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Abstract
Purpose The purpose of the study was to evaluate the effect of
clenching tasks on the stress and strain of condylar
osteosynthesis screws and plates, as well as on the stress,
strain distribution and displacement on the whole mandible
and bone surrounding screws.
Methods Three-dimensional finite element models of the
mandible, two straight four-hole plates and eight screws were
established. Six static clenching tasks were simulated in this
study: incisal clench (INC), intercuspal position (ICP), right
unilateral molar clench (RMOL), left unilateral molar clench
(LMOL), right group function (RGF) and left group function
(LGF).

Results Based on the simulation of the six clenching tasks,
none of the inserted screws and plates were broken or bended.
For the whole mandibular bone, the maximum von Mises
stress and von Mises strain observed were yielded by the
ICP. For the bone surrounding the inserted screws, the maxi-
mum von Mises stress and von Mises strain were yielded by
the LMOL (49.2 MPa and 3795.1 μ).
Conclusion Clenching tasks had significant effects on the
stress distribution on the condylar osteosynthesis and the bone
surrounding screws. Contralateral occlusion task (LMOL) had
the maximal results of von Mises stress and strain and healing
problems could be occur, this result confirms the importance
of soft diet after surgery.

Keywords Mandible . Condylar fracture . ORIF . Clenching
tasks . Finite element analysis

Introduction

Treating facial skeleton fractures is considered to be an impor-
tant component of oral and maxillofacial surgical practice [1].
Essentially, this treatment has evolved from closed reduction
to open reduction and internal fixation (ORIF) and widely
accepted as best practice [1].

For those surgeons who choose to treat these fractures with
ORIF, further discussion occurs concerning the number and
pattern of plates that can be used [1]. The treatment of frac-
tures in the condylar region should lead to as perfect as pos-
sible restoration of masticatory function [2].

The biomechanical functions of teeth generally result in
stresses, which are transferred to mandible and condyles pro-
ducing strains and stresses in all of them. Understanding the
nature of strain and stress distribution is essential for better
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diagnosis and treatment of all maxillofacial diseases and res-
toration of masticatory function [3].

Unfortunately, the stresses cannot be measured directly
in a non-destructive way. The number of direct studies on
the masticatory system is limited, because of its difficulties
[3].

During the latter decades, the finite element method
(FEM) became a powerful analysis instrument of structural
behaviour and interaction analysis of different bodies, sys-
tems and environments by using appropriate computational
software [3].

In recent years, a number of research teams have used
the finite element method to conduct biomechanical anal-
ysis on condylar base and neck fractures osteosynthesis.
For example, Parascandolo et al. and Wagner et al.
analysed the behaviour of single and double plates [5,
6]. Aquilina et al. and De Jesus et al. analysed three
methods of condylar osteosynthesis [1, 7]. Kozakiewicz
et al. presented an A-shape plate to fixate condylar base
fracture [8]. However, these studies have merely used a
single clenching task in their simulations except for
Wagner et al. study which presented three clenching tasks.
In other words, only one loading and boundary condition
were selected in all studies mentioned before.

However, the effects of various clenching tasks on con-
dylar osteosynthesis remain unclear. Therefore, in this
study, we explored the effect of clenching tasks on condy-
lar base osteosynthesis and surrounding bones.

The aims of this study were as follows:

1. To create a biomechanical three-dimensional model of
mandible with condylar base fracture fixated with two
four-hole straight plates placed in an angulated pattern
stabilized with eight screws.

2. To analyse biomechanica l behaviour of the
osteosynthesis, mandible and bone surrounding the
screws during several clenching tasks using finite ele-
ment method.

Material and method

Construction of the models

Three-dimensional solid models of the human mandible were
created from computed tomographic (CT) images (using
Mimics software), two straight four-hole non-compression
mini-plates and eight screws. The virtual plates and screws
were used to simulate the osteosynthesis of the condylar frac-
ture created on the right side of the mandibular model. The
two plates were placed in an angulated pattern (Fig. 1b).

