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Abstract

In recent times, research into mandibular fracture has gained momentum
from advances in scanning techniques, software/algorithm developments and
improvements, and numerical structural modeling using the finite-element
method (FEM). In this work, the FEM is used to model a mandibular fracture
(using an inhomogeneous and orthotropic jaw model) simulating the effect of
different bite tasks/forces on the stability of the fixated fracture. Specifically,
bilateral and unilateral clenches (using muscle data) were studied using a
low-profile 3D 4 x 2 hole mini-plate deployed for fracture fixation. Here, the
mandible bone was treated as orthotropic and spatially inhomogeneous. Al-
though the results of stress and displacement analyses, for this fixation hard-
ware, indicate sufficient fixation under normal biting conditions, the results
show that the unilateral and ipsilateral bites develop, in general, the highest
stresses or displacements. Such results can guide post-surgery recommenda-
tion on bite behavior.

Keywords

Mandible, Mandibular Fracture, Internal Fixation, Finite-Element Modeling,
Bite Forces

1. Introduction

A recent trend in researching complex modern problems has required interdis-
ciplinary collaboration in order to develop solutions. This is the case in the

problem facing maxillofacial surgeons who have relied heavily on trial and error
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methods for repairing mandibular fractures.

Open reduction and internal fixation is the most frequent treatment for man-
dibular fractures [1]. These procedures are largely considered successful, though
studies have reported up to 30% rate of complications requiring plate removal
(depending on the fracture site) [1] [2] [3] [4]. Methods outside the scope of the
medical practitioner’s expertise are necessary to understand the fundamental
reasons by which a particular rigid internal fixation device may perform superior
to another. Fixation of fractured mandibular bone segments is primarily of a
structural nature involving various material properties, each exhibiting different
mechanical responses (ie. stress and strain under loading). The mechanical en-
gineering discipline is suitable to further the efforts in developing improved
plating systems and understanding the role of fracture mechanics in complica-
tions and removal after internal fixation.

A useful technique for analyzing complex structures is the finite element me-
thod (FEM), which essentially reduces a complex problem that might otherwise
be impossible to solve analytically into numerous smaller and simpler problems
generating a multitude of equations, or matrices, that can be solved numerically.
Assembling each individual element matrix into the global stiffness matrix by
applying the appropriate boundary conditions and reviewing the entire solution
gives an understanding to the behavior of the structure. With the improvement
in finite element analysis (FEA) software and the significant increase in capabil-
ity of computing resources, FE modeling of biological tissues and physiological
behavior is now becoming an established practice.

FEA offers insight into the mechanistic behavior of fixation plates used in ri-
gid internal fixation and, if modeled carefully, could eventually become an accu-
rate design tool. A literature investigation has sought to determine the appro-
priateness of fixation plating used in rigid internal fixation through FE analyses.
Most studies have analyzed fixation by focusing on a single bite load, making it
difficult to extrapolate findings to expected real world functioning. In addition,
fracture contact conditions are largely ignored or greatly simplified. Surgeons
will most often establish physical contact between the fractured mandibular bone
pieces during surgery (reducing the fracture), allowing normal and frictional
forces to mitigate some of the stresses and displacements that would otherwise
be transferred entirely to the fixation hardware [5]. A study by Caraveo et al. [6]
has determined the necessity to include frictional contact boundary conditions
in the FEA analysis of the fracture region. Some of the studies that utilized one
type of bite or bite task are [6] [7] [8].

One of the purposes of this investigation is to identify the effectiveness of a ri-
gid internal fracture fixation device using FE simulations of the human mandible
under variable bite forces. The primary bite forces are bilateral bite forces and
unilateral bite forces both ipsilateral (interchangeably referred to the left side
throughout this paper) and contralateral (right side) to the fracture site. A total
of seven different bites and eleven different bite tasks are considered in this

study. The authors hypothesize the biting tasks ipsilateral to the fracture will
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produce the greatest displacement in the fracture region.

Additionally, mechanical responses include stress measures in the plate-screw
system as well as the cortical bone surrounding the screws. The commonly used
von Mises criteria in FEA to evaluate mandibular bone stress studies is called
into question since this measure is typically considered more suitable for ductile
materials, whereas bone is characterized as having more of a brittle nature. The
stress measure that captures the largest tensile value is the principal stress crite-
ria in which the coordinate system is such that there are no shear stresses acting
on the element and only normal stresses act in the three orthogonal directions.
The 1* principal stress is the largest of these three values, and if positive, indi-
cates stress in tension. The peak compressive stress is indicated by the minimum
principal stress value (3™ principal stress), if it is negative. An additional goal of
this study is to evaluate the differences in von Mises and principal stress com-

ponents along the bone-implant interface.

2. Methods
2.1. FEA Geometry Creation

Computerized Tomography scans of a 22 year old male were obtained from a
Siemens Somatone Sensations Multislice Scanner. The patient had full dentition
and normal occlusion. The scans were imported into Mimics 7.3 (Materialise,
Ann Arbor, MI) where thresholding and editing functions were used to create
separate sections for cortical bone, cancellous bone, and the dental segment.
IGES (Initial Graphics Exchange Specification) curves were approximated
around the volumes and imported into ANSYS 8.0. Volumes were created and
subsequently bonded in the symphysis, parasymphysis, body, angle, ramus, co-
ronoid, and condyle regions using their respective IGES curves.

