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ABSTRACT

THE EXPERIMENTAL VERIFICATION
OF THE EFFICACY OF FINITE ELEMENT

MODELING TO DENTAL IMPLANT SYSTEMS
BY
THOMAS D. BAIAMONTE, D.M.D.

The finite element method has previously been used to
evaluate the stress distribution éurrounding the dental
implant to bone interface. However, prior finite element
analysis models used have not been validated for the bone
to implant interface. The objective of this study is to
investigate whether the current Ansys finite element
analysis model is an accurate biological representation of
the observed clinical conditions. This will be
accomplished by comparing data obtained experimentally of
stress versus strain and the three dimensional computer
generated finite element model.

The results indicate finite element method using the
Ansys program for modeling is in agreement with the
experimental stress strain plof and the calculated finite

element data.
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INTRODUCTION

The stresses which are produced on implants when placed
into function in the maxillary and mandibular bones are
complex. They are comprised of compressional, torsional,
and sheer stresses which vary topographically in magnitude
and direction. An understanding of these stresses is
important for the clinical application of dental implants as
orthopedic anchors. The need to change a chemically and
geometrically complex biological structure to a simpler
geometric configuration with less complex physical
properties is beneficial for the studying of stress
distribution in the bone surrounding dental implants. This
might be accomplished with the finite element method.

The first to achieve this finite dimensional procedure
was Courant (1). He accomplished this by using a
combination of variational formulations and sections of
polynomial functions. This approach has since been
successfully adopted by structural engineers (2), who call
it the finite element procedure. The first introduction in
the orthopedic literature of finite element (procedure)
analysis method to analyze the mechanical behavior of bone
was by Brekelmans (3).

The purpose of the paper is not to give a detail
description of finite element method, but a brief
description is pertinent. A general description of its
principles, possibilities, and limitations in orthopedic
biomechanical was published by Huiskes (4). The method is
discussed in greater detail by Zinekiewicz (5).
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When a structure is loaded, stresses are generated in
its materials. The distribution of these stresses, their
magnitudes and orientation throughout the structure, depend
upon the loading configuration, the geometry of the
structure, and the properties of the material. In addition,
the stresses are influenced by the interaction of the
structure at boundaries between different materials. 1In a
stress analysis, the stress distribution is evaluated by
using a mathematical model. In such a model, the structural
aspects (load, geometry, material properties, boundary and
interface conditions) are described mathematically. The
mathematical descriptions are usually based on
experimentally determined data. 1In the solution procedure,
the structural descriptions are combined in mathematical
equations based on theories of solid mechanics and these are
solved to give the stresses.

Various theories and solution methods are available in
classic mechanics for certain types of structures. The
finite element analysis method, a computer method of
structural stress analysis, is suitable in principle for any
structure. Geometries, material properties, and complex
loading are accounted for by the finite element analysis
method.

In using the finite element method, a model as a
geometric entity is defined first. This model is
mathematically divided into a number of blocks, referred to
as elements, connected at specific points called nodes.

Every element is assigned one or more material properties.



Young’s modulus and Poisson’s ratio define its material
properties. The computer program calculates the stiffness
characteristics of each element and assembles the element
mesh through mutual forces and displacement in each node.
The finite element analysis method program solves a large
number of equations that govern force equilibrium at element
nodes.

The finite element model can be checked for accuracy by
refining the element size and comparing the results obtained
with the refined element size to the original element size.
This is called a convergency test.

When interpreting the finite element method results, a
differentiation between validity and accuracy of the model
must be made. Accuracy of the model is the precision by
which the finite element method mesh can approximate the
exact solution for the model. Validation of the model is
the precision by which the mathematical descriptions of
structural aspects (load, geometry, material properties,
boundary and interface conditions) simulates the actual
structure. Only the accuracy can be verified with a
convergency test, the validity must be verified by
experimentation.

Recently, the finite element method has been used to
determine the effect that the implant (6) and the implant-
bone interface mechanical properties (7) has on the stress
distribution of tissue surrounding dental implants. 1In
addition, the finite element model has been used in the

investigation of stress distribution pertaining to the



influence of implant shape differences,
(8,9,10,11,12,13,14), implant diameter difference (15,16),
material differences (17,18), treated verses non-treated
implant surfaces (19,20,21), implants which contain and do
not contain stress absorbing elements (22,23), and
biomechanical properties (24,25,26,27,28,29,30,31,32,33).
However, the results of the current two and three
dimensional finite element models have not been validated.

