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ABSTRACT

It is generally felt that the success rate of craniofacial osseointegrated implants is
partially based on the loading of the implants and the resulting strain placed on the
surrounding bone.

In this thesis a study of the loads placed on the implants due to the removal of the
prosthesis for various attacliment devices was examined. Two bar and clip. two ball and
socket and five magnetic systems were examined. These results were compared with the
retentive strength provided Uy two medical adhesives that also have been used to retain
prostheses.

In addition a finite element study was done to determine how factors such as the
bone configuration and implant design affect the load transfer and the state of strain in the
bone. To this end three different implants designs were examined in three bone
configurations with two loading conditions. The models represented tvpical clinical

situations found in the craniofacial environment.
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CHAPTER 1

1. INTRODUCTION

1.1 History

The absence or loss of part of the face may cause functional disability as well as
serious emotional stress for individuals who may feel alienated and reclusive due to their
loss. Medical professionals have tried to aid patients that have suffered such a loss by
providing them with a prosthesis that attempts to functionally and aesthetically replace the
missing facial structure. The success of such devices depends on the design of the
prosthesis and the method used to retain the prosthesis. In the pasi. inadequate methods
of retaining facial prostheses and inferior prosthesis design resulted in a poor success rate
for this form of treatment. In the 1960’s silicone elastomers were first used in facial
prostheses and they greatly improved the appearance of the prosthesis not only in shape
but color as well. To the casual observer a properly constructed silicone facial prosthesis
is almost indistinguishable from a real facial part. Initially these silicone prostheses were
attached to the face using extrinsic mechanical retention (such as attaching the prosthesis
to spectacle frames) or by using medical adhesives that attached the prosthesis directly to
the face. Having the prosthesis attached to spectacle frames was not an ideal solution
because it often provided poor retention. was inconvenient to the patient and was
aesthetically compromising. Adhesives were also not an ideal way of attaching the

prosthesis to the face since they were often unreliable and unpredictable in the retention



that they provided to the prosthesis. In addition the adhesives had to be applied daily and
would often caused irritation of the skin especially where the tissue had been exposed to
therapeutic radiation. ~Furthermore the adhesives and solvents often damaged the
prosthesis and reduced its durability.

In the early 1950°s experimental work began on the technique of using tissue
integrated prostheses. The initial clinical applications for the technique occurred in the
area of dentistry. In this application titanium screws were implanted into the jaw bones
and used to anchor bridges and dentures for edentulous or partiaily edentulous patients.
In 1979 this bone anchoring technique was applied to craniofacial (skull and face)
applications. Missing facial parts could now be replaced with silicone prostheses that
attached to the face with the use of craniofacial implants. This provided a more reliable

and predictable method of facial prosthesis retention.

1.2 Craniofacial lmiplants: Introduction and Literature Review

1.2.1 Bone and Implant Integration

The success of permanent hard tissue integrated implants depends largely on the
type of interface that is developed tetween the implant and the bore The ideal type of
interface for long term implant success has been termed osseointegration where
osseointegration has been defined as the direct structural and functional connection
between ordered, living bone and the surface of a load carrving implant [1]. This type of
interface 1s remarkably strong and it has been shown that the bone near the implant would

fail before the interface between the bone and implant. Other interfaces such as a fibrous
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tissue interface. which is typified by a growth of fibrous material between the implant and
the bone, has also been observed to occur clinically. It is generally accepted that this type
of interface is inferior to the osseointegrated type interface and usually indicates
impending loss of the implant. It is therefore desirable for the implant and the biological

and mechanical conditions at the implant site to promote an osseointegrated interface.

1.2.2 Implant Location and Boue Structure
Currently craniofacial nnplants have been successfully placed in several locations
on the skull and fuce. Typicai siies include the orbiial area (around the eye). the mastoid

region (behind the ear) and the nusal region. Figure 1-1 displays a schematic of a typical

Figure 1-1: Typical Installation of Craniofacial Implants for an Auricular
Prosthesis

installation for a patient missing the external car. The two implants shown ont the left side
of this figure are placed in the mastoid region of the skull. The right side of the figure
displays the implants connected with a gold bar that would be used to attach the

prosthesis. The bone in the various implant regions on the face and skull can differ



substantially for the same paticnt and between patients. Figure 1-2 displays a cross

sectional schematic view of an implant and the bone in the mastoid region. This example

boune layer. where cortical bone is the stiff and

shows the implant embedded in a solid cortical ’ _ T 3
f Cortical

| Implant
compact outer tissue of a bony structure. |! \ Cancellous
Depending on the patient and the location. the
thickness of this layer could vary from
approximately 2 mm to 5 or 6 mm. Therefore
in clinical applications it is possible for the
implant to pass through the first cortical laver | \

|
and have the end of the implant protrude into | \

the cancellous bone region. Cancellous or

Figure 1-2: Cross Sectional Schematic
trabecular bone is the porous inner bone laver of the Bone and Implant.
that is composed of various individual trabecular plates and rods. Also. there are bone
structures that would cause the implant to pass through the first cortical bone laver and a
thin cancellous layer and engage a second cortical ltyer. Therefore there are three general
coitical bone configurations that can be present at an implant site. a solid. a single plate or
unicortical. and a two plate or bicortical configuration. These three general configurations

could. however. have a large number of various bone laver thickness for the cortical and

cancellous bene depending on the patient and location.



