Biomechanics of the Mandible: Part Il.
Development of a 3-Dimensional Finite Element Model
to Study Mandibular Functional Deformation in

Subjects Treated with Dental Implants

Jehad Al-Sukhun, PhD, MSc, BDS/John Kelleway?

Purpose: The purpose of the study was to develop a finite element model of the human mandible and
to compare the functional deformation predicted by the model with that detected clinically. Materials
and Methods: Three patterns of mandibular deformation (medial convergence, corporal rotation and
dorso-ventral shear) were studied clinically in 12 subjects using custom-fabricated displacement trans-
ducers mounted on endosseous implants in the premolar region. The mandibular arches of 12
patients with dental implants were modeled using finite element techniques based on computerized
tomographic (CT) scan images of the jaw. Results: The finite element model was found to closely repli-
cate the patterns of observed mandibular deformation. Differences between the predicted and mea-
sured deformation values were expressed as a percentage of the measured value and ranged
between 0.0% and 22.2%. Medial convergence ranged between 14.4 and 58.4 um. Dorso-ventral
shear and corporal rotation ranged between 0.4 and 2.7 degrees. Conclusions: Using the finite ele-
ment model described in this study, which represents the living human mandible, and clinical testing,
there was close agreement between the predicted and measured deformation values. This study pro-
vided a high level of confidence in the finite element model and its ability to provide better insight into
understanding the complex phenomena of functional mandibular deformation. (More than 50 refer-
ences.) INT J ORAL MAXILLOFAC IMPLANTS 2007;22:455-466
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he mandible is a specialized structure, where

muscles, joints, and teeth work in a complex syn-
ergy. Function and form of the mandible are adapted
to work in the highly developed masticatory system.
The first concept of a junction between biomechan-
ics and morphology was shown by Wolff' and
described as functional adaptation of bony tissue.
Further investigations by Frost?> demonstrated the
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relationship between the amount of strain in the
bony microenvironment and the subsequent bio-
logic reaction.

The morphology of a bone is influenced by its
mechanical environment and loading history."? This
also applies to the mandible, and several researchers
have suggested that the adaptive response of the pri-
mate mandibular symphysis to mechanical stress is
reflected in its morphology.3- In 1984, Hylander® pos-
tulated that at least three patterns of stress and defor-
mation occurred in the primate symphysis. These are
corporal rotation, symphyseal dorso-ventral shear,
and medial convergence (Fig 1). Corporal rotation (CR)
is the relative outward rotation of the 2 halves of the
mandible as the corpora rotated and their coronal
ends became farther apart relative to their apices.
Medial convergence (MC) is the change in mandibular
width during function. Dorso-ventral (DV) shear is the
movement of the 2 halves of the mandible relative to
one another in the vertical plane.
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Fig 1 (a) Jaw deformation: A = medial convergence, B = corporal rotation, and C = dorso-
ventral shear. (b) Frontal view of the oral cavity of a subject with strain-gauge transducers,
mounted on 2 implants. The top horizontal, transverse beam was mounted to determine
corporal rotation. The semicircular bridge beam was used next to determine medial conver-
gence. At the bottom, the 2 crossed beams were mounted onto the 2 implants to determine
dorso-ventral shear. The recorded strain data at the free end of each beam were then con-
verted via calibration charts into microns and consequently expressed for the effect of jaw
deformation in the case of medial convergence. In case of corporal rotation and dorso-ven-
tral shear, the deflection of the free end of the beam was converted into angles, and defor-

mation was expressed in degrees.

These patterns may influence the construction and
performance of intraoral prostheses, especially
implant-stabilized prostheses, which are linked to the
jaw with relatively rigid interfaces. Although
mandibular implant treatment has a high success
rate, the long-term clinical significance of mandibular
deformation on implant treatment is still unknown.
The possibility that jaw deformation and the resulting
stresses may be a source of implant failure, or
enhance osseointegration, cannot be excluded.

Insights into mandibular deformation have been
gained from measurements of regional surface strain
in living macaques.®’'! The extent to which these
observations can be extrapolated to human beings is
uncertain because of the distinct differences in mor-
phology and function between the species. Cur-
rently, the direct measurement of bone strain using
electrical strain gauges in living human subjects is
impractical. Photoelastic measurements have also
been made on physical models of the mandible,'2-14
but this technique is of limited quantitative value. As
in the majority of experimental stress methods, its
main disadvantage is that it is not appropriate for
analyzing strain under in vivo conditions. However,
the method is nondestructive and enables the inves-
tigator to visualize the distribution of surface strains.
The most common approach has been to use mathe-
matical modeling to specify the locations and orien-
tations of putative muscle tension vectors 3-dimen-
sionally. In these models, it has been assumed that
the bone is a rigid structure, and as such behaves
according to static equilibrium theory.”’>1 Mathe-
matical models necessarily assume structural rigidity
and concentricity in the sagittal view, factors which
limit their usefulness. As an alternative, indirect
mathematical approach, the finite element modeling
technique enables the modeling of structures with
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intricate shapes and can be used to indirectly quan-
tify their complex mechanical behavior at any theo-
retical point.’” Since the finite element method uses
the theories of elasticity and static equilibrium, the
effects of multiple external forces acting on a system
can be assessed as physical events in terms of defor-
mations, stresses, or strains.