To mesh the volumes, tetrahedral-shaped solid elements were used, resulting
in a large mesh totaling (for the mandible with the hardware) 65,927 elements
and 101,115 nodes. Mesh convergence refinements of element sizes were con-
ducted for the plate, screws, fracture region, and the surrounding cortical and
cancellous regions. For the different biting scenarios, the same mesh was used to
ensure consistency amongst FE studies. The actual 3D CAD model of the
mandible was verified to match the original CT scans. Furthermore, loadings
similar to previous studies were replicated in order to validate stress results [7]
[8]. CAD model verification for this study was detailed in Chaudhary et al. [9]
and Lovald et al [7].

The fracture was simulated by dividing the mandibular corpus with a plane in
the parasymphyseal region directly under the 1* premolar as can be seen in Fig-
ure 1. Geometrical data for the plate was provided by the Stryker-Leibinger
Corp (Kalamazoo, MI). The plate analyzed is the 3D 4 x 2 hole miniplate. This is
a relatively flexible miniplate, with a 1 mm thickness. There is a small amount of
clearance between the modeled plate and bone, as in clinical situations. Unicor-

tical screw fixation was used on the superior border while bicortical fixation was
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Figure 1. Mandible-fixation system geometry. Different colored regions represent differ-
ent material property sections, Z.e. inhomogeneous mandibular bone model.

used on the inferior border. Screws were simulated as solid cylinders with a di-

ameter of 2.3 mm that were inserted and bonded to the bone material.

2.2. Material Properties

The mandible considered in this work consists of teeth, cortical bone, cancellous
bone and dental segment. The dental segment consists of dentin, enamel, peri-
odontal ligament. There are six symmetric volumes in the mandibular volume:
the symphysis, parasymphysis, angle, ramus, condyle, and coronoid. That makes
twelve the total number of mandibular volumes in the model. Each of these vo-
lumes was treated as orthotropic material, which is more accurate than the iso-
tropic approximation. This required the specification of local coordinate systems
into the FE software. Table 1 gives the material properties used in this study for
simulating the fractured mandibular model. The orthotropic cortical bone values
were taken from a study by Schwartz-Dabney et al. [10]. Isotropic properties for
cancellous bone were taken from reference [11]. The properties for dentin are
aligned with a study by Craig and Peyton [12]. Since dentin is much stiffer than
other parts of the dental segment, its elastic properties were accounted for in the
model. For the titanium plates, the properties were taken out of [13] which was a
FE study of mandibular angle fractures. All bite load configurations utilized the
same model; the only differences were the boundary condition and applied mus-

cle load distribution corresponding to each respective bite task.

2.3. Field Equations and Boundary Conditions

Multiple bite forces were used in this FEA. Muscle force vectors that were expe-
rimentally derived for a specific bite are distributed around the mandible [14].
Each force has a direction, area of attachment, and magnitude. The condyles and

occlusal surface at loading point are restrained from movement.
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Table 1. Material properties used in FEA of the mandible. Orthotropic properties were used for cortical bone, while isotropic
properties were used for cancellous bone, dentin, and the titanium plate. The x-direction is along the length of the mandible, the
y-direction is normal to the bone surface, and the z-direction is their cross product.

Material Properties Symphysis Parasymphysis  Angle Ramus Condyle Coronoid Cancellous Dentin Titanium

E, 20,492 21,728 23,793 24,607 23,500 28,000 7930 17,600 110,000
E, 12,092 12,700 12,757 12,971 12,650 14,000 7930 17,600 110,000
E, 16,350 17,828 19,014 18,357 17,850 17,500 7930 17,600 110,000
Viy 0.43 0.45 0.41 0.38 0.32 0.28 0.3 0.34 0.34

7% 0.22 0.2 0.22 0.23 0.25 0.28 0.3 0.34 0.34

Vez 0.34 0.34 0.3 0.28 0.24 0.23 0.3 0.34 0.34

Gx}, 5317 5533 5493 5386 5500 5750 3050 6567 41,045
Gy, 4825 5083 4986 5014 5150 5300 3050 6567 41,045
Gy, 6908 7450 7579 7407 7150 7150 3050 6567 41,045

The equations of equilibrium used in this mandibular FEA are:

o, +/=0,i=123, =123 (1)
In the realm of small deformation theory, the strain ¢; at a material point is
related to the gradients of displacement as follows:

1 . .
& :E(ui,j+uj,i)’l:17273ﬂj:172’3 (2)

)

For an orthotropic material deforming elastically, the stress-strain constitutive

relation, or Hooke’s Law, is as follows:

b=t Vi Vg 123 o123 k=1,23i%] %k
i— -0, "0, ——0Ok,l=1,4), =14, =14,
E- E J Ek

I J

| 3)
_Tijo—ij’ i=123,j=123,i#j
where E, G, and v; are the different elastic material constants (9 total). In this
last equation, a repeated index does not imply summation.

For an isotropic material, Hooke’s Law reduces to two material constants (two
from G, A and v):

1

26,
g, :E(oﬁ Ukk],i:1,2,3,j:1,2,3,k:1,2,3 (4)

T
T 2G+34

where

Ev
(1+v)(1-2v)

Equations (1), (2), (3) and (4) apply to material elements in the whole man-
dibular domain, Q. Here oj is the 7jth component of the stress tensor, and £ is
the th component of acting body forces. Body force contribution is negligible in
this case.