1.2.3 Material Properties of the Bone

As indicated above there are two general types of bone. cortical bone and
cancellous bone. that are present in the craniofacial environment. Cortical bone is the solid
outer layer bone which provides the strength and rigidity for the skeleton. The elastic
symmetry of cortical bone is based on the textural symmetry and geometry of the bone
structure. For example the long bones of the leg develop a transversely isotropic structure
with a higher stiffness and strength in the longitudinal direction. As a result the elastic
properties can vary from individual to individual and for different locations within one
person.

While cortical bone is known to be a viscoelastic material, however it has often
been considered as a linear elastic isotropic solid for the purpose of quasi-static stress
analysis [2]. Measured values for the stiffness of cortical bone have varied considerably
but an approximate value found in the literature has a modulus of 14.0 GPa [2]
[31[41(5]{6].

Cancellous bone which is the porous type of bone has very different material
properties. There is much less known about the material properties of cancellous bone as
opposed to cortical bone. The individual trabecular rods and plates that make up
cancellous bone are aligned in a complex type structure with various structural densitics.
Currently there are theories that relate the elastic modulus and shear modulus of
cancellous bone to the density of the bone structure. A typical value of 0.5 GPa is used

for the stiffness of cancellous bone[5).



1.2.4 Implant Design

Currently there are a large number of choices for the type and size of implants to
usc. The implants vary in their thread design. diameter. length and surface treatment. It
may be postulated that all of these variables could affect the biological and mechauical
state of the bone-implant interface. Typically the choice of material properties of the
implant is restricted as only certain materials have been found to osseointegrate with the
bone[l]. Large variations in the thread design including those which appear to be
mechanical bolt threads. rounded or rectangular threads and no threads have been
developed. The designers of these implants promises an improved osseointegration with
bone. Manufacturer’s of implants will also usually provide them in a variety of lengths
(from 3 mm - 20 mm or longer) and sometimes offer them in a variety of diameters

(approximately 3 mm - 6 mm)

1.2.§ Maintaining an Osseointegrated Interface

The osseointegrated interface is commonly considered the ideal tvpe of interface to
have between the bone and implant and the success of maintaining an implant reiained
prosthesis depends upon the integrity of the bone-implant interface. There are a number
of biological and physiological factors. many of which are still unknown. that determine
the success of the osseointegrated interface. The biocompatibility of implant materials, the
physiology of the bone. the health and lifestyle of the patient and the mechanical loading
on the implant are a few of the factors that may influence the success of the bone-implant
interface.  The loading at the interface is believed to be a major influence in the

development and maintenance of osseointegration.



There are many theories that attempt to predict bone growth or resorption (bone
loss) based on the mechanical stress or strain in the bone. For example Frost proposed a
theory that attempts to relate the strain placed on the bone to the increase or loss of
bone[7]. This theory suggests that there are ranges of strain that promote bone growth.
loss and equilibium. As shown in Figure 1-3 the strain raage from -200 to 200

microstrain  promotes bone loss while the ranges of -200 to -2500 microstrain

Over . L . o . Over
Load ' Formation l Equilibrium l Resorption ' Equilibrium | Formation Load
-3000 -2500 -200 200 1500 9

Figure 1-3: Frost’s Theory on Bone Remodeling (in microstrain)

(compressive) and 200 to 1500 microstrain (tensile) are believed to be an equilibrium
state while strains from -2500 to -3000 and above 1500 microstrain promote bone
formation. The theory also states that there exists a pathological overload zone for
excessively high magnitudes of strains. This 15 a rather simple theory that predicts some of
the bone responses for certain loading conditions but not all responses. Many other
theories have expanded upon this basic idea but none of them to date are able to predict all
of the clinical responses observed. Most of the theories seem to agree that it is the strain
and not the stress that determines the remodeling response of the bone. The theories
disagree cn what type of strain is the most significant, i.e. the principal strain. the strain
energy density, the sum of the principal strains, etc.. In addition these theories are for a
general response of bone under loading and are rarely applied to the craniofacial region or
the bone implant interfaces. The theories do provide some useful insight into how

mechanical straining due to implant loading may influence local bone formation or



resorption. It is believed that local bone resorption and the loss of osseointegration
eventually leads to a loss of the implant.