The purpose of this study was to develop a finite
element model of the human mandible and to com-
pare the functional deformation predicted by the
model with that detected clinically.

MATERIALS AND METHODS

Clinical Study

The design of the clinical study was described in pre-
vious work but will be summarized here.>'8 The sub-
jects were 12 women between 47 and 65 years old.
None of the subjects suffered from any temporo-
mandibular joint dysfunction or systemic disease,
and none was using any medication which might
have adversely affected neuromuscular activity. Simi-
larly, none was known to be suffering from any
abnormality of bone metabolism. Measurements
were made during a routine review visit. The subjects
gave their informed consent, and the project was
approved by a local ethics committee.

Each patient had 2 Nobel Biocare endosseous
implants (diameter 3.75 mm; Nobel Biocare, Gote-
borg, Sweden) placed in the left and right mandibu-
lar premolar regions (1 implant per hemimandible).
The 2 implants were placed vertically to the lower
border of the mandible and equidistant from the
median sagittal plane. The implants had been pre-
sent for a minimum of 24 months and met recog-
nized criteria of success.>'®
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Three sets of displacement transducers were used
to measure MC, CR, and DV shear. The convention
and the design of the transducers were previously
described.>'8 The transducers were designed to fit to
the transmucosal abutments (Fig 1). All strain-gauge
beams were connected to Wheatstone bridge cir-
cuits in half-bridge designs, through a multichannel
amplifier and an A/D converter (Microlink 3000, Bio
Data, Manchester, UK) which provided the energizing
voltage and signal conditioning circuitry. Data were
processed through the multiplexed A/D converter
linked via an IEEE 488 interface to a computer (486
SX; Tandon, Pallekelle, Sri Lanka). Processing was
done using manufacturer-supplied software. Each
patient was instructed to perform the following exer-
cises 5 times in succession: (1) maximum opening of
the mouth, followed by closing; (2) lateral excursions
to the left and right sides; and (3) protrusion of the
jaw.The recorded strain data at the free end of each
beam was then converted via calibration charts into
micrometers and consequently expressed for the
effect of jaw deformation in the case of MC.In case of
CR and DV shear, the deflection of the free end of the
beam was converted into degrees, and deformation
was expressed as an angular measurement.'”'8

Finite Element Study

Building a finite element model can be divided into 2
stages—geometric modeling and finite element
modeling.

Geometric Modeling and Material Properties. The
purpose of the geometric modeling stage is to repre-
sent geometry in terms of points (grids), lines, sur-
faces (patches), and volumes (hyper-patches). The
geometry of the mandible of each patient was con-
structed based on computerized tomographic (CT)
scans. Computerized tomography was performed
using a Siemens Somatom CR CT scanner (Siemens,
Erlangen, Germany). Voltage was 125 kV, MAS 500.
Sagittal and coronal slices perpendicular to the infe-
rior border of the mandible were obtained. The slices
were 2 mm thick, with a 0.2-mm gap between slices.

The material properties of the finite element
model of the mandibular bone was based on the
measured x-ray attenuation coefficients. These coeffi-
cients (Hounsfield values) were directly converted
into density values and then into elastic stiffness val-
ues on the basis of data reported by Carter and
Hayes.'® The derived bone properties were patient-
specific (ie, based on the individual CT of each
patient).

Finite Element Modeling. The geometric entities
created in the previous step were mapped with finite
elements and nodes. The complete geometry is now
defined as a mesh of discrete pieces called elements,

™

Fig 2 Anterolateral view of the modeled jaw with the 2 implants
and the horizontal transverse beam in place. (1) Groups of paral-
lel vectors simulating the masseter muscle were modeled as
being directly attached to bone. (2) Finite element mesh for a
bone cross section with implant (black) and abutment (blue) in
place. Rigid fixation (yellow) was applied at the implant-bone
interface. (3) The modeled beams (blue) mounted onto the
implants (red) with a fastening cylinder (yellow). The 2 crossed
beams were used to predict DV shear. The transverse horizontal
beam was used to predict CR.

which are connected together at a finite number of
points called nodes (Fig 2). The mapping was per-
formed with the semiautomatic option (finite ele-
ment generation [FEG]) available in Display lll (NISA;
EMRC, Troy, MI). The mesh volumes were subdivided
into brick-shaped (6-sided with 24 degrees of free-
dom) and wedge-shaped (5-sided with 18 degrees of
freedom) solid linear elements. The finite element
model was checked for node coincidence and dis-
continuities (ie, gaps between elements).