The boundary conditions used in this mandibular FEA are:
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u,=0,i=12,3 (5)
on; =T,i=1,23,j=1273 (6)

u;in Equation (5) is the ith component of the displacement vector of a materi-
al point. Equation (6) represents the stress traction, or force per area, exerted by
muscle forces during mastication on the mandible. Here n; is the jth component
of the normal unit vector at a surface point P and 7;is the ith component of
traction. The condition of zero displacement in Equation (5) applies only to the
condyle surfaces (') and the occlusal surface of the tooth where the mastication

takes place (I'p); an example is illustrated in Figure 1.

2.3.1. Frictional Contact Boundary Conditions
Frictional contact boundary elements were applied to the surfaces of the frac-
ture. Double-sided surface-to-surface contact boundary elements were utilized
since it was not known initially which surface initiated contact with the other
surface for each load configuration. The same coefficient of friction utilized in a
previous study by the authors (= 0.4) [6], and obtained from an experimental
study [15], is used for this model. ANSYS contact elements used in the ANSYS
FE models were TARGE170 and CONTA174 (Figure 2 shows these elements for
a cross-section of the mandible, specifically the cortical bone, representing one
of the fracture surfaces).

The algorithm chosen for the contact elements was the Augmented Lagran-
gian Method which requires more iterations than the Pure Penalty Method but
was chosen for better conditioning in the event of element distortion. For con-

tact analysis, the traction vector for contact has three components: one normal

Figure 2. Cross section view of fracture depicting triangular contact elements.
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(Pressure or P) and two tangential (frictional) shear stresses (in the local yand z
directions here, Ze. 7, and 7,). The contact pressure is defined using Lagrange
multiplier as it is directly related to the contact normal stiffness (X)) and the
contact gap size (u,). The Lagrange multiplier at iteration 7 (1) is computed lo-

cally (for each element) and iteratively. The frictional stress is obtained by Cou-

lomb’s law:
o/ + K Au, if 7= \|r) +77 — uP <0 (sticking)
T = (7)
i Au,
P—  ifr=.rl+7’ —uP=0 (slidin
HP— N7+ 70 —uP =0 (sliding)
where 7' is the frictional stress in direction 7= 1, 2 at the end of the previous

substep, 7is the equivalent stress, K| is the tangential contact stiffness, Au, is
the slip increment in direction 7 over the current substep, Au is the equivalent
slip increment over the current substep, and x is the coefficient of friction. The

last equation is obtained from an ANSYS manual.

2.3.2. Mastication Forces
The magnitude and direction of muscle forces during the simulated bite were
obtained from Nelson et al. [16]. Nelson’s work is seen as an authority in muscle
data forces and is the standard in most literature that have attempted to simulate
bite forces in previous FEA studies [6] [7] [8] [14]. The data from this reference
pertains to the bite of a healthy adult with an intact mandible. It is estimated that
the bite force of a patient with a fractured mandible is 60% of that of a healthy
adult [17]. The bite force data was modified accordingly in this study. The mus-
cle attachment areas on the mandible were obtained from the literature [18].

Muscle forces in the FE model adapted muscle force data from previous stu-
dies [14] [16] and include nine bilateral muscles: superior masseter, deep masse-
ter, medial pterygoid, anterior temporalis, middle temporalis, posterior tempo-
ralis, inferior lateral pterygoid, superior lateral pterygoid, and anterior digastrics.
The resultant muscle forces are described by the force vector and a central mus-
cle insertion point. These direction cosines describing the direction of muscle
forces are given in Table 2. The magnitude of each resultant muscle force is
given by:

[X,: K| -EMG,, =M, (8)

X, is the cross sectional area of the muscle attachment in cm® and Kis a gen-
eral conversion constant for skeletal muscle expressed in N/cm’. The product
[X,;-K] is known as the Weighting Factor (V) and gives the maximum possi-
ble muscle force for a muscle. The term EMG,; is a scaling factor for each biting
task that scales down the muscle force in proportion to the maximum possible
muscle force exerted by a particular muscle group. The product (M, ) given by
Equation (8) is the magnitude of the muscle force for a particular muscle. These
forces were further distributed to the nodes attached to each muscle attachment

area in the model. There are two major types of bite forces that have been analyzed
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Table 2. Muscle weighing factors, [X,,-K], for each masticatory muscle group and di-
rection cosines of muscle direction components where the x-z plane is parallel to occlusal
plane and y-z plane is the sagittal plane perpendicular to the occlusal plane. Muscle force
data was adapted from the literature [14] [16].

Weighting Right Side

Left Side Direction Cosines
Factor (N) Direction Cosines

COs-x cos-y COos-z COos-x cos-y Cos-z

Superficial Masseter 190.4 -0.207  0.884 0.419 0.207 0.884 0.419
Deep Masseter 81.6 -0.546  0.758 -0.358  0.546 0.758  —0.358
Medial pterygoid 174.8 0.486 0.791 0.372  -0.486  0.791 0.372
Anterior temporalis 158 -0.149  0.988 0.044 0.149 0.988 0.044
Middle Temporalis 95.6 -0.221  0.837 -0.5 0.221 0.837 -0.5
Posterior Temporalis 75.6 -0.208 0.474 -0.855  0.208 0.474  -0.855
Inferior lateral pterygoid 66.9 0.63 -0.174 0757 -0.63 —-0.174 0.757

Superior lateral pterygoid =~ 28.7 0761  0.074  0.645 —0.761 0.074  0.645

Anterior Digastrics 40 -0.244 -0.237 -0.94 0.244 -0.237 -0.244

in this study; symmetrical bilateral clenching and unsymmetrical unilateral bite
forces, both ipsilateral and contralateral to the fracture region.

