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Abstract
Purpose
Prosthetic materials and bone present quite different mechanical properties. Consequently,
the condyle reconstruction with metallic materials modifies the physiological behaviour of the
mandible.
Method
A validated finite element model (FEM) was used to evaluate the natural mandible strains
and the condyle displacements. Modifications of strains and displacements were then
assessed for two different temporomandibular joint implants.
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Result
FEM made it possible to verify the worst loading configuration for the mandibular condyle.
Replacing the natural condyle by one of the two implants, the results also demonstrated the
importance of the implant geometry concerning the mandible behavior. The implant geometry
and stiffness influence mainly the strain distribution.

I2M, CNRS UMR 5295 (Bt.A4),
351 cours de la Libération,
33405 Talence cedex, Fr.

Discussion & Conclusion
The different forces applied to the mandible by the elevator muscles, the teeth and the
joint loads, point out that the FEM constitutes a relevant tool to optimize implant geometry or
to choose a more suitable distribution of the surgical screws.

1 Introduction
According to international registers, more than 25% of
the
population
suffer from
diseases
of
the
temporomandibular joint (TMJ) [1]; only 5% require any
management and of that 5%, only 3-5% require invasive
management [2-3]. Different TMJ prostheses offer oral
surgeons clinical options; unfortunately some of these
options lead to too many failures in a short time.
Studies of recent TMJ prostheses [1-4-5] point out that
the occlusion corrections deliver to the patient an obvious
psychological and physical comfort when the interincisors opening almost reach twenty millimeters. On the
other hand, Karray [6] point out different cases of failures
that sometimes require additional surgical procedures:
Inflammatory phenomena can arise and then
persistence of pain reveals a bad osteointegration
(screws) consequently accompanied by implant micro
displacements with respect to the bone [7],
Prosthesis fracture (rare) can happen near a surgical
screw, in a sharp variation of the implant section
where stresses tend to concentrate,
Bone connection fracture corresponds to a too high
intensity of the loads exerted on the mandible condyle
or/and to an insufficient number of screws.
These complex problems cannot be just handled by
one medical discipline [8]. The bases for the design
principles involved in articular prostheses will be derived
from a mechanical model of the joint. If the knowledge of
mechanical and biological material properties increases
continuously, a prosthesis design must take into account

complementary data characterizing the bone and the
implant loads. To reduce the effect of stress shielding, a
good control of the strain pattern in the mandible bone is
necessary to promote the connection (fig.1) and a positive
stimulus for the continuous process of bone remodelling
to integrate
the structure.
gr

Fig.1 TMJ prosthesis.

Unlike prosthetic materials, the mandible is a deformable flexible body presenting at its ends a shock
absorber cartilage. According to the materials and the
geometries, the prosthesis bars, the osteosynthesis plates
or the screws and bone cements are 10 to 20 times stiffer
than bone. An osseous segment with such devices can
loose most of its mechanical properties [8]. Between the
rigidified zone and the flexible bone, the sector is subject
to high stress concentrations; the fracture risk near the
prosthesis end increases. In the same way, a too well
fixed osteosynthesis plate absorbs most of the stresses to
which the bone would be naturally subjected, the cortical
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bone, being put at rest, loses its characteristics and tends
to become cancellous. Thus, after an equipment ablation,
the loading should be increased progressively to avoid a
fracture and to correct the effect of stress shielding.
This paper aims to build a tool to study the junction
between the mandible and an inert material plate that
simulates a condyle implant. In a first step, it describes
the mandible strains under physiological loads using a
FEM. Simulations allowed defining the worst boundary
conditions for the condyle and the associated mandible
behaviour [9]. In a second step, two different plates were
successively screwed on one of the mandible ramus. The
FEM is then used to determine the strains in the plates
and around the screws; the modified mandible strain
patterns and mandible displacements are compared to
point out the influence of the plate geometry.

The mandible FEM contained more or less 70000
tetrahedral linear elements with four nodes and 51000
degrees of freedom DOF (fig.3). It was supposed that the
teeth had little influence on the mandible behaviour and
particularly on the condyle behaviours. This hypothesis
was validated with an experimental study [8-10] that also
validated the boundary conditions applied on the FEM.
For the convergence tests, the maximal displacements
and the maximal equivalent strains were assessed in the
regions were the rosettes of the experimental device were
placed [8]. The convergence rate for the displacements
and the equivalent strains was reached for a mesh of
more or less 25000 DOF [11].

2 Method and materials
This section presents the elaboration of the mandible
FEM, the two tested condylar implants and the
determination of the muscular actions.

Fig.3 Finite element model and implants.