Force analysis for any simulated mandibular
movement requires the establishment of the contri-
bution of each muscle to the overall forces of the sys-
tem. These individual forces were determined along
each muscle-specific line of pull according to 2
assumptions. First, large muscles are capable of pro-
ducing more isometric contraction force than small
ones, the tension in each muscle being proportional
to the product of its physiological cross section and
an assumed force constant per unit of cross-sectional
area.'”2021 Second, various static mandibular move-
ments involve different amounts of activation in a
given muscle depending on the phase of the move-
ment.'” In other words, the same muscle may exhibit
100% activity during one movement and only 50%
during another.

Thus, the resultant vector of muscle force (M) for
a particular muscle in isometric contraction during a
specific movement could be given by the product

X, KI X EMG,; = M,
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Table 1a

Number and Magnitudes of Muscle Loads Used in the Finite Element Model: Lateral Excursion

Muscle orthogonal components

group Muscle Left lateral excursion

cross weighting Nodes

Muscle Right lateral excursion

section factor Right Left Right Left
Muscle group (cm?) (N) Right Left X y z X y z X y z X y z
Superior masseter 2.38 190.4 50 50 -0.06 0.23 0.11 -0.22 0.94 0.45 -0.27 1.01 0.48 -0.04 0.17 0.08
Deep masseter 1.02 81.6 39 38 -0.07 0.10 -0.04 -0.24 0.33 -0.15 -0.29 0.40 -0.19 0.08 0.11 -0.05
Medial pterygoid 19 1748 42 44 0.12 0.18 0.09 148 242 114 166 258 127 0.15 0.25 0.12
Ant. temporalis 2.4 158.0 20 20 -2.01 133 0.06 0.714 0.47 0.02 -0.60 0.40 0.02 -2.40 1.60 0.08
Medial temporalis 1.1 95.6 14 14 -1.37 4.90 -2.94 -0.06 0.01 -0.14 -0.10 0.34 -0.20 -1.42 4.82 -2.83
Post. temporalis 0.7 75.6 12 12 -0.86 2.00 3.56 -0.03 0.06 0.11 -0.04 0.09 0.16 -0.86 2.00 3.52
Inf. lateral pterygoid 1.1 66.9 6 6 049 -0.01 059 6.74 -1.86 811 6.60 1.82 790 0.70 -0.08 0.84
Sup. lateral pterygoid 1.0 28.7 4 4 044 0.04 037 535 052 454 513 050 435 0.55 0.50 0.46

The number of nodes reflects the number of vectors applied to the mandible for each corresponding muscle. The X, y, and z coordinates represent
the muscle loads in newtons in each direction. All coordinates are referenced to a global Cartesian coordinate system where the x-y plane is the
frontal plane, the x-z represents the horizontal plane, and the y-z indicates the midsagittal plane.

Table 1b Number and Magnitudes of Muscle Loads Used in the Finite Element Model: Maximum Opening

and Protrusion

Muscle orthogonal components

Maximal opening Protrusion
Nodes Right Left Right Left
Muscle group Right Left X y z X y z X y z X y z
Sup. masseter 50 50 -0.34 144 0.69 -0.34 144 0.69 -051 2.14 1.02 -0.51 2.14 1.02
Deep masseter 39 38 -0.15 0.21 -0.10 -0.15 0.21 -0.10 -0.19 0.25 -0.12 -0.19 0.25 -0.14
Medial pterygoid 42 44 0.69 1.12 053 0.66 1.07 050 1.78 290 1.37 1.70 2.77 1.30
Ant. temporalis 20 20 -4.71 312 0.01 -4.71 3.12 0.01 -8.06 5.30 0.24 -8.06 5.30 0.24
Medial temporalis 14 14 -0.25 0.91 -0.55 -0.30 1.09 -0.65 -0.05 0.17 -0.10 -0.08 0.28 -0.17
Post. temporalis 12 12 -0.28 0.63 1.13 -0.28 0.63 1.13 -0.05 0.12 0.21 -0.04 0.09 0.14
Inf. lateral pterygoid 6 6 6.30 -1.75 760 6.30 -1.75 7.60 6.25-1.73 751 6.25-1.73 751
Sup. lateral pterygoid 4 4 426 041 361 415 040 352 4.64 045 393 464 045 3.93