The plates were Bvirtually^ bent, or warped, (using Solid
works software) fitting the morphology of the condylar neck to
simulate the clinical practice of bending the plates manually
before internal fixation [1]. Plates were located slightly off the
bony surface with no contact between the plates and bone (0.3-
mm distance). This lack of contact was important for test of
plates as a load bearing device [8]. The screw-to-plate and
screw-to-bone interfacial conditionswere assumed to be bonded.

In total, there were roughly 51,000 nodes (245,000
elements) in the whole model. The finite element analysis
was performed using the ANSYS Workbench software v15
(ANSYS, Inc.).

Properties of material

The models were considered to be a non-homogeneous with
eight different material properties (Table 1), isotropic, and
linear elastic. Properties were assigned on the basis of CT
density (Hounsfield units HU) as in previously published pro-
tocols [9] (Fig. 2). The Young’s module (E) and the Poisson
ratio (v) were 115,000MPa and 0.34 for plates and screws [7].

Muscular forces and constraints

The loading conditions pertained to seven principal muscles:
the superficial masseter (SM), deep masseter (DM), medial
pterygoid (MP), inferior lateral pterygoid (ILP), anterior

Fig. 1 Finite element model of
the mandible and condylar
osteosynthesis: aWhole model, b
closed view
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temporalis (AT), middle temporalis (MT), and posterior
temporalis (PT) (Fig. 3).

Six static clenching tasks were simulated in this study: in-
cisal clench (INC), intercuspal position (ICP), right unilateral
molar clench (RMOL), left unilateral molar clench (LMOL),
right group function (RGF), and left group function (LGF).
The magnitude and directions of the seven muscular forces
and constraint region are listed in Table 2. All raw data for the

loading conditions were obtained from a study by Korioth and
Hannam (1994) [4].

Analysis of results

The models were evaluated using a ratio in MPa (N/
mm2). The tension fields over bone and osteosynthesis
were evaluated using von Mises analysis (maximum stress
level). A colour scale with von Mises stress and strain
values (varying in MPa and μm) was used and each col-
our map presented a specific scale according to the result
under study (Fig. 4).

After solving each model, the relative movement be-
tween the proximal and distal fragments was calculated.
Von Mises (VM) stresses and strains were also recorded
for each clenching task mandible, plates, anterior and pos-
terior screws and bone surrounding screws. The top 0.1 %
of the stressed bricks was not considered in the analysis,
as they were likely to indicate stress artefacts in the model
[1]. Using Microsoft Excel (version 2013), maximum
values were obtained from the data for the remaining
Bbrick^ elements. Care was taken not to consider stresses

Table 1 Allocation of material properties to elements in the finite
element model according to the distribution of (HUs) on (CT) [1]

Material properties
of elements

Young’s modulus
(MPa)

Density
(T/mm3)

MAT 1 1572.0 2.508e-10

MAT 2 1868.6 2.916e-10

MAT 3 2223.4 3.325e-10

MAT 4 10,786.8 1.094e-09

MAT 5 21,734.2 1.855e-09

MAT 6 27,082.2 2.190e-09

MAT 7 32,704.3 2.525e-09

MAT 8 38,575.4 2.860e-09

Fig. 2 The model after assigning
material properties as eight
groups relating to (HU). Areas in
the model that are shown in red
(e.g. cusp tips of the teeth) are
those with the highest
radiodensity (3000 HU). Areas in
the model that are shown in dark
blue are those with the lowest
radiodensity (≤ 0 HU)
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in elements close to the stiff link connections, as these
links can cause highly localized regions of artificially high
strain [1].

To compare stresses around the screw-holes in different
clenching tasks, bricks were selected and grouped around
the screw-holes using multiple cylindrical coordinate sys-
tems based on the shaft of the screws [1] (Fig. 5). Data
about VM were then extracted from the grouped bricks
and compared.

Results

In this study, the following evaluation parameters were used:
six clenching tasks, the von Mises stress, the von Mises strain
and the relative micro-motion between the fracture fragments.
Graphics were used to visualize the INC simulation results,
which comprised the relative micro-motion between the frac-
ture fragments, the von Mises strain and von Mises stress on
the whole bone (Fig. 4). Figure 6 shows the von Mises strain
on the bone surrounding the screws, the von Mises stress of
the screws and the von Mises stress of the plates. Table 3
shows the analysis results of the six clenching tasks, von
Mises stress of screws and plates, micro-motion between
the fragments, and von Mises stress and strain on the mandi-
ble and bone surrounding screws.