Sawbones mandible (up)
Christensen implant CI (left)
Implant model IM (down)

Fig. 4 presents the boundary conditions. A fixed point
of contact was considered for the right condyle i.e. the
three rotations of the mandible bone remained possible.
The left condyle presented one point of contact on the
reference frame i.e. two translations and the three
rotations of the bone remained possible. The simulations
took into account the mandible mechanical properties
supplied by Sawbones: Young’s modulus 260MPa and
Poisson’s coefficient 0.3. The muscle forces were always
applied on the same insertion zones with the same
directions [11]. These insertions and directions had been
registered from four cadavers and set on the FEM.
To simulate the bite contact, a point was considered on
three different teeth successively: 31, 34 and 36 (fig.4).
For each of these three positions, two different inter
incisor apertures, 5 and 15mm, were considered.

y
x
z

Fig.2 Mandible and implants.

2.1

Finite element model

As FEM are important tools to determine the behavior
of complex structures, the model used in the present
study has been previously validated [8-9].

2.1.1

Fig.4 Boundary conditions.

Mandible finite element model

The bone geometry was derived from CT scan images
of a synthetic mandible (fig.2) presenting a natural
geometry (Sawbones Europe AB, model 1337-1). These
images were obtained using a CT scan with a 0.5mm
resolution and 5mm spacing between sections. The
construction of the model was made using a CAD
software (Solidworks 2008). The FEM was constructed in
Hyperworks 8RS1 and runs performed on MSc MAR
solver.
June 15th – 17th, 2011, Venice, Italy

2.1.2

Implant finite element models

The two implants, fixed on the left side of the jawbone
were the Christensen implant (CI) and an implant model
(IM) especially designed for the study (fig.2). Christensen
prosthesis has been widely presented and analyzed in
other research studies [1-4]; IM has been described in
previous studies [9]. CI and IM present the same fixation
idea, a plate with holes. These holes were used to fix the
733
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implant on the lateral external face of the bone using
screws. The different geometries and thicknesses of CI
and IM influence the overall stiffness. CI presents a
double row of holes or screw positions and is thicker than
IM that presents only one row of holes.

mandibles implanted with CI and IM implants. A line of
points of control (fig.5) was defined on the mandible
external surface starting from the right condyle towards
the left one.

The implant CAD models were constructed using a
CAD software (Solidworks 2010) [8-9]. The material
considered for the condylar prosthesis was a cobaltchrome alloy [12] (Young’s modulus 210GPa and
Poisson’s coefficient 0.3).
The implant positions with respect to the mandible and
the screw positions were defined using a maxillofacial
surgeon support. The screws made of a cobalt-chrome
alloy and simulated as rigid elements. As in a real
situation, four screws were implanted to fix CI (fig.3). IM
was also fixed with four screws. In both cases, the first
hole that was near from the bone limit after a too large
resection was not used not to break the bone.

2.2

Muscular actions

During an inter dental loading the mandible is submitted to the actions of gravity, of the jaw opening muscles
and jaw closing muscles, of the external inter dental load
and of the two elementary joints, left and right [8-10]. It
was necessary to evaluate the elevator actions with
respect to bite forces i.e. the external loads. Five elevator
muscles were considered here: deep and superficial
masseters, pterygoid, anterior and medial temporal.
The interdental loads were recorded using a sensor
which also allowed adjusting the mouth aperture. To
compare six different configurations, this sensor was
successively located on the incisive 31, the premolar 34
and the molar 36 to determine the bite forces exerted on
the mandible for two inter incisor distances, 5 and 15mm.
In vivo electromyography and MRI images contributed
to quantify the force intensities when the mandible was
loaded. Under isometric conditions, during a voluntary
contraction, when almost all the muscle fibers are
recruited, the muscular tension can be expressed by eq.1,

F muscle = (S max x K / EMGr max) x EMGr

(1)

Consequently it is possible to know: S max, the area of
the muscle main section, EMGr max and EMGr, the
electromyographic signals and K, the variable coefficient
depending of the studied muscles [13]. Tab. 1 presents
the mean values of the muscular tension obtained with
the cooperation of four volunteers.
Position

Aperture

Deep
Mas.

Sup
Mas.

Ptery.

Temp.
Ant.

Medial
Temp.

31

5

54.3

163.2

178.7

7.3

2.2

34

5

41.8

87.3

89.4

39.9

17.8

36

5

48.70

100.9

161.4

78.3

32.7

31

15

58.9

174.7

187.8

11.3

9.4

34

15

55.4

89.3

140.5

41.4

19.4

36

15

73.7

114.7

29.8

75.5

38.3

Tab.1 Muscular forces.

3 Results and discussion
The first results point out the influence of the loaded
teeth and of the inter incisor apertures. Displacements
and strains were compared for an intact mandible and
June 15th – 17th, 2011, Venice, Italy

Fig.5 Points of control.