The number of nodes reflects the number of vectors applied to the mandible for each corresponding muscle. The x, y, and z coordinates represent
the muscle loads in newtons in each direction. All coordinates are referenced to a global Cartesian coordinate system where the x-y plane is the
frontal plane, the x-z represents the horizontal plane, and the y-z indicates the midsagittal plane.

where X,,; is the cross-sectional area of muscle mi in
cm?, K is a constant for skeletal muscle (expressed in
N/cm?),and EMG, is the ratio or scaled value of the
muscle contraction relative to its maximum response
for a specific task."” The product X, « K is referred to
as the weighting factor given to the muscle (Tables
1a and 1b) and EMG,,; is considered its scaling factor
(Tables 1a and 1b). The product of M;, and its corre-
sponding unit vector yielded the orthogonal vector
force components.'”2' These were subsequently pro-
portioned between the nodes, which formed the cor-
responding area of muscular attachment (Tables 1a
and 1b). The finite element model was loaded with
multiple force vectors to simulate muscle forces over
wide areas of attachment. Groups of parallel vectors
simulated 8 areas of the masticatory muscles (super-
ficial and deep masseter; anterior, middle, and poste-
rior temporalis; inferior, medial, and lateral pterygoid)
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assumed to be directly attached to bone (Fig 2).
Three-dimensional restraints were placed bilaterally at
the endosteal surfaces of the temporal bones. These
restraints imitated static mandibular movement with
fixation of the mandibular apparatus at the cranium.
In this way both condyles were assumed to be cen-
tered in their glenoid fossae. The model was also
restrained only from vertical movement at the alveo-
lar crest (ie, symphysis) anteriorly. Eighteen nodes
were not allowed to translate upward. These restraints
acted only perpendicularly to the occlusal plane (y-
direction), thus allowing free displacement of the
mandibular halves, anteroposteriorly, dorso-ventrally,
and lateromedially in the horizontal plane.

The implant system and the beams were modeled
from predefined solid volumes. The apical part of the
implant was in full contact with the lower cortical
layer, which is comparable to the clinical situation
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Fig 3 Convergence plots. Dis-
placements of points A, B, and C
were plotted against the number of 40 =
degrees of freedom for the 16
mandibular finite element models
(meshes). These 16 models
ranged from 14,000 nodes and
42,000 degrees of freedom to
33,341 nodes and 100,023
degrees of freedom. Points A, B,
and C correspond to locations
where convergence was moni-
tored. The arrow represents the
70-N load used for the conver-
gence test.
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(Fig 2). Abutments with a height of 5 mm were mod-
eled connected to the implants. This resulted in a
length of 18 mm for the implant-abutment combina-
tion. The implant system was assumed to be com-
posed of homogenous and isotropic titanium with a
Young’'s modulus of 103.44 GPa and a Poisson’s ratio
of 0.35. Since the stress profiles within and about the
implant threads were not of interest to this study, it
was assumed that the fixation was rigid (ie, there
would be no movement between bone and implant
under any loading condition).

Any modeling technique is best verified by com-
paring its results to experimental data. The strain val-
ues detected by the measuring transducers were
used to verify the modeled jaws as well as to provide
empirical values on jaw deformation. In order to
establish an accurate finite element model mathe-
matically, more elements and nodes were used until
the calculated displacements at a point common to
all the meshes approached the exact solution. This is
a process known as the h-convergence test.>? Once
built, the finite element model was replicated to cre-
ate 16 finite element models (Fig 3). In all cases, the
geometric, material, and boundary conditions were
identical. The only difference between these models
was in the number of degrees of freedom, with FEM-
1 having the fewest degrees of freedom and FEM-16
having the most. To perform the convergence test, a
simplified load of 70 N was applied to the midline,
while the mandible was loaded with masticatory
forces as described. Displacements were calculated
at a variety of locations on the mandible.

RESULTS

Jaw Deformation

Predicted and measured data on jaw deformation
are presented in Tables 2a and 2b. The strain differ-
ences were presented as percentages of the mea-
sured values.

Each simulated movement caused the mandible
to deform in a different way. Anterolateral views of
the finite element model for 1 of the subjects are
shown in Fig 4 for maximum opening, right lateral
excursions, left lateral excursions, and protrusion. The
figure depicts 4 deformed states of the model in
which the action of the muscular loads displaced the
structural elements, and the model has reached the
state of static equilibrium. Displacement has been
magnified in the figures to make mandibular defor-
mation more evident. Actual deformations were rela-
tively small; the maximum displacement was 0.8 mm
for maximum opening, 1.1 mm for right lateral excur-
sion, 0.9 mm for left lateral excursion, and 1.07 mm
for protrusion. During protrusion the jaw deformed
in a clockwise manner, and the right side bent
upwards and inwards, indicating corporal rotation.
During opening the left and right sides of the
mandible deformed, turning counterclockwise and
clockwise, respectively. During lateral excursions the
contralateral side was displaced medially and slightly
upwards, rather than being rotated.