Currently there are a number of finite element models that deal with the loading on
bone anchored implants for dental applications. These types of models are only of limited
use for craniofacial applications as the bone structure and implant length used vary
substantially. Rieger et al. examined various bone anchored implants in solid cortical bone
type configurations [6][8]. These dental implants were much longer (7 mm or more) than
what is normally used in craniofacial applications. Also, these studies were limited to only
vertical loading on the implant and used bone thickness and boundary conditions that
would not be appropriate for craniofacial applications. ler studies have examined
dental implants with other types of loading and bone structures. Clelland et al. examined
the stress on solid cortical bone due to an implant that is loaded with a force and moment
[9].  This study. however. also used an implant with a length of 6 mm and a bone
thickness which is more applicable to dental situations. Other studies include a model by
Matsushita et al.that examined dental implants loaded with a vertical and a lateral force
placed in a cortical and cancellous bone model of the mandible (lower jaw) [10].  This
study was useful in that it provided a bone configuration that was more indicative of what
might occur clinically but again was focused on the dental application. A study by
Hoshaw et al.examined a finite element and experimental model of dental implants placed
in the tibia of a dog [3]. This examined the formation of the bone around implants that

were subjected to experimental loading. The results were compared to a finite element



model. however. only vertical loading with one type of implant and bone configuration

was examined.

1.2.6 Implant to Prosthesis Attachment

Once the implants provide a base the three general mechanisms used to attach a
prosthesis to the implant are a ball and socket, a magnet and keeper and a bar and clip.
For the ball and socket arrangement a small metal ball is affixed to the implant and a
socket is attached to the prosthesis. The ball snaps into the socket and the prosthesis is
held firmly in place. In a similar manner the magnetic systems have magnet secured to the
prosthests and a magnetic or ferromagnetic keeper fastened to the implant. The bar and
clips arrangements are slightly different. in that the prosthesis is not fastened directly onto
the implants but rather onto a bar that is attached to the implants (as shown in Figure 1-1).
The clips are attached to the back of the prosthesis and fit firmly around the bar. Usually
two or more implants are used to attach a single prosthesis and a mixture of the various
retention systems can be used. Details on these attachments and their retentive strengths

have been described by del Valle et al.[11].

1.3 Thesis QOutline

The obiective of the present study was firstly to improve the understanding of the
mechanical loads which are typically applied to craniofacial implants and secondly how
these loads are carried by the hard tissue. To this end an experimental study was

performed in a attempt to ascertain the loading that is placed on the implant through the
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removal and attachment of a typical auricular prosthesis. In addition a finite element
computer analysis was performed of the bone and implant to examine how these loads are
carried by the bone in several situations which are believed to approximate those

encountered in craniofacial osseointegrated reconstruction.

1.3.1 Experimental Study

For the experimental study. outlined in Chapter 2. nine different mechanisms for
attaching prostheses to implants were investigated.  The study sought to classify the
retentive strength of each of the mechanisms. Each of the devices was tested as a single
unit and as a functional group that would be tyvpical of a standard clinical application. To
date there has been little work done to classify the various strengths of the retentive
systems.  This work is necessary to determine the magnitudes of loads that would pass
from the implant to the bone. Since the use of adhesives to attach facial prosthesis has
been criticized for its poor retention strength and consistency. the present study also
compared the retentive strength placed on a prosthesis for the various implant systems
with two commonly used medical adhesives.  The testing of the adhesives followed
p--vious work by Tam et al. [12][13]. The results of this study can be compared to the
loading applied to osseointegrated implants in the oral environment. Glantz et al. found
that during mastication that the experimental peak loads on dental implants reached to

about 25 N [14].
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1.3.2 Computer Model

The second part of the study involved modeling the bone and implant to determine
how forces placed on the implant are transferred to the bone. Previous studies did not
include any work on craniofacial osseointegrated implants and examined a limited number
of loading conditions and/or bone configurations. In the current work the strain
distribution in the bone was examined for a number of purely craniofacial applications.
For this reason two different loading conditions, three implant types and three different
general bone configurations were examined. It was hoped that by performing a large
number of variations with a computer model that general relationships between implant
design and bone strain for craniofacial bone configurations could be developed. The
details of the finite element modeling are given in Chapter 3 while the results are given and

discussed in Chapter 4.



CHAPTER 2

2. EVALUATION OF IMPLANT RETEMTION SYSTEMS

2.1 Introduction

in this chapter the retentive strengths of the superstructure of the various systems
which have been designed to attach the prosthesis to the implants is examined. While it is
difficult to predict or design for various accidental loading situations on the implant. it is
useful to appreciate the loads occurring during normal removal and placement of the
prostheses. This information is important in the evaluation of the loads being applied
through the implants to the underlying hard tissue. Also. to appreciate some of the
differences associated with retaining prostheses with implants as compared to adhesives.

an evaluation of some currently used facial prosthetic adhesives was conducted.

2.2 Material and Methods

The evaluations included nine different mechanical and magnetic retention systems
which have been used in conjunction with craniofacial osseointegration implants as well as

two facial prosthetic adhesives.



2.2.1 Testing Apparatus

The loading/measuring apparatus used was a custom built system which was

modified from one originally designed to measure both tensile and shearing strengths of

[

CE

Figure 2-1: Overall View of Testing Apparatus
biomedical adhesives [12]. The system is shown schematically in Figure 2-1. The
evaluation of the implant retention systems was accomplished in vitro using a series of test
bases and test jigs. The plexiglass test bases, shown in Figure 2-2. simulating the bone or
skull, was secured to the apparatus base and had Brinemark 4.0 mm flange fixtures
mounted in it. The retention system to be evaluated was constructed on these fixtures.