Von Mises stress of plates and screws

Amechanical analysis of the plates demonstrated that the values
of von Mises stress on the anterior plate for each of the six
clenching tasks were all less than von Mises stress on the poste-
rior plate (less than 220 MPa). The maximum value for the
LMOL (215.36 MPa) was approximately 5.8 times greater than
theminimumvalue for the RGF (37.369MPa) on posterior plate.

Furthermore, the maximum von Mises stress on the screws
for each of the six clenching tasks ranged between 25.825 MPa
(RGF, anterior screws) and 224.34 MPa (LMOL, posterior
screws). The von Mises stresses on the anterior screws in the
six clenching tasks were all less than that on the posterior screws.

Von Mises stress and strain of the whole bone

Awhole mandible bone mechanical analysis indicated that the
maximum and minimum von Mises stress and strain occurred
at the ICP (45.874 MPa and 3860.8 μ) and the RGF
(15.318 MPa and 1342.1 μ).

Von Mises stress and strain of bone surrounding screws

Themechanical analysis of the bone surrounding screws showed
the following vonMises stress and strain values regardless of the
clenching tasks involved. The bone surrounding screws exhibit-
ed a vonMises stress of less than 49.153MPa (LMOL, posterior
screw) but greater than 6.769 MPa (RGF, anterior screws) and
yielded a von Mises strain less than 3795.1 μ (LMOL, posterior
screw) but greater than 1327 μ (RGF, anterior screws).

Relative micro-motion between the fracture fragments

The analysis results revealed that the maximum relative value of
micro-motion was for the LMOL (160.06 μm) which is approx-
imately 5.3 times greater than that for the RGF value
(30.335 μm).

Discussion

The incidence of condylar fractures has reached in the recent
time 27 % of mandibular fractures [10]. For fractures treated
by (ORIF), many fixation methods could be used. It is evident
that the use of two plates correctly positioned (angulated)
represents the best solution to obtain a stable osteosynthesis
[5] and considered as an ideal treatment for mandibular con-
dylar fracture [11].

Mandibular movements are controlled by the various mus-
cles attached to the mandible, which contract to perform up-
ward, downward, forward, backward, leftward, and rightward
movements [12]. Korioth and Hannam (1994) reported that
various clenching tasks are performed by 9mandibular muscles

Fig. 3 Muscular force (red arrow) and constraints (yellow arrow)
applied in finite element simulation
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[4]. Effects of clenching site have admitted on condyle fracture
region [6]. Still this mechanism is not obvious enough.

Finite element simulations are a common tool used for bio-
mechanical analysis, which can obtain parameters not easily
measured in in vitro experiments, such as the internal stress

and strain of bones and osteosynthesis [12]. FEM recently used
to investigate distribution forces among osteosynthesis and
bone [1, 5, 9]. Thus, we used the FEM to analyse the effects
of clenching tasks on the biomechanical behaviours of condylar
base fracture osteosynthesis and surrounding bones.

Table 2 Muscular force and constraints of the six clenching tasks

Clenching tasks Side Direction Muscular force (N) Constraint a

SM DM MP AT MT PT ILP

INC Right Force 76.2 21.2 136.4 12.6 5.7 3.0 47.5 Constrained the
incisor regionsFx −15.8 −11.6 66.3 −1.9 −1.3 −0.6 29.9

Fy 67.3 16.1 107.8 12.5 4.8 1.4 −8.3
Fz 31.9 −7.6 50.9 0.6 −2.9 −2.6 36.0

Left Force 76.2 21.2 136.4 12.6 5.7 3.0 47.5
Fx 15.8 11.6 −66.3 1.9 1.3 0.6 −29.9
Fy 67.3 16.1 107.8 12.5 4.8 1.4 −8.3
Fz 31.9 −7.6 50.9 0.6 −2.9 −2.6 36.0

ICP Right Force 190.4 81.6 132.9 154.9 91.8 71.0 18.1 Constrained the canine
and premolar regionsFx −39.4 −44.6 64.6 −23.1 −20.4 −14.8 11.4