Finite Element Model

Convergence Test. The results of the convergence
test for calculated displacements at nodes A, B,and C
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Table 2a Mean of 5 Measured (M) and Predicted (P) Values of Jaw Deformation for Each Subject: Maximum
Opening and Protrusion
Maximum opening Protrusion

MC CR DV MC CR DV
Subject M P % M P % M P % M P % M P % M P %
1 232 243 4.7 09 10 110 04 04 00 258 276 70 1.0 11 0.1 1.2 1.3 83
2 19.3 20.3 5.2 16 18 125 09 10 111 258 274 6.2 16 18 125 0.8 09 125
3 413 49 15 28 30 71 17 18 59 566 584 31 29 30 34 17 19 117
4 211 22.0 43 19 21 105 16 18 125 333 363 90 18 19 56 1.8 19 56
5 194 198 2.1 1.8 20 111 18 19 56 444 454 02 18 19 56 16 18 125
6 144 154 69 22 25 136 17 19 117 289 295 21 24 26 83 18 19 56
7 19.2 20.2 5.2 22 26 182 16 18 125 298 299 03 26 29 115 1.7 1.9 117
8 334 344 30 20 23 150 18 19 56 374 386 30 20 22 100 1.8 18 0.0
9 50.3 51.3 2.0 15 1.7 130 18 19 56 558 569 20 15 1.8 20.0 16 1.8 125
10 525 531 1.1 28 30 66 1.7 19 117 578 583 01 28 29 35 1.7 19 117
11 442 441 0.2 19 21 105 12 14 166 482 491 19 19 19 0.0 1.8 19 56
12 332 342 30 18 22 222 417 19 117 391 398 18 18 19 56 13 15 154

Differences between the predicted and measured deformation values were expressed as a percentage of the measured value.

Table 2b Mean of 5 Measured (M) and Predicted (P) Values of Jaw Deformation for Each Subject:

Left Lateral Excursions

Right and

Right lateral excursion

Left lateral excursion

mMC CR DV mMC CR DV

Subject M P % M P % M P % M P % M P % M P %

1 11.2 113 0.9 20 22 100 14 16 143 174 176 11 19 20 52 1.4 16 143
2 123 125 1.6 22 24 90 16 18 125 112 114 18 22 23 45 8 ib i3
3 10.3 11.0 6.8 22 25 136 18 20 111 134 137 22 21 23 95 1.6 1.8 125
4 140 145 3.6 23 25 87 17 19 117 113 116 26 22 24 91 18 20 111
5 174 178 23 21 25 190 16 18 125 125 127 16 20 23 150 18 20 111
6 174 176 11 23 26 115 18 20 111 192 195 16 22 24 91 20 21 50
7 11.2 116 3.6 24 26 83 18 20 111 112 115 27 21 24 142 1.9 20 52
8 134 15.2 13.4 22 25 136 16 18 125 114 116 18 21 24 142 21 22 48
9 11.3 120 6.2 20 21 100 15 18 02 112 115 27 20 22 100 26 27 38
10 125 128 24 23 25 87 19 21 105 125 127 16 23 24 43 1.7 1.8 59
11 19.2 198 3.1 20 23 150 19 20 52 147 148 10 20 22 100 17 19 118
12 16.2 164 1.2 20 22 100 11 13 181 118 119 10 20 22 100 18 19 56

Differences between the predicted and measured deformation values were expressed as a percentage of the measured value.
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ALY \ Y N |
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ondeformed Opening a
v,
e, 4 ¢/ 98
Right lateral ™. _ ‘_‘f: ﬁ " H“Fﬂ Left lateral

excursion excursion

Fig 4 Anterolateral view of the finite element model. Each fig-
ure depicts the deformation of the model by the action of the
muscular loads displaced on the structural elements. The model
shows the state of static equilibrium. Displacement has been
magnified in the figures to make mandibular deformation more
evident.
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were plotted against the number of degrees of free-
dom in Fig 3, which demonstrates that accurate
results were calculated for the nodal displacement
with the most refined mesh. Differences in calculated
displacements were only 1% to 6% (comparing the
results for mesh 8 and mesh 16), whereas the num-
ber of degrees of freedom increased by 50% (Fig 4).
This indicates that mesh 9 provided accurate results,
although only 63,012 degrees of freedom were
needed to achieve the convergence.