The test jig, simulating the prosthesis, attached to the implants by means of the retention
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system. The loading of the system was accomplished through the use of the DC motor.

cable and pulley system which applied upward force to the test jig. The variable speed DC

Figure 2-2: Test Bases
motor was set to provide a testing speed of between 28 to 44 mnymin.

The test jigs. shown in Figure 2-3. permitted the loading to be applied at any o: :
of four locations including directly above the center retention point as well as horizontal
loads in the negative x direction or in either the positive or negative y direction. For
certain cases of tne vertical loading. the test jig was held in a keeper, displayed in Figure
2-4. which was in turn loaded by the motor drive. The keeper was used so that the

loading point could be placed either at the centroid of the three retention points to allow
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symmetric loading or 17 mm to the left of the centroid to provide an unsymmetric loading

condition. In all cases the loading cable was attached to the Jig or keeper by means of a

simple hook to allow the retention mechanism to be self-aligned.

Figure 2-3: Test Base
As described, the test jigs could also be loaded horizontally to simulate the
removal of a prosthesis using a shearing force. This horizontal loading was accomplished
by mounting pulleys to the apparatus base as shown schematically in Figure 2-1. This

capability was only used for the magnetic retention systems.
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The measurement of the loads was done using an Omega LCF-5 (Omega
Engineering Inc. One Omega Drive, Box 4047, Stamford, CT 069078-0047) miniature

tension'zompression load cell which had a 0-22 Newton range. When the loads required

Figure 2-4: Test Jig Keeper
to remove the test jig went beyond the capacity of the load cell a pulley system which
provided a mechanical advantage of 2 was used. The strain gauge load cell was monitored
using a custom built signal conditioner and an Omega Model 585 (Omega Engineering
Inc. One Omega Drive, Box 4047, Stamford. CT 06907-0047) strip chart recorder. This

allowed a continuous record of the loads to be made.
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For the evaluation of the retention loads of the adhesives. the loading apparatus
was modified to use a silicone specimen holder at the bottom of the load cell. as shown in
Figure 2-1. The conically shaped silicone prosthesis specimen provided a 5 mm wide
annulus at an average diameter of 27.5 mm over which the adhesive could be applied. Fer
these tests the test base and jigs were removed to provide direct access to an area of the

skin. The prosthesis was then applied to the sk:a and loaded in the same manner as the

implants.

2.2.2 Implant Retention Systems

The details of manufacture and model of the nine different mechanical and
magnetic systems used in conjunction with the implants are given in Table 1. These
include the two ball and socket systems (A & B), two bar and clip sysiems (C & D) and
five magnetic systems (E. F. G. H & 1). To rationalize the variations in these systems.
four test bases. two of each of those shown in Figure 2-2 were made with the Branemark
flange fixtures (SEC 002) mounted in the positions indicated. The ball and socket systems
were used in conjunction with one of the test bases using three flange fixtures (Figure 2-2
b). The attachments connccted to these fixtures were Nobelpharma 4.0 mm ball
attachment abutments for the Nobelpharma system (Table 1, B) and Dalla Bona 3.0 mm
ball abutments for the Dalla Bona system (Table I, A).

The bar and clip systems (Table 1, € and D) were developed on the two test bases
shown in Figure 2-3a which used only two Branemark flange fixtures. Both of these
systems used Branemark 4.0 mm craniofacial fixture abutments (SEC 008) which secured

the gold bars configured as shown in the figure.
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Table 1: Retention Systems and Instrumentation Specifications

Label | Type Model Supplier Comments

Al Dalla Bona Ball and Socket 42-43020 Swiss NF Metals Inc. (11(3)
(unactivated) 3 mm size

A Dalla Bona Ball and Socket 42-430230 Swiss NF Metals Inc. (1 (3)
(activated) 3 mm size

B Nobelpharma Ball Attachment | SDCA 116 Nobelpharma Canada (2

) and Socket 4 mm size Inc.

C Nobelpharma Overdenture Bar | DCA 110 Nobelpharma Canada (2)(4)
(Gold Bar) and Clips Inc
(unactivated)

D Nobelpharma Overdenture Bar | DCA 130 Bar cast Nobelpharma Canada (rh
(Plastic Bar) and Clips with type 4 Gold Inc
(unactivated)

E Dynamag Magnets 99-20026 Medium | Swiss NF metals Inc. (233

F Neomag, Magnets 71-361015 Swiss NF meztals Inc (2363

Medium
G Neo-maxi Magnets N4 Innovadent Technics ()5
H Neo-midi Magnets #\ 3 Innovadent Techics (2)(5)
Ltd.
1 Neo-mini Magnets ENT1 Innovedent Technics (25
Lid.
J Pros-Aide Adhesive | -eeme- ADNMI Tronics. Inc (6)
K Hollister Medical Adhesive | ------ Hollister Incorporated (7)

