1) and polymer onmetal (cases 2 and 3), which were set
to 0.22 and 0.06, respectively.

Regarding the boundary conditions (shown in Figure 4),
the glenoid fossa component is considered to be fully con-
strained at the 5 holes (where titanium screws should fix the
component to the cranial bone), and the vertical displacement

(a) (b)

Figure 2: From DICOM to CAD: (a) the patient’s computerized axial tomography (CAT) cut by a horizontal plane and (b) final
configuration of the selected geometry in Abaqus®.

Table 1: Cases of the study considered for the FEA.

Prosthesis components Generic glenoid fossa
component

Biomet® glenoid fossa
component

Christensen glenoid fossa
component

Christensen mandibular
component

Case 1 Similar to the generic case Christensen; Ramos and Mesnard
[16]Case 2

Biomet mandibular component Similar to real Biomet Biomet Not proceededCase 3

Advances in Materials Science and Engineering 3
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of the superior circular surface is also constrained. *e cranial
bone is not considered in the analysis as far as from a medical
point of view; from the inspection of this zone, there are no
appreciable damage [13, 17] due to the correct prosthesis
biointegration usually attained after surgical procedure. In this
sense, it must also be noticed that the temporal component of
the prosthesis allows the condyle rotations but limits the
(natural) translations with respect to the cranium. On the other
hand, the TMJ mandibular component is tied to the man-
dibular bone through its projected surface. Finally, symmetry
conditions are assumed in the middle vertical plane cutting the
mandibular bone in its left and right halves.

*e intensities of the different loads applied to the
corresponding muscles (deep and superficial masseters,
medial pterygoid, temporalis, and medial temporal), exerted
during the real human mastication cycle, have been de-
termined by Mesnard et al. in a previous research work [20].
In the current study, the force vectors applied at the cor-
responding muscle locations have been set for a mouth
opening of 15mm according to the values provided by
Ramos andMesnard [16]. It must be noticed that these loads
were applied at their specific locations using multipoint
constrains (MPCs) connecting a series of nearby elements to

a rigid point with the aim of avoiding punctual stress
concentrators.

Finally, it is worth mentioning that the overall central
processing unit (CPU) time for the 3 cases analyzed was
between 1 and 2 hours on a laptop using one Intel i7-6500U
CPU (2.60GHz) processor.

4. Results and Discussion

In the first part of this section, an experimental assessment of
TMJ prostheses resected from patients has been carried out
in order to evaluate the actual degradation of the implants
and the size of the damaged area.*e second part presents the
numerical results provided by the FEA. Finally, using the
connection between the numerical results and the experi-
mental evidence, the influence of interface contact stresses on
the possible failure mechanisms of TMJ prosthesis is discussed.

4.1. Experimental Evaluation of Replaced TMRJ. As exposed
above, a series of Christensen TMJ prostheses resected from
the patient after the evidence of wrong behaviour were ex-
amined via optical microscopy in order to evaluate the dif-
ferent regions affected by wear. *e measurements were
performed in these regions using a Nikon SMZ800 stereo-
microscope with ×10 to ×60 magnification and analyzed
using KAPPA Image Base Metreo 2.7.2. In this regard, Fig-
ure 5 depicts the damaged regions for a specimen of reference,
consisting in an almost circular damaged area at the man-
dibular component that seems to be affected by a combination
of plastic deformation and wear, and a horizontally elongated

Table 3: Elastic mechanical properties of the materials involved in the FEA [16].

Material Elastic modulus E (GPa) Poisson’s ratio ] Yield stress σy (MPa)
UHMWPE 0.7 0.35 28
Cr-Co 210 0.3 550
Cortical bone 14.7 0.28 ∗

∗Yield stress of the cortical bone varies depending on the zone and is irrelevant for the study of the TMJR.

Mandibular
cortical bone

TMJ mandibular
component

TMJ glenoid fossa
component

Contact
interface

Z

X
Y

(a) (b)

Figure 3: (a) Assembly of TMJ prostheses fixed to the right half of the mandibular bone and (b) meshing of the TMJ mandibular
component. Notice the mesh refinement at the contact interface.

Table 4: Coulomb’s friction coefficients for different prosthetic
contact pairs [25].