A new method of generating finite element models of
bone from computerized tomography scan data has been
developed by Keyak (34). This method uses a contouring
algorithm (35) to derive the bone geometry from the
computerized tomography scan images. The finite element
mesh generated is comprised of cube elements of a uniform
size. Keyak (36) validated the accuracy of this finite
element modeling technique through the comparison of strains
predicted by this method with image strain measured on a
human femur, in vitro. This method of computerized
tomography scan images allows a rapid and accurate analysis
do be done on the individual osseous system.

The central purpose of data presented here was to
define the limit of compatibility of experimental data with
a three dimensional finite element model created by the
Ansys program (Swanson Analysis Systems, Inc., Houston, PA).
This was accomplished by loading a pair of osseointegrated
dental implants with known lateral forces and measuring the

amount of displacement which occurred.
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The experimental data was then compared to the data obtained
from a compatible model generated in the Ansys program.

A loading device, (referred to as the expander)
necessary to deliver the lateral forces, was designed and
fabricated with the following characteristics:

1) the capacity of exerting lateral forces between paired
dental implants.

2) exerting a range of verifiable forces.

3) provide a solid connection to the implant body.

4) removable from the implant pairs.



MATERIALS AND METHODS

In this study, six hydroxlapatite coated titanium
endosseous dental implants were placed in the mandible of
a rhesus monkey. The technique for implantation followed
the protocol recommended by the manufacturer (37). The
mandibular bone was allowed to heal for two years. Within
three hours of the animal’s expiration, the mandible was
retrieved, the soft tissue was removed, and the mandible was
frozen. It was observed at the time of expiration that
dehiscence of the gingival tissue over the implants was not
present. The implants were connected to a loading device
capable of applying a given amount of force. A pilot study
was performed to develop a measuring technique and test the

loading device.

Animal

The animal was a twelve year old female rhesus monkey

and weighed approximately twelve kilograms.

Implants

The implants used were Bio Vent, 3.5mm diameter
hydroxlapatite coated, purchased from Dentsply (formerly the
Core-Vent Corporation). Implant lengths of 10.5mm and

13.0mm were used to form pairs.



Expander, Abutment, and Implant Assembly

An expander device was fabricated of titanium and was
of a scissor configuration with two blades and two handles.
An expansion screw with a knurled nut at one end was placed
between the two handles. This was used to apply a force at
the blades by turning the knurled nut. Two strain gages
were cemented, to specification by Vishay Co., to the
handles of the expander. The magnitude of the force was
sensed electronically by the the two strain gages. The pair
of strain gages, used to sense the force, were connected to
one leg of a Wheatstone Bridge circuit where a voltage
imbalance was measured. The strain gages were calibrated by
setting the loading blades of the expander equal to the
distance between the implant abutments and then inserting
the blades between a 1011 Instron head and anvil. The
knurled nut was turned to yield an imbalance voltage related
to a force read from the Instron. This procedure produced a
reproducible calibration curve capable of measuring force to
an accuracy of +0.001 Newton. To achieve this level of
accuracy, temperature compensated alloy strain gages made by
the Vishay Co. were used. The unbalanced voltage was
measured using a digital volt meter accurate to +1x10-6
volts.

Two abutments were cast from PG200 alloy. The abutment
had a male interlocking hex design which mated with the
female internal hex design of the implant. The hex design

was utilized to prevent rotation of the abutment within the
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implant. Each abutment casting ‘'had one notch on the medial
surface to precisely engage one blade of the expander. In
addition, each abutment had two reference markers used to
measure distance. They were placed at different heights
parallel to the long axis and cemented to the abutment with
cyanoacrylate. The abutment was fixed to the implant by
means of an abutment screw which was torqued to 30 Newton
centimeters.

The mandible was passively fixed along the inferior
border on a rigid plate with polymethylmethacrylate.

Figure 1. shows a schematic view of the dimensional
relationships of the implant pair in the mandible section
investigated. Figure 2 shows a photographic view of the
experimental arrangement. This photo shows the expander set
in position against the abutments. The expander device was
used to apply a known spreading force between abutments by
turning the knurled nut shown. At each succeeding change of
force the resulting displacements were measured. The
application of the force was made at points above the
mandibular crest, thus producing a rotational motion at each
of the implants. To define the angular displacements of the
implants it was necessary to measure the linear change of
length between the abutments at two vertical positions along
the length of the abutments. The displacements were
measured between the reference points shown in Figure 1
and 2 using a traveling microscope accurate to +1 micron.