(1) For all ball and socket systems 4 0 mm flange fixtures were used. The abutments for the Nobelpharma
ball attachments were 4.0 mm abutments (SDCA 116) while the abutments used for the Dalla Bona were
3.0 mm abutments (420430230). The tool used for Dalla Bona is an activator/deactivator for the Dalbo
Anchor. Cendres and Meétaux SA. Biel Bienne. Switzerland

(2) For the bar and chips systems and the magnetic systems, 4.0 mm flange fixtures (SEC 002) and 4.0
mm craniofacial abutments were used These components were supplied by Nobelpharma Canada Inc

(3) Swiss NF Metals Inc. P.O. Box 644 Station B, Willodale. Ontario. Canada. M2K 2P6
(4) Nobelpharma Canada Inc. 284 Consumers Road. Willodale, Ontario. Canada. M2J 1P8
(5) Innovadent Technics Ltd.. 26 Primley Park Mount. Leeds. England. LS17 7JS

(6) ADM Tronics Inc Northvale, New Jersey, USA

(7) Hollister Incorporated 200 Hollister Drive Libertyville, [llinoins. U.S. A. 60048
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The six magnetic systems were all used in conjunction with the second test base
that had three flange fixtures (Figure 2-3b) connected to Nobelpharma Standard 4.0 mm
abutments,

The test jigs which corresponded to each of the bases held :ither three sockets
(Tabiz 1. A and B), three clips (Table 1, C and D) or three magnets (Table 1. E - I). The
jigs and bases were kept in alignment for mounting these retention points using the
alignment hole and shims shown in Figures 2-2 and 2-3. The mounting of the retentive
components on the jigs and the bars was carried out by a dental laboratory (Dental
Aesthetics Laboratory. Edmonton. Alberta).

The three clips for systems C and D (Table 1) were aligned so that onc attached to
the midpoint of the bar while the other two engaged the 45° wings (Figures 2-2a). These
clips were all positioned so that their centers corresponded to the locations of the
abutments of the ball and socket and magnetic systems. This meant that the three
retention points for all nine systems were placed in the same relative positions. In order to
evaluate intrasystem variability. thiee jigs were constructed for each of the retention
systems. Because of the positions of the retention points. it was also possible to test a
single clip. ball and socket or magnet by simply reversing the test jig and engaging the
center component only.

These systems. including the common three retention points. were chosen as being
representative of an installation for auricular reconstruction. By having all systems with

three retention peints allowed for comparisons between them.



20

2.2.3 Adhesive Systems

The two adhesives tested (Table 1. J and K) were Pros-Aide and Hollister Medical
Adhesive. The adhesive was applied between the silicone specimen with a contact area of
432.6 mm’ and the shaved inner forearm of five subjects. Each adhesive was applied
according to manufacturer’s specifications and tested five times for each adhesive on each
of the five individuals for a total of 50 tests. Each test used a different silicone Specimen
placed onto a new skin site to help ensure that the tests were independent.

To develop a means for comparing the loads measured for the implant and
adhesive retention systems. the bond area for a typical replacement ear was evaluated.
The base perimeter of 10 adult male ears was measured and the bond area of a typical
prosthesis was estimated to be 1200 min®. This meant that the silicone test specimens had
432.6/1200 or approximately one-third the bond area of a typical adult male ear

prostnesis,

2.2.4 Testing Procedure - Implant Systems

For each system. the retentive strength was measured by pulling the jigs from the
test base in the vertical direction in three different modes. First. with only the center
socket. clip or magnet engaged. data was collected for a single retention point. Secondly
all three retention points were engaged and pulled from the centroid of the three units. A
third series of tests was done in which the loading point of the jig was placed at a position
17 mm in the negative x-direction from the centroid of the three units (see Figure 2-4).

These were termed the unsymmetric vertical tests.
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Each of the jigs was tested 20 times for each of the loading scenarios above and
for each retention system considered. This meant that there was a total of 60 tests (3 jigs
tested 20 times each) conducted for each system and for each loading situation.

For the magnetic systems only, a further series of tests in which the jig was
subjected to a horizontal forces was done. Each jig was pulled in the negative x direction
(Figure 2-3) and in both the positive and negative y directions. Again each system, jig and
ioading direction was evaluated 20 times.

All of the systems were initially tested in the condition received from the
manufacturer. However, as the mechanical systems are normally activated before being
mstalled. an attempt was made to understand the influence this activation has on the
retentive forces produced. For the Dalla Bona ball and socket. the activation was
accomplished using the tool supplied {Dalbo Anchor. Table 1). This system (Table 1.A)
was then evaluated in the same manner as the unactivated case (Table 1, Al). The bar and
clip systems had no standard activation procedure. so a series of tests was done using the
Nobelpharma prefabricated bar and clip (Table 1. C) at various amounts of activation. In
particular, the clips were activated by first installing them over the bar and then closing the
ends by approximately 0.15 mm. The retentive force was then evaluated 90 times to first
determine the change in force level and second to evaluate the degradation which might
occur due to creeping or fatigue in the clips. These 90 tests were done both for the

symmetric and the unsymmetric pull tests. A similar series of tests was done for the cast

bar and clip (Table 1, D) as well.