The three symmetrical bilateral clenching tasks are: incisal (I), intercuspal
(IC), and the bilateral molar clenches (BM). The incisal clench involves an ante-
rior clenching emphasis and is constrained at both incisors in the tooth appro-
priate tooth reaction direction. The intercuspal clench is medially concentrated
in the mandible and restraints are applied at two bilateral tooth locations (1%
premolar and 1* molar). Bilateral molar clenching tasks concentrate forces in the
posterior occlusal region and are restrained in the 1* and 2™ molars for each
analysis.

Asymmetrical unilateral clenching tasks simulate bite loading that consists of
working side muscles and balancing side muscles [16]. Each mastication task is
evaluated both ipsilateral and contralateral to the fracture site. The unilateral
clenching tasks include the right and left side unilateral canine clench (LUC and
RUC) restrained at each respective canine. The unilateral molar clench is confi-
gured for the left (LUM) and right (RUM) side as well as being constrained at
both the 1 and 2" molars making for a total of four unilateral molar clenching
tasks. The scaling factors, EMG,;;, for masticatory muscle forces for each of the
bilateral clenching tasks, and the unilateral clenching tasks, are listed in Table 3
and Table 4.

3. Results
3.1. Stress Results

3.1.1 Cortical Bone Stress - Von Mises, 1st Principal, and 3rd Principal
Stress

Three measures of interest are the maximum nodal Von Mises stress, the 1%
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Table 3. Bilateral clenching left and right side muscle scale factors, EMG,.

Bilateral Clenching

Mastication Muscles Intercuspal Bilateral Incisal
R L R L R L

Superficial Masseter 1 1 0.81 0.81 0.4 0.4
Deep Masseter 1 1 0.81 0.81 0.26 0.26
Medial pterygoid 0.76 0.76 0.82 0.82 0.78 0.78
Anterior temporalis 0.98 0.98 0.83 0.83 0.08 0.08
Middle Temporalis 0.96 0.96 0.83 0.83 0.06 0.06
Posterior Temporalis 0.94 0.94 0.84 0.84 0.04 0.04
Inferior lateral pterygoid 0.27 0.27 0.36 0.36 0.71 0.71
Superior lateral pterygoid 0.59 0.59 0.61 0.61 0.5 0.5
Anterior Digastrics 0.28 0.28 0.33 0.33 0.5 0.5

Table 4. Unilateral clenching left and right side muscle scale factors, EMG,.

Unilateral Clenching
Mastication Muscles RUM LUM RUC LUC
R L R L R L R L
Superficial Masseter 0.72 0.6 0.6 0.72 0.46 0.58 0.58 0.46
Deep Masseter 0.72 0.6 0.6 0.72 0.46 0.58 0.58 0.46
Medial pterygoid 0.84 0.6 0.6 0.84 0.55 0.47 0.47 0.55

Anterior temporalis 0.73 0.58 0.58 0.73 0.54 0.14 0.14 0.54
Middle Temporalis 0.66 0.67 0.67 0.66 0.48 0.2 0.2 0.48
Posterior Temporalis 0.59 0.39 0.39 0.59 0.42 0.26 0.26 0.42
Inferior lateral pterygoid 0.14 0.59 0.59 0.14 0.3 0.65 0.65 0.3
Superior lateral pterygoid 0 0 0 0 0 0 0 0

Anterior Digastrics 0 0 0 0 0 0 0 0

principal stress and the minimum 3 principal stress values for the cortical bone
in all biting tasks. In regards to principal stress, positive values represent tension
while negative values represent compression. Von mises stress is always a scalar
positive value that represents the general magnitude of stress at a point. The FEA
model results for bone stress are recorded in Table 5.

For illustrative purposes, contour plots of the three stress measures of interest
for an incisal clench (INC) and the left unilateral molar clench restrained at the
first molar (LUM1) are shown in Figure 3. For the incisal biting task, the stress
distribution contours appear to be very similar, however, the maximum 1* prin-
cipal stress location is at the anterior (with respect to fracture plane) bone seg-
ment surrounding the superior screw hole proximal to the fracture, while the

maximum Von Mises Stress value can be found in the posterior bone section
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Table 5. Bone stress-peak von mises, 1* Principal Stress, and 3™ principal stress compar-
ison for all biting tasks. Note: BM1: bilateral 1* molar clench , BM2: bilateral 2" molar
clench, ICPM: intercuspal clench at 2nd premolar IC1M: intercuspal clench at 1** molar,
INC: Incisal, RUC: right unilateral canine clench, LUC: left unilateral canine clench,
LUMLI: left unilateral molar clench restrained at the 1st molar, LUM2: left unilateral mo-
lar clench restrained at the 2nd molar, RUMI: right unilateral molar clench restrained at
the 1st molar, RUM2: right unilateral molar clench restrained at the 2™ molar.