Stresses. Stress values ranged from 58.2 to 360.2
MPa for the maximum principal stress, from —46.8 to
-150.2 MPa for the minimum principal stress, and
from 111.3 to 233.3 MPa for the maximum shear
stress (Table 3).In all cases the maximum stress
occurred either in the subcondylar region, the
mandibular angle, or the coronoid notch area, or at
the implant level and symphysis (Figs 5 and 6).
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Table 3 Maximum Stress Values Predicted by the Finite Element Model

Jaw position

Maximum stress (MPa)

Right side
Maximum principal 170.2
Minimum principal -49.4
Maximum shear 31813
Left side
Maximum principal 168.6
Minimum principal -52.1
Maximum shear 129.6

Maximum opening Right lateral excursion Left lateral excursion Protrusion

155.8 58.2 360.2
-46.8 -123.7 -101.1
129.2 129.8 233.3
86.3 162.3 346.3
-150.2 -44.0 -103.3
LAkl s 130.2 215.4

Fig 5 Maximum principal stress bands on
the lateral aspect of (a) the right and (b) left
sides of the mandible during protrusion.
Colors reflect specific stress magnitudes.

Fig 6 Maximum principal stress bands
on the lateral aspect of (a) the right and (b)
left sides of the mandible at maximum
opening. Color numbers reflect specific
stress magnitudes.

Symphyseal Stress. Special attention was given to
analysis of the symphyseal stress analysis because of
its role in the deformation of the mandible. Stresses
were quantified for maximum opening, protrusion,
and right and left lateral excursions at 18 nodes form-
ing the cortical outline of the midsagittal symphyseal
region (Fig 7). In all cases, right and left lateral excur-
sion evoked the lowest stress magnitudes. Maximum
principal stress was higher on the mandibular border
and the anterior (labial) aspect of the symphyseal
region than on its posterior (lingual) side during all
movements except maximum opening, which evoked
higher magnitudes of stress at the posterior aspect of
the symphysis. In all cases, the lowest values were
found at the most superior and posterior locations.
Minimum principal stress had peaks of intensity at
the most superior and posterior locations during
maximum opening and protrusion. The anterior
aspect of the symphyseal region also experienced
elevated magnitudes of minimum principal stress
during protrusion and maximum opening. The mag-
nitudes of maximum shear stress were distributed
approximately symmetrically between the anterior
and the posterior aspects of symphyseal region dur-
ing all movements except for protrusion, which
caused higher shear on the anterior symphysis.

DISCUSSION

Finite Element Model
Several 3-dimensional finite element models of the
mandible have been created.?3-3° In general, these
models have been compromised by the oversimplifi-
cation of material properties, methods of verification,
boundary conditions, and/or mandibular geometry.
This present study attempted to answer the follow-
ing questions: Is the finite element analysis a valid
method with which to determine mandibular func-
tional deformations under masticatory muscle load-
ing, clinically? What patterns of deformation can be
evaluated during normal mandibular movement?
Verification of the Finite Element Model. Design-
ing the clinical experiment for every subject was a
painstaking procedure. Each patient required 3 sets
of customized displacement transducers designed to
fit within the limits of the available interocclusal dis-
tance. Difficulties also arose from the need for
tongue space. The deformation of each of the 4
beams could not be measured in isolation, since it
has been suggested that all deformation types
occurring in the primate mandible take place con-
currently.® Increasing the sample size would have
given more accurate results. However, it might not
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Fig 7 Principal and maximum shear stress magnitudes at the
symphysis during various jaw positions. Stress values were plot-
ted at 18 nodes forming the cortical outline of the symphysis.
Nodes 2 to 9 were located on the anterior (A) aspect of the sym-
physeal outline, and nodes 11 to 18 on the posterior (P) side.

have affected the results significantly, since all the
subjects were female and of similar age group.

The precision and reliability of a model depends
on how well the predicted deformation patterns and
values match clinically determined ones. The finite
element model was clinically verified through a
series of custom-fabricated transducers. In this pro-
ject, the good agreement between the predicted and
measured deformation values indicates the accuracy
of the present finite element model. Previous studies
have failed to recognize the importance of clinical
verification of a finite element model and relied on
mathematical validation through an element dis-
cretization process.
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Few researchers have attempted to make a direct
comparison between values predicted by a finite ele-
ment model and experimental ones on a human
mandible.?32433 Gupta et al>> compared an analytical
model with holographic displacement contours and
found “good qualitative agreement.” Knoell** com-
pared strains measured below the teeth on the
periosteal surface of cortical bone with values
obtained at similar locations in the finite element
model. Although he stated that there was reasonable
agreement between predicted and test results, this
was not the case when the first molar was loaded
horizontally.?* Neither study described the specific
method used for comparisons. The same applies to a
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large number of finite element analyses in orthope-
dic research, where the incorrect application of sta-
tistical techniques such as correlation and even
regression analyses for comparative purposes is
common.?? In many cases, the samples studied (ie,
number of models and experimental objects) was
inadequate.