2.2.5 Testing Procedure - Adhesive Systems

For the adhesive tests. the silicone specimen prosthesis was attached to the shaved
mner forearm of the subjects. The skin surface was prepared with ethyl alcohol prior to
applying the adhesive. The procedure of skin loading with the adhesive used was as
described by Wolfaardt et al. [13]. Each individual had five tests done with each adhesive.
For each measurement a new silicone specimen and area of skin was used.

The force necessary to break the adhesive bond was measured in the same manner

as was done for the implant based systems.

2.3 Results and Discussion

The results of the three vertical load testing configurations are shown in Tables 2.
3 and 4 for the mechanical and magnetic systems evaluated. This includes the results for a
single retention point (Table 2). three retention points symmetrically withdrawn (Table 3)
and three retention points unsymmetrically withdrawn (Table 4). For the Dalla Bona
system all the tables include results for the as received case (A1) and the case in which the
attachment was activated using the manufacturer’s tool (A). The average value for each
of the three jigs tested for each system are shown along with the standard deviation (o) for
the 20 tests done on each jig. The final mean value shown is for all three tests on a

particular system ajong with the 95% confidence interval on this mean.



Table 2: Single Retention Point Vertical Withdrawal

Retention System | Jig #1 Jig #2 Jig #3 Average Force
Force (N) Force (N) Force (N) (N) with 95%
tc +o o confidence
interval
Al DallaBonaB & C 7.87 +£0.67 7.10+£0.73 1057+ 0.9 851+044
A DallaBonaB & C 12.28 + 0.80 9.04 £ 0.69 11.87 + 0.85 11.06 + 0.42
(Activated)
B Nobelpharma B & C 7.83+0.20 832+0.16 7.14+£0.13 777+ 13
C Prefabricated Gold Bar | 10.34+ 0.30 11.24+ 0.50 8671045 10.08 £ 0.26
(unactivated)
D Cast Gold Bar 5.51+0.55 7.55+0.380 8.22+0.71 7.10+0.35
(unactivated)
E Dynamag 1.32+0.04 1.60 = 0.03 1.52+£0.02 1.48 + 0.03
F Neomag 1.21 £ 0.05 1.11 £ 0.03 1.27 £ 0.02 1.20+ 002
G Neo-maxi 6.00+0.27 740+ 0.15 5.60+0.38 6.34+0.19
H Neo-midi 5.51£0.53 5.94 +0.59 6.22+0.18 5.89+0.13
I Neo-mini 4.51+£0.17 441 £0.33 414010 4.35+0.08
Table 3: Symmetric 3 Retention Point Vertical Withdrawal
Retention System | Jig #1 Jig #2 Jig #3 Average Force
Force (N) Force (N) Force (N) (N) with 95%
+G +c +o confidence
interval
Al Dalla Bona B & C 1457214 18,12+ 1.14 20,69+ 227 17.80+ 0.82
A DallaBonaB & C 30.13+2.13 25.18+0.88 2511 £ 2.61 27.19% 0.80
(Activated)
B Nobelpharma B & C 2399114 23.07 = 1.07 1917+ 0.74 2228+ 054
C Prefabricated Gold Bar | 26.90 + 1.29 21.75+1.29 21.32+0.38S5 2342=072
(unactivated)
D Cast Gold Bar 1590+ 1.22 1285+ 1.29 16.40 £ 2.29 15.17 = 0.61
(unactivated)
E Dynamag, 3.71 £ 0.07 457012 3.88 x 0.06 405+ 0.10
F Neomag, 349+ 0.16 243+0.10 337012 3.43+004
G Neo-maxi 2260+ 027 2212+ 0.24 21,34 +£0.47 2202+0.14
H Neo-midi 19.51 = 0.46 19.47 + 0.2C 16.79+ 0.57 18.58 + 0.32
I Neo-mini 15.08 + 0.24 16.61 = 0.25 14.87+0.16 15.51 1 0.21




Table 4: Unsymmetric 3 Retention Point Vertical Withdrawal

Retention System

Jig #1 Force

Jig #2 Force

Jig #3 Force

Average Force

(N) £o (N) +c {(N) o (N) with 95%
confidence
interval

Al Dalla BonaB & C 534+ 0.30 6.97 = 0.36 6.63 + 0.24 6.32+0.19

A DallaBonaB & C 9.14+ 022 857+042 7.73+£0.53 848+0.16
(Activated)

B Nobelpharma B & C 940+ 0.52 8.52+0.26 725+0.18 939+ 026

C Prefabricated Gold Bar | 12.00 % 0.80 794+ 0.39 9.75x 6.55 885047
(unactivated)

D Cast Gold Bar 6.77 £ 0.63 271 +049 6.73x0.78 539+052
(unactivated)

E Dynamag, 1.26 £ 0.07 1.51+0.06 0.85+0.07 1.21 2007

F Neomag, 1.22 =009 1.30+0.03 1.30=0.07 127=002

G Neo-maxi 1047 =0.14 991 £0.30 1088=0.12 10422010

H Neo-midi 595+£0.28 7.81+0.19 6.94=022 6.90=019

I Neo-mini 7.00x0.10 6.94 = 0.53 6.65=0.24 6.89 = 0.09

Table 2 indicates that while there is an almost 10:1 ratio between the largest and

the smallest forces generated. that the strongest magnetic systems (G and H) produced

levels very close to many of the mechanical clip/bar and ball'socket systems. The

variations between differen: samples of the same system were larger for the mechanical

than for the magnetic ones.