Max Nodal Von Max 1st % Von Mises Min 3rd % Von Mises

Bite Task Mises Stress  Principal Stress difference principal stress difference
BM1 25.2 21.7 13.8% -27.8 10.3%
BM2 27.0 21.2 21.7% -28.7 6.2%

ICPM 27.7 26.1 5.7% -30.4 9.9%
ICIM 333 29.0 12.8% -36.5 9.8%
INC 60.0 62.5 4.2% -67.4 12.4%
RUC 34.7 444 27.7% -28.9 16.8%
LUC 42.8 48.2 12.6% -37.0 13.5%
LUM1 85.5 64.1 25.0% -103.9 21.6%
LUM2 86.3 63.8 26.0% -104.9 21.6%
RUM1 57.6 73.2 27.0% -47.7 17.2%
RUM2 52.1 66.3 27.3% -43.3 16.8
Von Mises Stress (MPa) 1% Principal Stress (MPa) 3 Principal Stress (MPa)

Incisal
Clench
[INC)

Left
Unilateral
Malar
Clench
(Lum1 )

0 21 43 64 85 23 -1 21 42 64-104 75 45 16 13

Figure 3. Cortical bone stress contour plots (MPa) for the incisal clench (INC) and the
left unilateral molar clench (LUM1). Red arrows indicate the maximum stress location.
Blue arrows indicate the minimum stress location (3™ Principal Stress).

surrounding the proximal inferior screw hole (indicated with red arrow). The
minimum 3™ principal stress value is also located at the postero-inferior screw
location. There is a 4.2% difference in peak stress values for the 1% principal
stress from the Von Mises stress and a 12.4% difference for the 3™ principal
stress for this bite task. Not that peak stress values in cortical bone in this study
should be interpreted in a relative fashion due to simplifications to the screw
geometry and the interface conditions between the screw bodies and the bone.

For the left unilateral molar clench restrained at the first molar (LUM1), peak
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1** principal stress values are seen around the postero-inferior proximal screw
hole (Figure 3). This is also observed for the Von Mises and 3™ principal stress
plot; however, there is also notable Von Mises stress concentration in the post-
ero-superior bone adjacent to the fracture plane that somewhat corresponds to
the 3™ principal stress plot in that region.

Observing the unilateral molar clenching tasks, all four experience peak bone
stress for the three types of measures in the buccal cortical bone in the posterior
bone section. For left side configurations (LUM1 and LUM?2), the peak Von
Mises, 1st principal stress, and 3™ principal stress occur around the post-
ero-inferior screw hole. In a similar fashion, all stress measures for the contrala-
teral clenching tasks coincide about the proximal postero-superior screw hole.
The difference in magnitudes for the four unilateral molar clenching tasks
ranges from 16.8% to 21.6% for the compressive stress compared to the Von
Mises stress. The ipsilateral bites produce larger Von Mises stress values, while
the contralateral unilateral molar clenching tasks exhibit lesser values (86 MPa
vs. 52 MPa). First principal stress values for all four unilateral molar clenching
tasks range from approximately 64 MPa to 73 MPa; with the right side biting
tasks producing slightly larger values. The 3™ principal stress ranged from —43
MPa to —104 MPa with the left side biting tasks producing greater compressive
stress than the right side.

Canine clenching tasks consist of two tasks, ipsilateral (LUC) and contralater-
al (RUC) bites. The left unilateral canine clench showed a peak nodal bone Von
Mises stress value of 43 MPa at the postero-inferior proximal screw hole site and
a maximum 1% principal stress magnitude of 48 MPa in the cortical bone sur-
rounding the postero-superior screw hole in proximity to the fracture. The peak
3 principal stress of —37 MPa is noted at the proximal postero-inferior screw
site region. On the other hand, the contralateral canine clench (RUC) demon-
strated maximum Von Mises (35 MPa), 1* principal stress (44 MPa), and 3™
principal stress (—28.9 MPa) values at the proximal postero-superior hole site.

The intercuspal clench was restrained at each 2™ premolar for the ICPM case
and at the 1" molars for the ICP1M case. For both clenching tasks the maximum
peak nodal Von Mises stress and 3™ principal stress values occur at the post-
ero-inferior proximal screw-hole vicinity; whereas the maximum 1* principal for
both intercuspal cases occur at the postero-superior screw site. Similarly, the
peak Von Mises, 1% principal, and 3™ principal stresses follow the same pattern
for the bilateral molar clenches for both tooth restraint configurations.

1** principal stress maximums for the ipsilateral clenching tasks (LUM1 and
LUM?2) are located at the postero-inferior screw site, while all other clenching
tasks peak values were found to be at the postero-superior screw region proximal
to the fracture. With the exception of the contralateral clenching tasks, all other
maximum compressive stress (minimum 3™ principal stress) is found to be lo-
cated at the proximal postero-inferior screw location. The contralateral biting
tasks experience maximum compression around the proximal postero-superior

screw cortical bone. The peak Von Mises stress values for the unilateral clench-
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ing tasks occur at the proximal postero-inferior screw region, except for the right
unilateral molar clenches, these occur at the proximal postero-superior screw vi-
cinity. With the exception of the incisal clenching task, whose peak Von Mises
stress is found in the area of the proximal antero-superior screw hole, the re-
maining bilateral clenching tasks exhibit peak Von Mises stress value near the

postero-inferior screw hole.

3.1.2. Plate-Screw Von Mises Stress

Plate and screw Von Mises stress measures were observed to determine the via-
bility of the plates and screws to withstand the loading from the different bite
loads. Plate Von Mises stress contour plots indicate, for all bilateral and ipsila-
teral clenching tasks, that maximum stress values are found at the inferior plate
band bridging the fracture (Figure 4). Contralateral loading produces peak
stress values across the fracture region in the superior plate band. The distal
plate bands exhibit minimal loading for all bite cases. With the exception of the
right unilateral canine clench, unilateral cases demonstrate higher peak Von
Mises stresses than the bilateral clenching tasks. The range for the peak plate
Von Mises stress values range from 285 MPa to 504 MPa (Table 6).