Contact pair Friction coefficient
Cr-Co on Cr-Co 0.22
UHMWPE on Cr-Co 0.06

Advances in Materials Science and Engineering 5



damaged zone at the glenoid fossa component that gives the
impression of being mainly affected by wear. *e average
values of these damage zone dimensions are given in Table 5,
where xgf and ygf correspond, respectively, to the horizontal
and vertical dimensions of the damaged zone at the glenoid
fossa component, whereas xm and ym are the dimensions at
the mandibular component.

It must be noticed that the evaluation of the damaged
zone within the contact area at the glenoid fossa component

seems to be related to the action of fluctuating contact loads.
*ese loads produce a time variable surface contact stress
field and relative displacement between mating surfaces.
Both things promote damage phenomena like tribocorro-
sion [14], fretting [26, 27], and/or fretting wear [28]. Indeed,
this wear-related mechanism would be consistent with the
surface experimental observation of the resected prostheses
provided by the evaluation bymicroscope shown in Figure 5.
On the contrary, the damaged area at the mandibular TMJ

(a) (b)

(c) (d)

Figure 4: Boundary conditions: (a) glenoid fossa component fully constrained at the cranium bone fixation (b) and vertical constrained at
the contact with glenoid fossa. (c) Mandibular component tied to the mandibular bone. (d) Symmetry conditions.

ym

xm

ygf
xgf

Figure 5: Evaluation of the damaged zone within the contact interface of a resected after failure Christensen TMJ prosthesis specimen by
microscope.
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component is slightly smaller and has a distinctive circular
shape (see the indicated location at the detailed view shown
in Figure 6 and the corresponding values in Table 5), pre-
senting this circular damaged area a flat surface changing the
radius of this hemispherical contact element. *is flat might
not only be explained by wear under elastic regime but also
can be attributable to a permanent deformation due to an
elastic-plastic behaviour in this area.

4.2. Numerical Results. *e simulations were carried out
using the software Abaqus following the procedure pre-
sented in Section 3 for the three cases of the study depicted in
Table 2. In every case, the level of contact stresses is evaluated
on the contact interface of the TMJ prosthesis at the glenoid
fossa and mandibular components (Figure 6).

In this regard, Figure 7 shows the distribution of von
Mises contact stresses at the TMJ contact interface for these
3 cases considered (Table 2), providing details of these
contact stresses’ contour within the contact interface at the
glenoid fossa and mandibular components for cases 1
(Figure 7(a)), 2 (Figure 7(b)), and 3 (Figure 7(c)), respectively.

Related to the 3 cases depicted in Figure 7, Table 6
provides the maximum value of equivalent Mises stresses
within the contact interface. In this regard, an average of the
contact stresses for the contact region has also been obtained
in order to provide mean values within this region that can
be compared with the material properties.

4.3. Discussion. *is section aims at linking the experi-
mental evaluation of resected TMJ prostheses carried out by

microscope (presented in Section 4.1) with the numerical
results obtained from the FEA in Section 4.2.

In Figure 7(a), the results correspond to case 1, that is,
a metal-on-metal TMJ prosthesis similar to the Christensen
configuration. *e maximum local contact equivalent stress
values obtained for the 2 components are in this case
sensibly above the average ones. *is might be caused by an
excessive penetration in the contact algorithm. Besides, it
must be noticed that the generic glenoid fossa component is
thicker than that in a typical Christensen device, and then,
the level of contact stresses is slightly higher than expected.
However, the contact stresses obtained are in good agree-
ment with the results by Ramos and Mesnard [16]. In this
case, the field of contact stresses is in the order of magnitude
of the material yield stress. *erefore, these high values of
stresses in conjunction with the examination by microscope
of resected Christensen TMJ prostheses carried out in
Section 4.1 allow concluding that permanent deformation
due to an elastic-plastic behaviour is highly likely in this area.
Indeed, it seems that the circular damaged area contending
a flat surface in the mandibular component might not be
explained only by a wear phenomenon due to tribocorrosion
and/or fretting wear under elastic regime.