The large variations in the mechanical systems are

undoubtedly due the sensitivity of the retention force to the detail of the clip or socke:

configuration. Comparison of the values shown for the Dalla Bona ball’socket between

the as received and the activated cases (Al and A) shows and increase of 30% to 50% in

retention forces that occurred for what appeared to be minor alterations in the

configuration of the retentive component. These large variations between the three jigs of

the same mechanical system are again seen for the case of all three retention points being

simultaneously withdrawn (Table 3 ).
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The results of the additional testing of the prefabricated bar and clips (Table 1.C)
when they were activated is shown in Figures 2-5 and 2-6 for the symmetric and
unsymmetric vertical pull configurations. Comparisons of the force levels in these figures
with those in Tables 3 and 4 indicates that the relatively small changes in activation (0.15
mm) resulted in changes in the retentive force by a factor of 2 to 3. This means that large
variation in the retentive force are possible by small variations in the activation of the clips.
Figures 2-5 and 2-6 also confirm that the mechanical bar and clip system retains its
retentive force even after 90 applications and withdrawals. In fact for the symmetric

withdrawal the force actually rose slightly as the testing sequence progressed.

Clip Activation Test. Jig 1 Pre-Fab Bar
Symmetric 3 Retention Point Withdrawal
50 - T . — . - . ,
45+ .
el o) 5 -
s
- :
é - - - = -
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Figure 2-5: Symmetric 3 Retention Point Clip Activation Test for the
Prefabricated Bar Jig 1.
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Clip Activation Test. Jig 1 Pre-Fab Bar
Unsymmetric 3 Retention Point Withdrawal

T

]

Retention Force (Newtons)
o)

Average =15.7
ok 4
5k .
1

0 . 1 . 4 . ! . 1

0 0 QO &0 80

Test Nunber

Figure 2-6: Unsymimetric 3 Retention Point Clip Activation Test for the
Prefabricated Bar Jigl.

The results of Tables 3 and 4 also include the effects of alignment variations. For
the unsymmetric vertical pull tests (Table 4). the stronger magnetic systems produced
force levels comparable and greater than those of the mechanical ones. This is not
unexpected as the jigs were essentially rigid and therefore unsymmetrical loading would
iot allow any realignment of the retention points for the magnetic cases while there may
be some bending and realignment in the mechanical clips or sockets.

The horizontal or shearing withdrawal tests done on the magnetic systems are
summarized in Tables 5. 6 and 7 for the three different directions of pull. In general. the

results for the three different directions are very similar and are in approximately the same



relation to each other as they were for the vertical withdrawal tests. The absolute values

are between 1/3 and 1/5 of those for the symmetric vertical retention values (Table 3).

Table S: Horizontal Pull Test in Negative X Direction

27

Retention System

Jig #1 Force

Jig #2 Force

Jig #3 Force

Average Force

(N) o (N) o (N) +o (N) with 95%
confidence
interval

E Dynamag 1.47 £ 0.05 1.62 + 0.03 1.37+0.05 1.49 + 0.03
F Neomag, 1.29+ 0.03 1.202: 0.03 1.30+ 0.04 1.27 £ 0.01
G Neo-maxi 3.81+0.10 4.23:=0.16 3.81+0.11 395+ 0.06
H Neo-midi 3.07+0.12 3.04%0.16 3.0420.23 305+ 004
] Neo-mini 298+0.11 3.21+£022 2.56+0.11 291 +0.08
Table 6: Horizontal Pull Test in Positive Y Direction
Retention System Jig #1 Force Jig #2 Force Jig #3 Force Average Force

(N) o (N) £o (N) o (N) with 95%
confidence
interval

E Dynamag, 1.97 + 0.05 1.23+0.02 1.14 + 0.04 1.11+0.03
F Neomag 1.09 + 0.03 0.83+0.03 0.97 +0.02 0.96 + 0.03
G Neo-maxi 4.60+ 0.59 4.22+0.08 425+0.14 4.3>~+0.12
H Neo-midi 2.96+0.10 3.34+0.09 2.70 = 0.09 3.00 £ 0.07
I Neo-nmini 2.29+0.09 2,79+ 0.16 241010 248+ 0.06