Fy 168.3 61.9 105.1 153.0 76.8 33.7 −3.1
Fz 79.8 −29.2 49.6 6.8 −45.9 −60.8 13.7

Left Force 190.4 81.6 132.9 154.9 91.8 71.0 18.1
Fx 39.4 44.6 −64.6 23.1 20.4 14.8 −11.4
Fy 168.3 61.9 105.1 153.0 76.8 33.7 −3.1
Fz 79.8 −29.2 49.6 6.8 −45.9 −60.8 13.7

RMOL Right Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1 Constrained the
right molarsFx −28.4 −32.1 71.4 −17.2 −14.0 −9.3 12.6

Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2

Left Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5
Fx 23.6 26.7 −51.0 13.7 14.2 6.1 −27.4
Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

LMOL Right Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5 Constrained the left
molarsFx −23.6 −26.7 51.0 −13.7 −14.2 −6.1 27.4

Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

Left Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1
Fx 28.4 32.1 −71.4 17.2 14.0 9.3 −12.6
Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2

RGF Right Force 34.3 29.4 12.2 104.3 61.2 46.8 39.5 Constrained the right
canine, premolars,
and molars

Fx −7.1 −16.0 5.9 −15.5 −13.6 −9.7 24.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

Left Force 51.4 21.2 132.9 11.1 5.7 4.5 9.4
Fx 10.6 11.6 −64.6 1.6 1.3 0.9 −5.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

LGF Right Force 51.4 21.2 132.9 11.1 5.7 4.5 9.4 Constrained the left
canine, premolars,
and molars

Fx −10.6 −11.6 64.6 −1.6 −1.3 −0.9 5.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

Left Force 34.3 29.4 12.2 104.3 61.2 46.8 39.5
Fx 7.1 16.0 −5.9 15.5 13.6 9.7 −24.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

All raw data were obtained from Korioth and Hannam [4]

Muscular forces: SM superficial masseter, DM deep masseter, MP medial pterygoid, ILP inferior lateral pterygoid, AT anterior temporalis, MT middle
temporalis, PT posterior temporalis. Clenching tasks: INC incisal clench, ICP intercuspal position, RMOL right unilateral molar clench, LMOL left
unilateral molar clench, RGF right group function, LGF left group function
a The models were constrained in all directions at the nodes on the top of the condyle in all clenching tasks
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In studies regarding the finite element simulation of man-
dible movements and clenching tasks, authors have assigned
nine [13], seven [14], five [2], four [1, 3], three [6] and two
mandibular muscles [15] in their loading condition settings.
Also previous FE studies on condyle fracture osteosynthesis
were deferent in simulating bite forces either biting on contra-
lateral molar [1, 9], ipsilateral side [7], or anterior teeth [8], or
comparing three tasks [6].

Clenching tasks in the studymodel were simulated involving
seven mandibular muscles—same used by Lovald et al. [14]—
to investigate strain distribution. This model is considerably

larger and more complex than previous human mandible
models which reported as being homogeneous [4–8, 11, 12, 14].

When performing the LMOL, the maximum von Mises
stress in the plates and screws were (215.36 and
224.34 MPa, respectively) on the posterior osteosynthesis,
which is less than a quarter of yield stress (934 MPa) [8] and
a half of fatigue limit for the bending of titanium alloy (450 to
500 MPa) [6]. Therefore, the fracture or bending of the con-
dylar osteosynthesis was unlikely in all clenching tasks in this
study; this emphasized the validation of two oriented plates’
method in treating condylar base fracture.

Fig. 4 Finite element simulation
of the INC model: a constraint
and INC, b relative micro-motion
between the fracture fragments
(mm), c von Mises strain of the
whole mandible, d von Mises
stress of the whole mandible
(MPa)

Fig. 5 Solid model: a closed
view of bone surrounding the
screws, b closed view of condyle
osteosynthesis
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Similar finding was found by Wagner et al. that the maxi-
mum values appeared in contralateral occlusion clenching
task (LMOL) on the posterior plate. But their simulation re-
sults differed from those in this study—maximum von Mises
stress was approximately 440 MPa in Wagner’s study—be-
cause of differences in the loading conditions—only three
masticatory muscles were simulated in Wagner et al.
study—as well as in the geometry and material assignment.