As can be seen in Figure 7(b), the results corresponding to
case 2 (polymer on metal) show a more uniform distribution
of contact equivalent stresses but still with high peak values in
comparison with the calculated average stresses. However, in
this case, there exists a significant region at the glenoid fossa
component attaining values of contact stresses above the yield
stress of UHMWPE. *ese results allow concluding that it
would not be possible to combine stock metal mandibular

(a) (b)

Figure 6: Evaluation of contact stresses at (a) the glenoid fossa and (b) mandibular components.

Table 5: Average longitudinal and traverse dimensions of the damaged zone within the contact interface of a resected after failure
Christensen TMJ prosthesis specimen by microscope.

Component Damaged zone length (mm)

Glenoid fossa component xgf 5.01
ygf 1.85

Mandibular component xm 2.71
ym 2.73

Advances in Materials Science and Engineering 7



S, Mises
(Avg: 75%)

Glenoid fossa component

Mandibular component

+1.199e + 03
+1.099e + 03
+9.992e + 02
+8.992e + 02
+7.993e + 02
+6.994e + 02
+5.995e + 02
+4.996e + 02
+3.997e + 02
+2.998e + 02
+1.998e + 02
+9.993e + 01
+2.041e – 02

(a)

Glenoid fossa component

Mandibular componentS, Mises
(Avg: 75%)

+1.494e + 02
+1.369e + 02
+1.245e + 02
+1.121e + 02
+9.960e + 01
+8.715e + 01
+7.471e + 01
+6.226e + 01
+4.981e + 01
+3.736e + 01
+2.492e + 01
+1.247e + 01
+2.050e – 02

(b)

Glenoid fossa component

Mandibular componentS, Mises
(Avg: 75%)

+3.264e + 01
+2.992e + 01
+2.720e + 01
+2.448e + 01
+2.176e + 01
+1.904e + 01
+1.633e + 01
+1.361e + 01
+1.089e + 01
+8.169e + 00
+5.450e + 00
+2.732e + 00
+1.279e – 02

(c)

Figure 7: Contour of Mises contact stresses within the contact interface at the glenoid fossa and mandibular components for (a) cases 1,
(b) 2, and (c) 3 included in Tables 1 and 2.
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components (such as Christensen’s component) with cus-
tomised glenoid fossa devices, being necessary the design and
manufacturing of integrated prostheses, instead of those kinds
of hybrid (half stock and half custom) implants.

Finally, the contact element equivalent stresses in case 3
(polymer on metal with a redesigned mandibular compo-
nent) present a much more regular distribution of contact
stresses. As can be seen in Figure 7(c), the stresses attained
would be within the elastic regime, thus allowing a longer
use of these kinds of medical devices without the kind of
failure that has been reported in Section 4.1. Indeed, this is
within the current trend for designing customised pros-
theses like Biomet-Lorenz and other new prototypes [21],
which are already providing better results in terms of lon-
gevity and patients’ comfort, as has been reported in recent
research work [13, 17].

5. Conclusions

*is paper presents a numerical analysis for the evaluation of
contact stresses in different cases using generic designs of
TMJ prostheses, including different materials and prosthesis
geometries. Besides, the degradation of resected Christensen
TMJ implants has been examined by microscope, and the
damaged region is evaluated in terms of the possible
mechanisms that could have promoted the wear and failure
of the device.

*is study based on numerical modelling and experi-
mental evaluation of damaged zones at both TMJ prosthesis
components (i.e., glenoid fossa and mandibular) has allowed
establishing a link between the numerical results and ex-
perimental evidence. Indeed, the results show that the
contact stresses attained in the interface between the
mandibular and the glenoid fossa components, depending
on the different prosthesis configurations considered, play
a key role in the wear and subsequent failure of TMJR
devices.

Finally, some specific contributions of this study must be
remarked:

(i) A link between numerical results and experimental
evidence of TMJR devices has been established.
Indeed, although contact stresses within the in-
terface are the key factor affecting wear and failure,
it is also very important to examine resected
prostheses in order to be able to establish design
parameters and procedures.

(ii) Christensen TMJR configuration failure might not
only be explained by wear under elastic regime due

to tribocorrosion or fretting wear. It could also be
due to a permanent deformation corresponding to
an elastic-plastic behaviour within the TMJ pros-
thesis contact interface.

(iii) *e numerical results obtained allow explaining the
current trends of designing customised polymer-
on-metal TMJR devices with individualised shapes
and softer (smaller radii) geometries.
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