Peak screw Von Mises stress values for all clenching tasks are found in the
screw locations proximal to the fracture. Bilateral molar clenching tasks exhibit
peak Von Mises stress values in the proximal antero-inferior screw. The incisal
clench shows a max value at the postero-superior screw location. Intercuspal peak
stress value is found for the second premolar restraint in the antero-inferior screw
while with the restraint at the 1** molar gives a maximum at the antero-superior
screw. For the unilateral canine clenching tasks, the left side bite (LUC) demon-
strates a peak Von Mises stress value in the antero-superior screw while the right
side bite (RUC) produces a maximum value in the postero-superior screw. Both
right unilateral clenching tasks (RUM1 and RUM2) produce maximum screw
Von Mises values at postero-superior region, while both left side clenching
maximum screw stresses occur at the postero-inferior location. Referring to Ta-

ble 6, peak von Mises stress in the screw bodies range from 89 MPa to 118 MPa.

R
0 97 195 292 389

Figure 4. Plate Von Mises Stress (MPa) for an incisal clench (INC).
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Table 6. Plate and screw von mises (VM) stress for all biting tasks. Note: BM1: bilateral
1% molar clench, BM2: bilateral 2" molar clench, ICPM: intercuspal clench at 2nd pre-
molar ICIM: intercuspal clench at 1* molar, INC: Incisal, RUC: right unilateral canine
clench, LUC: left unilateral canine clench, LUM1: left unilateral molar clench restrained
at the 1st molar, LUM2: left unilateral molar clench restrained at the 2nd molar, RUMI:
right unilateral molar clench restrained at the 1st molar, RUM2: right unilateral molar
clench restrained at the 2"¢ molar.

Bite Task Plate VM Stress (MPa) Screw VM Stress (MPa)
BM1 302 91
BM2 295 93

ICPM 371 110
ICIM 400 118
INC 389 89
RUC 285 70
LUC 502 115
LUM1 423 108
LUM2 443 110
RUM1 504 118
RUM2 448 106

3.2. Displacement Results

Relative displacement along the fracture provides insight into the behavior of the
bone-hardware deformation behavior at the fracture site. The points of interest
are at the superior and inferior nodes corresponding to the midpoint of the
fracture plane. The relative displacement is measured at two coincident nodes on
each side of the fracture. The x-axis is taken to be the transverse direction across
the fracture, along the antero-posterior axis (see Figure 5). The y-axis is in the
vertical direction parallel to the fracture plane. The z-axis is parallel to the frac-
ture plane in the buccal-lingual direction and perpendicular to the x-axis. For il-
lustration, displacement contour plots of x, y; z and resultant magnitude dis-

placements are respectively displayed in Figure 5 for a BM2 clench.

3.2.1. Superior Nodal Relative Displacement

The bilateral bite task that produced the greatest displacement along the x-axis is
the ICPM bite task while the least displacement of the superior nodes is gener-
ated by the BM2 task (Table 7). The INC bite causes slightly more displacement
than the IC1IM clench, and the BM1 clench relative separation displacement in
the x-direction is only 0.1% greater BM2 task. In general, the right unilateral
clenching tasks produced greater relative displacement of the fracture in the ho-
rizontal direction than their corresponding left unilateral clenching counter-
parts. The LUM1 bite exhibits the least amount of x-direction displacement of
the unilateral clinches while the greatest displacement in the transverse direction

is generated by the RUMI1 clench. Vertical translation relative displacement
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Bilateral Molar Clench at 2" Molar

X-Disp: Normal to Fracture Plane (mm) Y-Disp: Inf/Sup in Fracture Plane {mm)

-0.025 -0.019 -0.012 -0.006 0 -0.021  -0.009 0.003 0.015 0.027

Z-Disp: Bucal(+)/Lingual Direction in Fracture Plane (mm) Resultant Displacement (mm)

-0.031 0.003 0.037 0071 0.106 0011 0.035 0059 0.083 0.107
Figure 5. Displacement contour plot of x; y; z and resultant displacement (mm) for bila-

teral molar clench at the 2" molar.

Table 7. Relative displacement in mm at fracture mid-plane superior nodes. Percentages
are with respect to the minimum value in each column.

Bite Task X Y A Resultant %X %Y %Z  %Resultant
BM1 0.0043 0.0150 0.0226 0.0287 0.1 70.2 302.7 6.9
BM2 ‘ 0.0043 ‘ 0.0120 0.0240 0.0277 0.0 36.2 326.7 3.1

ICPM ‘ 0.0172 0.0156 0.0110 ‘ 0.0269 ‘ 299.8 77.3 96.0 0.0
ICIM 0.0055 0.0213 0.0287 0.0381 28.8 141.8 410.9 41.9
INC 0.0059 0.0303 0.0210 0.0376 38.3 244.2 273.4 39.7
RUC 0.0180 0.0297 0.0056 0.0353 318.6 237.2 0.0 31.3
LUC 0.0153 0.0088 0.0728 0.0749 255.0 0.0 1195.7 178.8
LUM1 0.0084 0.0325 0.0282 0.0440 94.6 268.9 402.4 63.7
LUM2 0.0111 0.0409 0.0483 0.0645 159.0 364.7 759.7 140.0
RUM1 0.0220 0.0181 0.0610 0.0673 411.1 105.5 985.7 150.5
RUM2 0.0157 0.0508 0.0301 0.0611 265.1 476.4 435.9 127.3

computations demonstrate the LUC clench causing the least amount of relative
displacement. A RUM2 clenching bite results in the greatest relative translation
along the y-axis for the superior nodes. The RUC bite provided for the least dis-
placement in the z direction while its counterpart task (LUC), resulted in the
greatest z-axis relative translation. The resultant relative magnitude displace-
ment observation yields the least relative translation by the ICPM clenching task
and the largest relative resultant displacement magnitude is given by the LUC

biting task.
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3.2.2. Inferior Nodal Relative Displacement

The minimum translation in all directions at the inferior node occurs for the
INC bite force (Table 8). The largest translation in x-axis is shown for the ICPM
task, followed by the ipsilateral molar clenching tasks. Ipsilateral molar clench-
ing tasks also generated the most relative translation along the vertical direction.