3.1

Sensor positions and apertures

The FEM was firstly used to simulate the intact
mandible displacements in the x and y-directions for two
inter incisor apertures (5 and 15mm) and for each of the
three teeth loaded (31, 34 and 36). The boundary
conditions were maintained for all simulations, for the
intact and implanted mandible.
For both apertures, the worst situation corresponds to
position 31. The x-displacement reaches 1.4mm for a
15mm-aperture and increases to 2mm for a 5mmaperture. Displacements of the controlled points in the ydirection are almost symmetrical compared to the sagittal
plane. It can also be pointed out that in the x-direction; the
largest displacements of the contact point correspond to
position 31 for the two tested apertures.
The displacements in the z-direction remain always
lower than 0.6mm; position and inter incisor aperture have
no significant influence on the results. In conclusion,
position 31 is the most critical with regard to the
mechanical actions on the condyles.

3.2

Implant geometries

The influence of implant geometrie in presented in
fig.6. Fig. 6a represents the displacements in the xdirection for the intact mandible and for the mandible
equipped with CI and IM in the worst situation, sensor in
position 31 and a 5mm-aperture.
In the x-direction the mandible displacements and the
global mandible behaviour are unchanged except near the
implant zone. IM has lower influence on the left condyle
displacement than CI that rigidifies the left ramus. The
relative difference remains under 5% for CI and under
15% for IM, which presents higher stiffness. Both implants
rigidify the mandible near the implanted condyle.
The main influence is present along the y-axis (fig.6b).
IM stiffness only affects the behavior (about 21%) in the ydirection and has a light influence (less than 5%) in the
other directions. IM presents a lower stiffness than the
intact mandible in the y-direction and has influence on
both mandible ramus. Displacement on the right side
increases while it decreases on the left side. Along the yaxis, the mandible equipped with CI and the intact
mandible present similar behavior. CI stiffness in the ydirection is similar to the intact mandible stiffness and has
no influence on the mandible behavior.
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Simultaneously, in the y-direction, fig.6b points out a
larger displacement around the end point, near the cut
plane with IM; the displacement of the implant with
respect to the bone can increase. This micro mobility can
affect the bone integration around the screws and
promote fibrous tissue to grow. This fact may be the
cause of the connection failure [14].
The two implants CI and IM have similar influences on
the mandible behaviour in the z-direction (fig.6c). Both
only affect the behaviour of the left ramus, around 30%
for CI and 20% for IM comparatively to the intact
mandible. CI has a smaller influence due to its stiffness. It
seems then important to adjust the implant stiffness not to
modify the occlusion.
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maxima strain reaches 2.1 10 µstrain with CI and 1.8 10
µstrain with IM that presents a lower stiffness.
The number of screws used to fix IM comes from its
flexibility; the mandible deformation is localized around
each screw. This implant has only one line of screws and
therefore does not resist to the torsion moment that
increases stress concentrations. CI stiffness generates an
important deformation area on the mandible; the position
of the screws is thus not determining (fig.7).
The highest strain in the condyle area is of compressive nature. Fig. 7 represents minimum strains. With IM
the strain remains close to that reached with the intact
mandible. With CI, the value of the peak stress is doubled
when compared to the peak strain provoked by IM.
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Fig.7 Minimum strains distribution.
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6c. Displacements in the z-direction.
Fig.6 Displacements of the points of control.

3.3

Mandible strains

This simulation corresponds to the worst situation,
contact in position 31 and aperture of 5mm. The
equivalent Von Mises strain patterns for the intact
mandible and implanted mandibles with IM and CI point
out that as the implant stiffness increases, the strain level
June 15th – 17th, 2011, Venice, Italy

4 Conclusions
The worst situation for the condyle corresponds to a
5mm-aperture when the incisor 31 is loaded. The results
point out the influence of the stiffness of the two implants,
CI and IM.
In the x-direction, the global mandible behaviour is
unchanged for either the CI or IM. The main influence
occurs near the condyle in the y-direction; CI and IM have
735
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different area sections. CI has a minimum area section of
2
33.6mm with a 3mm-thickness and IM has an area of
2
13.6mm for a 1.5mm-thickness). In the z-direction the
behaviors are similar.
Equipped with IM the behaviour of the mandible is
almost unchanged. On the other hand, this implant with a
lower stiffness and with only one line of screws can
present more mobility and promote fracture close to the
condyle, near the first hole after a high number of fatigue
cycles. These screws do not offer enough resistance to
the torsion moment.
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of the mandible: A three-dimensional finite element study.
Journal of Biomechanics 25, 3 (1992) pp.261-286.
[12] RW. Christensen. The temporomandibular joint prosthesis 11 years later. Oral Implant 2 (1971) pp.125-128.
[13] E. Moller. The chewing apparatus. Acta Physiologica
Scandinavia. Copenhagen (1966).
[14] I. Ichim, J.A. Kieser and M.V Swain. Functional
significance of strain distribution in the human mandible
under masticatory load: Numerical predictions. Archives of
Oral Biology 52 (2007) pp.465-473.

The two lines of screws used to fix CI induce more
load transfer to the bone and the compression strains
increase in the ramus.
The mandible FEM is suitable to simulate and
investigate the mechanical effects of the implants on the
bone and on the connection with the jawbone. One of the
objectives is to reduce the micro mobility that can affect
the bone integration mechanism.
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