Concerning the von Mises stress and strain generated
by the six clenching tasks in the whole mandible, the
results were as follows (after ignoring the values in
elements close to the stiff link connections): ICP
yielded a maximum von Mises strain (3860.8 μ); RGF
yielded a minimum von Mises strain (1342.1 μ).
Previous study indicated that when the von Mises strain
of the bone exceeds 4000 μ, pathologic overload may

Fig. 6 Finite element simulation of the INC model: von Mises strain of
the surrounding bone (left), von Mises stress of screws (middle) and von
Mises stress of plate (right). From top to bottom: a anterior osteosynthesis

region, b posterior osteosynthesis region. The bottom-left image shows
the view orientation and region

Table 3 Simulation results for the six clenching tasks

Component Evaluation parameter
(maximum value)

Unit Clenching tasks

INC ICP RMOL LMOL RGF LGF

Anterior screws Von-Mises stress MPa 47.717 84.782 52.631 103.11 25.825 46.121

Anterior plate Von-Mises stress MPa 19.804 32.524 20.937 37.938 10.776 20.107

Posterior screws Von-Mises stress MPa 168.97 201.14 147.64 224.34 30.109 185.16

Posterior plate Von-Mises stress MPa 172.95 179.67 136.18 215.36 37.369 174.89

Fracture surface Relative micro-motion μm 110.47 147.57 97.314 160.06 30.335 107.52

Mandible Von-Mises stressa MPa 28.900 45.874 25.090 37.932 15.318 24.160

Von-Mises straina μ 2056.3 3860.8 2537.5 3486.9 1342.1 1872.9

Bone surrounding
anterior screws

Von-Mises stressa MPa 11.477 21.265 13.121 23.057 6.769 10.105

Von-Mises straina μ 1888.7 3449.9 2100.5 3875.3 1327.0 1720.4

Bone surrounding
posterior screws

Von-Mises stressa MPa 31.370 45.911 31.141 49.153 8.533 29.145

Von-Mises straina μ 2283.8 3586.2 2372.2 3795.1 684.3 2078.4

INC incisal clench, ICP intercuspal position,RMOL right unilateral molar clench, LMOL left unilateral molar clench, RGF right group function, LGF left
group function
a Values in elements close to the stiff link connections were ignored
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occur, leading to bone resorption [16], so that will not
occur in this study.

Von Mises stress was proposed as an indicator in the assess-
ment of bone remodelling; Sugiura et al. indicated that when
stress in bone exceeds 50 MPa, this leads to bone resorption
[17]. In our simulations, the maximum von Mises stress did not
exceed 50 MPa. Therefore, in this study, the using of two plates
was unlikely to cause bone resorption in the mandible.

For relative micro-motion, the maximum value resulted in
LMOL clenching task (160.06 μm), this value exceeded
marker value (150 μm) which was assumed to be a marker
for increasing risk of clinical problems with healing of the
fracture [18]. This outcome expresses that biting on contralat-
eral side could have high risk of healing problems. Therefore,
care should be taken to confirm soft diet after surgery.

As with any simulation approach, our study encountered a
few limitations: first, ignoring regions of artificially high
strains. Although these regions were occurred in finite element
simulations [1], care must be taken in future simulations to
deal with such errors. Second, only two plates’ method was
used in this simulations; analysis of other methods has yet to
be performed. And further work is needed to validate these
results against experimental data.

Conclusion

In this study, we performed simulations and analysed the ef-
fects of six clenching tasks on the biomechanical behaviours
of condylar base fracture osteosynthesis and surrounding
bone. Our observations are as follows:

(1) The clenching tasks significantly influenced the von
Mises stress and strain of the whole bone.

(2) Healing problems could occur with contralateral biting; this
result confirms the importance of soft diet after surgery.

(3) The studied fixation method could withstand all occlusal
conditions without fail (fracturing, bending or bone
resorption).

(4) Contralateral occlusion clenching task could be the suit-
able biting simulation for future FE studies on condyle
fracture because of the maximal results of von Mises
stress and strain.
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