Maximum relative displacement along the z-axis was produced by the LUM2

Tasks.

Table 9 averages the resultant relative translation produced by each clenching
task. The INC task generates the smallest relative displacement while the LUM2

case produces the largest overall translation.

Table 8. Relative displacement (mm) at inferior nodes percentages are with respect to

values for the inciscal clinch (minimum value in each column).

Bite Task X Y Z Resultant %X %Y %Z %Resultant
BM1 0.0132 0.0130 0.0417 0.0456 265% 427% 135% 149%
BM2 0.0129 0.0180 0.0423 0.0477 256% 628% 138% 160%
ICPM 0.0743 0.0229 0.0277 0.0825 1953% 830% 56% 351%
ICIM 0.0195 0.0140 0.0539 0.0590 439% 467% 203% 222%
INC ‘ 0.0036 ‘ 0.0025 0.0178 0.0183 0% 0% 0% 0%
RUC 0.0054 0.0248 0.0198 0.0322 50% 907% 12% 76%
LUC 0.0138 0.0078 0.0705 0.0722 282% 217% 296% 294%
LUM1 0.0418 0.0683 0.0322 0.0863 1054%  2670% 81% 371%
LUM2 0.0320 0.0511 0.0748 0.0961 785% 1970% 321% 425%
RUM1 0.0084 0.0050 0.0589 0.0597 133% 102% 231% 226%
RUM2 0.0070 0.0470 0.0202 0.0517 94% 1807% 14% 182%

Table 9. Resultant comparison of inferior and superior node—percentages are with re-

spect to the INC clench.

Bite Task Resultant (Superior) Resultant (Inferior) Avg %Avg
BM1 0.0287 0.0456 0.0372 33.1%
BM2 0.0277 0.0477 0.0377 34.9%
ICPM 0.0269 0.0825 0.0547 95.8%
ICIM 0.0381 0.0590 0.0486 73.8%
INC 0.0376 0.0183 0.0279 0.0%
RUC 0.0353 0.0322 0.0338 20.8%
LUC 0.0749 0.0722 0.0736 163.3%

LUM1 0.0440 0.0863 0.0652 133.2%
LUM2 0.0645 0.0961 0.0803 187.4%
RUM1 0.0673 0.0597 0.0635 127.4%
RUM2 0.0611 0.0517 0.0564 101.8%
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4. Discussion
4.1. Stress

4.1.1. Bone Stress-Principal versus Von Mises

There is a problem in the FEA literature on agreeing to what type of stress
measure ought to be reported in studies of fracture fixation. Bone is characte-
rized by many as a brittle material, which is often described as a material that is
very resilient in compression but fails much more easily in tension and can en-
dure very little strain. However, bone can fail in both tension and compression.
Ultimate strength in tension ranges from 92 - 188 MPa and ultimate strength in
compression ranges from 133 to 295 MPa, depending on the mechanical test
methods employed [19]. Von Mises stress is commonly considered most appro-
priate for ductile materials.

Many numerical studies of the mechanics of mandibular deformation using
the finite element method have been carried out. However, there is still variation
in reporting different stress measures in FEA studies of the mandible. Korioth et
al. [20] exclusively report bone principal stresses in the study of the mechanical
behavior a human mandible constructed from tomographs of a dry dentate
mandible subject to functional bite forces. Comparisons of different fixation
methods, following split ramus osteotomies, report all bone stress results using
the Von Mises criteria [21] [22]. In simulations of the human mandible with and
without an endosseous implant, Chen ef al. [23] report stress values in principal,
Von Mises and dilatational stress values. Simsek et al [24] recognize that Von
Mises and principal stresses seem to be reported equally in the literature. How-
ever, the authors note in their work that Von Mises is defined as the beginning
of deformation for ductile materials and therefore opt to use the principal stress
in reporting values. Kofod et al. /25][26] simply report Von Mises in their study
of the mandible and temporomandibular joint (TM]) before and after distrac-
tion. Stress levels were calculated using the Von Mises stresses in an FEA study
of the influence of occlusal loading on implants and supporting bone because
FEA studies of this nature commonly tend to report the von Mises stress to cha-
racterize the state of stress in bone [27]. Tada et al reported both stress measures
but used the von Mises criteria since the scalar quantity is influenced by the
principal stress components and thus facilitating the comparison of multiple
models [28]. Other studies have utilized only the von Mises measure since it’s
the either the most prevalent in the literature or simply just reported qualitative
stress distribution changes [6] [7] [9] [13] [27] [29].