Since the expander was built in the configuration of a

scissor a mechanical advantage exists between the long
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A: Sagittal View

B: Top View

Figure 2 Photographic View of Experimental Arrangement

Legend: a. Abutment b. Reference Marker c¢. Expander
d. Knurled nut e. Strain Gage
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handles holding the knurled nut/expansion screw mechanism
and the short blades. The mechanical advantage of the
expander is four; thus a great deal of force can be exerted
at the blades. Forces as high as 245 Newton were achieved
with the expander in the pilot study. However, a mechanism
of a mechanical advantage of four requires a precise
placement of the loading blades against the abutment surface
to achieve a reproducible force. During the calibration of
the strain gages, the same points on the loading blade
should be used against the anvil and head of the Instron as
the abutments. These requirements were met by casting
mating surfaces on the abutment medial surface and the

calibration jig fixed to the Instron.

Experimental Data

Figure 3 gives a plot of the experimental data as
angular displacement verses the force. The angular
displacement given on this graph was calculated using linear
displacement data from the abutment reference markers
measured with a traveling microscope. Using the geometry
shown in Figure 1, a trigonometrical relation was derived
for the angular displacement in terms of the linear
distances measured. The relation giving the total angular

displacements between the implants is:

©(T)=arcsin{[dx(t)-dx(b)])}/[d(1)-d(2)] (1)
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13
where, dx(t) is the linear displacement measured at the top
of the reference markers, dx(b) is the linear displacement
of the bottom of the reference markers. d(1) and d(2) are
the heights of the reference markers above the mandibular
crest shown in Figure 1. In general, it is expected that
each implant will rotate at different angles because the
implants are of a different length and the force is applied
at different positions on the abutments. Thus equation 1

gives the total angle O(T) which is the sum ©(1) and ©(2).

e(T)=6(1)+e(2) (2)

Figure 4 gives a plot of the pivot points with
increasing force. The angular displacements plotted in
Figure 3 imply a rotational motion of the implants. The
center of rotation is the pivot point and is defined as the
axis about which rotation takes placed on the center line of
the implant structure. The pivot point is calculated by the

relationship:

P=d(1)-[dx(t)/2sine(T)] (3)

This relationship is derived with the assumption that
the titanium implants are rigid bodies and pivot through the
contacting bone structure, when loaded, without bending.
Negative values of P in equation 3 give the distance below

the mandibular crest.
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Mathematical Analysis using Finite Element Method

The finite element three dimensional model was composed
by entering into the Ansys finite element program keypoint
data from CAT scan of the mandible of a macaca monkey. The
section of mandible used was of regular geometry requiring
24 keypoints to produce a good representation of the actual
mandible in three dimensions.

A sagittal view of a finite element model generated for
the section of the mandible is given in Figure 5. This
Figure shows the displacements as superimposed on the loaded
and unloaded model. The model generate contains 10,000
nodes and 10,000 tetrahedral solid elements. The boundary
conditions imposed to simulate the strain produced in the
actual experimental mandible was to mechanically restrain
the bottom nodes of the model in all coordinate directions.
This configuration of restraint was compatible with the
actual mandible fixed along the inferior border on a rigid
plate with polymethylmethacrylate during loading by the
expander. The Young’s modulus of the material used are:
Titanium 1.07 E5 N/sgmm, cortical bone 1.72 E4 N/sgmm, and
trabecular bone 2.22 E3 N/sqmm (38). The Poisson’s ratio
used for all materials was .33. An alternate method of
restraint was also imposed as a boundary condition to the
model where the opposite ends of the mandibular section was
restrained in all coordinate directions. This alternated
bounildary condition was investigated since a complete

mandible was measured extending beyond the dimensional
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limits imposed by the model. The results of the two
restraint cases is given in Table 1. Figure 5 also shows
the position along each abutment where the force was applied
and the resulting displacements. Unlike the assumption made
in the derivation of equation 2 that the implant and
abutment are rigid bodies, the finite element method
calculations show the deformations of the implants and
mandible section.

Figure 6 is a sample of the data obtained, where the
load modulus and restraint were changed, showing a plot of
the implant centerline y axis nodal displacement component
as a function of the vertical z axis distance from the apex
of an implant. Note that at the abutment portion above the
ridge of the displacement is essentially linear.