Although it is not always technically possible to
develop a statistically sufficient number of models
owing to the complications inherent in complex
modeling techniques, more effort should be made on
the validation process, and a more rigorous statistical
approach should be adopted. If the objective of the
simulation exercise, however, is to find an individual
match between a given system and its model—espe-
cially when the system under study has a wide variety
of possible combinations of parameters—then the
application of conventional statistical methods
becomes inappropriate. This holds true for the
mandibular system, where the comparison between
the predicted and measured strain values necessi-
tated the application of alternative statistical
approaches, such as comparisons of the means or the
goodness-of-fit method. In the case of the former, the
statistical method either accepted or rejected the
model, which was not satisfactory because of the lack
of degree or range of correspondence, which was
considered especially important for sensitivity analy-
ses. The goodness-of-fit approach was also rejected,
mainly because the actual strains would have been
treated incorrectly as observed or expected fre-
quency values, when in fact they were percentages
and represented changes in strain values.

The present researchers decided to compare the
present data in terms of their percentage differences
only, leaving the question of acceptance or rejection
open and lending more importance to the increase
or decrease in the differences for changes in the
model’s parameters, as well as to the qualitative com-
parison between measured and predicted values.

Boundary Conditions

One of the most regular deficiencies of the aforemen-
tioned models has probably been the exclusion of
biologically relevant boundary conditions, such as the
assignment of experimentally derived muscular
forces. In the present study, the direction of the puta-
tive muscular forces and their line of action were esti-
mated directly from CT scans. However, this was not a
simple straightforward procedure, since the mastica-
tory muscles, in particular the human masseter, pos-
sess complex pennate anatomy with sophisticated
activity patterns. The multiplicity of potential lines of
action in the masticatory muscles thus cannot be
simply estimated by connecting regression lines

through imaged centroids. This may be 1 of the main
explanations for the differences between the pre-
dicted and measured deformation values.

The aforementioned finite element models
included, mainly, the forces caused by teeth in load
calculations. This is not necessary because a force
produced at the teeth is the resultant of the muscle
forces imposed on the mandible and must not be
included as an independent factor.

Structural Properties of the Finite Element
Model
It would have been ideal to determine the material
properties of the mandibular bone used in the pre-
sent study, since the properties of bone have been
shown to vary significantly according to porosity and
mineral content,*® as well as age, gender, and race.*!
It was felt, however, that these factors would not
have affected the results significantly, since large
variations in material properties (up to 25%) would
have been necessary to induce significant changes in
the strain patterns.>2021

Finite element techniques currently used to deter-
mine trabecular stress are only able to analyze very
small regions of bone with a limited number of tra-
beculae*? or a much larger region of bone based on
the assumption that it is a solid with apparent mater-
ial properties.2>?' In this project, the measurement of
the physical properties involved the use of CT to
directly derive the mechanical properties of bone.*3
Since a linear relationship exists between the CT
number and the apparent density of bone, it is theo-
retically possible to assess the density of bone from
the images and to estimate its elastic modulus using
an equation proposed by Carter and Hayes.** An
alternative approach using ultrasound to determine
the mechanical properties of cortical and trabecular
bone seems encouraging, since acoustic material
testing methods have proved reliable.?3

In short, the advantages of the model developed
in this study are that (a) it modeled bone as an
orthotropic material, (b) it was loaded with experi-
mentally obtained muscular forces, and (c) it was
clinically verified and mathematically validated.

Jaw Deformation

Medial Convergence. Studies of MC in human sub-
jects during dynamic jaw movements such as open-
ing, retraction, and protrusion have shown that the
mandibular dental arch can either widen*¢ or nar-
row.*’48 |n the aforementioned experiments, hori-
zontal jaw deformation ranged from 16 to 78 ym and
was consistently more pronounced in protrusive
movements than in other jaw opening. It may be
possible to attribute the wide range of results in the
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various investigations to differences in methodology
as well as variations in masticatory muscle activity
between the subjects tested. The amount of medial
convergence measured and predicted in this study
fell within the range of the previously published
data. MC during opening movements ranged from
14.4 to 53.1 pm. Medial convergence was most
extensive in protrusion, ranging between 25.8 and
58.4 um.The largest value found during protrusion in
this study is consistent with other reports and could
be attributed to the fact that the onset of lateral
pterygoid activity is delayed in jaw opening com-
pared to jaw protrusion.*® Convergence during lat-
eral movements proved less pronounced (ranging
from 10.3 pm to 19.8 ym), similar to data reported by
Abdel-Latif>% and Al-Sukhun and Kelleway.'® This
could be attributed to the fact that during the lateral
pterygoids are both active protrusion; during lateral
excursion, only one of them is active. The relatively
low values of MC found in the present study could
also be associated with the fact that the study was
carried out on edentulous subjects treated with fixed
osseointegrated implants; the transducers were not
linked to natural teeth. This study suggests that a
more detailed finite element analysis focusing on the
bone-implant interface might be of considerable
value.