This study found no conclusive direct correlation between the location of the
peak Von Mises and principal stress values. There is one particular instance with
the incisal clench that the maximum Von Mises was determined to be in the an-
terior bone segment while both peak tension and compressive values were lo-
cated in the posterior bone region of the parasymphysis. Additionally, in many
cases there was no direct correspondence of the von Mises stress location coin-

ciding with location of peak principal stress values, in either tension or compres-
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sion. Since there is a possibility of failure of cortical bone in both tension and
compression, and due to the complex nature of the geometry and loading and
boundary conditions, it is conceivable for cortical bone to exhibit much higher
compressive stresses than tensile as demonstrated by the left unilateral molar
clenching tasks. In this particular study, all peak values for all tasks were well
below the bone failure criteria. The observation of stress in tension or compres-
sion was most clearly distinguishable by the principal stress measures. The von
Mises stress only calculates a magnitude of the state of stress at the point and
may be subject to human misinterpretation. The reasons for reporting principal
stress values in the literature and the insight gained from this study affirm the
position that principal stress measures should be used in FEA mandibular bone

studies as opposed to the von Mises criteria.

4.1.2. Plate-Screw System

For all biting tasks the plates are able to withstand the stress, even for the maxi-
mum plate stress of 502 MPa for the ipsilateral canine clench (LUC), which is
well below the yielding strength of the titanium, which is above 880 MPa. The
screws experienced even less stress with a maximum of 118 MPa for the right
unilateral molar clench restrained at the first tooth (RUM1). This plate-system
has previously been determined to demonstrate stability for unilateral clenching
tasks at the first molar [7] and this study concludes that the fixation and fracture
configuration is stable for other biting tasks. Since screws are bonded and cylin-
drical, this does not realistically model true screw geometry, although a previous
study concluded that cylindrical and helical structured screws may have similar

stress distributions [28].

4.2. Bone Healing and Displacement

Complete bone healing is the goal of internal fixation devices, and the stability
provided by the fixation system is vital to facilitate the process. Failures include
nonunion, malunion, malocclusion, infection and osteomyelitis, and hardware
failures such as a broken plate or loosening and screw back-out. The primary
goal of the procedure is to stabilize the fracture and allow an early return to
function [30] [31]. For direct bone healing to occur, minimal deformation needs
to exist such that osteons can form to link the two fragments together. If higher
interfragmentary motion is observed, a secondary bone union process occurs via
a callus formation to join the two fragments to form bone. Lovald et al. [7] re-
ports an allowable range of 0.15 mm, which all values in this study in any direc-
tion fall under. Expectedly, the ipsilateral biting tasks (left side in the model),
produce the largest relative displacement and should be minimized during the
initial stages of healing. The bilateral clenching tasks (BM1, BM2, ICPM, IC1M)
produced a moderate amount of translation with the incisal clench (INC) pro-
ducing the least amount. The greatest displacement is generated by the ipsilater-
al LUC and LUM2 clenching tasks. For all cases, loading on the contralateral

side reduce fracture motion.
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4.3. Boundary Conditions and Muscle Forces

One of the greatest challenges in evaluating mandibular fracture FEA has been
the determination of muscle forces boundary conditions [32]. Several studies,
including this one, have fixed the condyles and have interpreted the results
through a qualitative lens [6] [7] [13] [21] [22] [23] [33] [34]. Due to the com-
plexities of the condyle, articular disk, and boundary conditions at the tempo-
romandibular joints, the large majority of FEA studies have modeled only the
mandible and completely fixed the condyles. Some attempts to incorporate the
“buffer” effect of the articular disk are to bond the condyle, articular disk, and fix
the glenoid fossa bone [14] [20]. This still limits the degree of freedom that the
articular disk normally provides at the TM]. The justification for this is based on
St. Venant’s Principle which states that stresses far away from a load are unaf-
fected by the local stress at the point of loading. Another method is to represent
the mandible without the articular disk and use “gap” elements that determine
the boundary at which displacement is not to exceed; and used in conjunction
with spring elements. This is probably a closer approximation but still does not
take into account the friction encountered with rotation. For this treatment, the
articular disk is assumed to behave in a uni-axial fashion and it is unclear as to
what the contact interaction is with the glenoid fossa (i.e. friction, elastic proper-
ties) [25] [26] [35]. Yet another method is to apply spring elements on nodes
fixed on a symmetry plane and compute reaction forces prior to applying the
necessary balancing forces at the condyle [36]. The model may be undercon-
strained with this treatment.

Further concerns in modeling biting loads are the boundary conditions ap-
plied at the teeth. For the unilateral or incisal clenching tasks, the point of con-
tact is only one tooth. This type of loading best represents some sort of small
object (eg. a peanut) such that the muscles are fully engaged at the initiation of
mastication. The bilateral clenching tasks assume bite contacts which are sym-
metrical and bilateral with occlusal contact only occurring at two teeth. Howev-
er, this still offers some qualitative inference for the patient that is simply
clenching unconsciously while awake or asleep. There is no literature, to the au-
thor’s knowledge that has taken into consideration the occlusal contact rela-
tionship with the upper teeth for any bite clench. This study is conservative in
that fixation such as arch bars, or other devices which will limit mastication

functioning, are not considered in this model.

5. Conclusion

The inclusion of multiple forces contributes to the understanding of the fixation
device under multiple force loads allowing the identification potential failure
due to patient non-compliance. Principal stress measures offer the best insight
into the type of stress (i.e. tension or compression) bone is subjected to during
loading. The finite element method is a capable tool for aiding in the analysis of

mandibular fractures. Mandible studies can still benefit from refined screw/bone
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modeling and interaction. Furthermore, limitations in the number of elements
and nodes imposed on academic research institutions to accurately refine the
elements to conform to the geometrical CAD model influence the degree to
which reality can be simulated, including screw/bone interaction. Significant
progress has been made with the inclusion of contact, friction, and broadening
the range of biting tasks in fracture models such that qualitative insight can be
explored in conjunction with surgeons to interpret results based on their expe-

riences with patients.
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