Approaching the cortical ridge and through the ridge a
pronounced bending of the implant occurs. The curve
continues through zero displacement at some distance from
the apex and at the apical end of the implant shows a
negative displacement. The negative displacement calculated
in Figure 6 is the motion of the implant apex through the
bone structure. The point of intersection of the zero
displacement line with the curve gives the true pivot and
the intersection of the extrapolated linear portion of the
curve with the zero line gives the rigid pivot which is
related to the pivot calculated by equation 3 and given in
Figure 4. The slope of the linear portion of the curve in
Figure 6 is the tan® of the angular displacements of either

implant 1 or 2. The sum of these angular displacements
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calculated from the slope of the curves for implant 1 and 2

equals the total angular displacement ©(T).

Discussion

Three regions of interest are shown in Figure 3; first a
linear portion in the range of forces starting at zero and
ending at approximately 88N; second an abrupt knee with a
curve potion moving from 88N to 147N; and third a curve
departing from the ascending curve as the force is reduced.
The linear regions shown in Figure 3 and 4 is interpreted as
the bone acting elastically (39). Experimentally, this
elastic behavior was noted by checking the reversibility of
the displacement by increasing and decreasing the force over
a small range. In the second region shown in Figure 3, it
is believed that a relaxation phenomena has occurred in the
surrounding bone structure. Figure 4 contributes to this
conclusion by showing the onset of a change in the bone
structure at forces greater that 88N by the wide variations
noted in the pivot point. The third and final region where
irreversibility is observed is further evidence of damage to
bone structure surrounding the implant. Figure 7 shows the
force verses angular displacement curve of the same implant
pair remeasured. Note that the curve is no longer smooth
but oscillates between higher and lower values of angular
displacements as the force is increased. These data are
given as further evidence of a relaxation process that has

occurred in the bone structure surrounding the implant. The
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extent of damage was not determined in these experiments. It
is speculated that if living tissue was used in these
experiments, restoration of the bone structure might occur
with time. This would be evidenced by measurements of
stress strain data after time, noting the reestablishment of
a linear curve similar to the first region in Figure 3.

Table 1 summarizes the finite element data calculated
and compéres these data experimentally. The table presents
the finite element data for several cases for each restraint
boundary condition: one, where the literature value of the
Young’s modulus for the trabecular bone of 2.2 3N/sqmm is
used and where the test value of 1.1 3N/sqmm is used, and
two, where the applied force values of 49N and 98N were
used. Table 1 gives the values of the true pivot of implant
1 and 2, and the rigid pivot of implant 1 and 2 calculated
from the finite element method and the angular displacements
of the individual implants.

Figures 8 and 9 are presented to show the additional
information obtained from the model which can not be
obtained experimentally. These figures show the shear
stress intensity distribution for 98N of a sagittal section
of the mandible. Figure 8 shows sagittal section of the
cortical bone shell. Figure 9 is a sagittal section of the

interior trabecular bone.
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Summary and Conclusion

From the data presented a number of conclusions can be
drawn. First, both experimental data and finite element
model show the angular displacement is linear with force and
the pivot point moves down through the implant from the
mandibular crest with increasing force. Second, the
experimental angular displacements are only 3% less than the
angular displacements calculated by the finite element
model. Agreement to this extent is better than expected
since the distance measurements had a precision of +1
micron, which at the lower forces, gives displacement errors
as high as 10%. At higher forces the precision increases to
less than 5%. The agreement calculated for the pivot also
was good, showing a deviation of the finite element rigid
pivot of between 5% and 13% from the experimental values at
49N and 98N. Third, the finite element model gives a
complete view of the displacements of the implants on static
loading, including bending of the implants. Data of this
kind can have practical clinical implications. Fourth, the
literature values of the modulus of elasticity for the
cortical and the trabecular bone are sufficiently accurate
to be used for finite element calculation of models of the
mandible. The data of table 1 shows an average 12% increase
of elasticity in the angular displacement when the
trabecular bone modulus is decreased by a factor of two.
Intuitively, an increase in the angular displacement is

expected when the modulus of elasticity of the trabecular
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bone is decreased and is verified by the finite element
calculations. Finally, the comparative data verifies the
actual physical structure of the implant. It is held firmly
by the cortical ridge bone, with the lower portion of the
implant embedded and held in the softer interior trabecular

bone of the mandible.
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