Corporal Rotation. Beecher®! suggested that CR
occurs only during the power stroke of mastication.
This study, however, showed that CR occurs immedi-
ately on the commencement of movement. The mea-
sured and predicted shear angle ranged from 0.9 to
3.0 degrees during opening movements. The range
during lateral excursion was smaller (1.9 to 2.6
degrees).

Dorso-ventral Shear. The results show that DV
occurs immediately on the commencement of jaw
movement, which is in disagreement with Hylander.®
The results of their study® suggested that dorso-ven-
tral shear of the mandible occurred only during uni-
lateral mastication. The shear angle ranged from 0.4
to 1.9 degrees during opening and protrusive move-
ments. The highest value was recorded during pro-
trusion. The range during lateral excursion was nar-
rower and ranged from 1.4 to 2.7 degrees.

Symphyseal Stress as Predicted by the Finite Ele-
ment Model. During an opening movement, the bilat-
eral rotational corporal deformation was translated
mainly into horizontal and frontal bending at the
symphysis. The horizontal bending in this study was
demonstrated by compressive stress anteriorly and
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relatively higher tensile stress posteriorly. Bending in
the frontal plane was evidenced by high levels of
compressive stress in the alveolar crest region and
elevated tension at the lower border. Also, evidence in
support of lateral bending was demonstrated by com-
pression in the mid-region of the anterior cortical sur-
face of the symphysis and elevated tension on the lin-
gual side. The occurrence of symphyseal bending in
the frontal plane in animals during the power stroke
of mastication has been suggested,® and experimen-
tal strain data gathered from the lower anterior
(labial) aspect of the macaque symphysis has corrob-
orated its presence.®"'2 Thus, it seems that mandibular
movements in humans evoke at least 1 type of sym-
physeal bending similar to those shown to occur in
animals during the power stroke of mastication.

Clinical Significance of Law Deformation
Mandibular deformation is of considerable signifi-
cance in implant treatment, where the essentially
rigid and elastic osseointegrated implant-bone inter-
face, often combined with a rigid superstructure, can
be associated with high-stress gradients due to jaw
deformation. The possibility that jaw deformation
and the resultant stresses may be a source of implant
failure, or in some situations enhancement of
osseointegration, cannot be excluded.*>%

Jaw deformation can be a problem during impres-
sion making. An impression taken with the mouth
wide open may not fit passively in other jaw posi-
tions. Jaw deformation may also be partially respon-
sible for the loosening of implant-supported super-
structures when it occurs. The superstructure itself
might bend or fracture under stress applied.”>°

The long-term clinical significance of jaw defor-
mation in the treatment of conditions such as
mandibular fractures, facial deformities, and relapse
tendencies following orthognathic surgeries should
not be underestimated. The finite element model
could be used to determine the most convenient
location and design of fracture fixation devices. To
specifically test for ideal placement of these devices
on the jaw, the finite element model could be used
to simulate fractures and the cuts bridged by fixation
plates. The model could be used to gather data on
areas of stress under different loading conditions
and with craniofacial types.The relationship between
form and function in the mandibular system could
be further explored to include the effects of varia-
tions in muscle action on the growth and develop-
ment of the mandible.
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CONCLUSIONS

Based upon this clinically validated finite element
model, the following conclusions can be made:

+ Close agreement between the predicted and
measured deformation values provided a high
level of confidence in the finite element model
and its ability to provide a better insight into
understanding the complex phenomena of func-
tional mandibular deformation.

+ Different jaw movements produced different and
concurrent patterns of mandibular deformation.
Medial convergence ranged between 14.4 and
58.4 ym. Corporal rotation and dorso-ventral
shear ranged between 0.4 degrees and 2.7
degrees.

+ This study provided stress values of the human
jaw when loaded only during normal mandibular
movements. Stress values ranged from 58.2 to
360.2 MPa for maximum principal stress, from
-46.8 to —-150.2 MPa for minimum principal stress,
and from 111.3 to 233.3 MPa for maximum shear
stress.
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