Table 7: Horizontal Pull Test in Negative Y Direction

F Retention System Jig #1 Force Jig #2 Force Jig #3 Force Average Force
(N) 2o {N) 2o (N) +0 (N) with 95%

confidence
interval

E Dynamag, 1.97 £ 0.05 1.23 £ 0.02 1.14 £ 0.04 1.11+0.03

F Neomag 1.09 + 0.03 0.83 £ 0.03 0.97 + 0.02 0.96 + 0.03

G Neo-maxi 4.60 + 0.59 4.22 + 0.08 4.25+0.14 435+ 012

H Neo-midi 296+0.10 3.34£0.09 2.70 £ 0.09 3.00+ 0.07

I Neo-mini 2.29+0.09 2.79£0.16 2.4120.10 2.48 + 0.06
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The results for each of the adhesives evaluated is given in Table 8. Each group of

five are the results from one subject. As expected the results are not only quite variable

from one subject to another but also within a particular individual.

between the two adhesives also produced average force values with a 3:1 ratio.

Table 8: Adhesive Pull Test Resuits

The differences

Individual Pros-Aide Adhesive Force (N) Hollister Medical Adhesive Force (N) (K,
(J, Table 1) Table 1)
Test Result Mean z G Test Result Mean = ¢
412 10.59
333 10.98
1 3,41 386=145 13.37 10.83 = 1.82
5.69 8.83
1.77 10.00
549 12.36
1.57 13.93
2 530 345=1.71 12.16 13.26=1.11
1.57 15.10
333 12.75
5.10 10.59
314 1255
3 451 439« 114 13.53 1255=1.76
6.08 1530
314 10.79
275 13.14
5.69 10.40
4 11.18 5022092 17 06 1251 =303
3.73 10.79
6.28 11.18
1.77 1530
12,55 8.63
s 333 514+ 3288 1491 13.53 =246
5.30 11 96
275 17.26
Overall
Based on 455+ 264 255=x235
433 mm*
Overall
Based on 1263+ 7.33 3482+6.53
1200 mny*

In order to summarize the comparisons of the 4 mechanical. 5 magnetic and 2

adhesive systems evaluated. the results from the single retention unit and the three unit
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symmetrical vertical test are given in Figure 2-7 and 2-8. Also included in Figure 2-7 are

the adhesive test results which have becn normalized to 1/3 of the area of the nominal ear

Single Retention Point Vertical Test
(+/- One Standard Deviation)

Retention Force (N)

Retention System

Figure 2-7: Average Retention Strength for the Single Retention Point Vertical
Test.

or 400 mm” . Figure 2-8 includes the adhesive force expected for the 1200 mm- ear. As
this ratio is 3/1. Figure 2-7 shows the comparison for a singie unit while Figure 2-8 shows
that approximate results for a system used to retain a typical ear prosthesis. For
comparisons, the vertical scale of Figure 2-8 is 3 times that of Figure 2-7 so that if the 3
retention point tests yielded exactly 3 times the single unit value, they appear alike on the
two graphs.

Figure 2-7 and 2-8 generally show the same relative strengths of all 12 systems

evaluated. In fact for the three retention unit tests (Figure 2-7), the 4 mechanical systems



(2 ball/socket. 2 clip/bar unactivated) and the stronger magnetic ones (G.H.I) provide
forces which are quite comparable. All of these systems nave retention values
intermediate to the two adhesives tested. These figures also show that the rlagnetic
systems provided the least amount of variations between individual tests and between

different installations of the same systems (i.e. between jigs). The mechanical systems

Symmetric 3 Retention Point Vertical Test
(+/- One Standard Deviaticn)

Retention Force (N)

A1 A B c D E F G H |
Retention System

Figure 2-8: Average Retention Strength for the Symmetric Three Retention Point
Vertical Test

showed somewhat more variations than the magnetic systems but were still much more
consistent than the adhesives. The adhesives showed considerable variation not only

between subjects but also in the repeat testing done on one subject using the same

adhesives.



CHAPTER 3

3. FINITE ELEMENT MODELS

3.1 Introduction

To examine how the loads measured in chapter 2 are carried by the tissue. a
numerical model was developed to estimate the stress and strain distribution in the region
surrounding the craniofacial osseointegrated implants. The stress analysis was done using
the finite element method. A description of this technique applied to linear elastic
materials is first outlined. In addition, a complete description of the specific model
parameters for the bone configurations, the loading conditions and the implant design will
also be given. Details of the commercial software used to perform the modeling and the

types of results or outputs that were available will also be discussed.

3.2 _Background on the Finite Element Method

The basis for the finite element technique is to consider a complex system broken
into numerous small finite pieces or elements as a complete analytical model of the entire
system cannot be found. The physical characteristics of the system are then defined as a
mathematical model that can be applied to each of the elements. In general the equations
for each of the elements are much simpler than for the entire problem, as the elements can

be selected to have a known distribution of properties and are of simpler geometry. The
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equations for eack: of the elements of the complex model are then combined into a large
system of equations that can be solved simultaneously. Various elements can be employed
to provide systems which model the original system to a high degree of precision.

For this investigation the finite element method was applied to the problem of a
loaded craniofacial osseointegrated titanium implant in bone. This system was modeled
with isotropic linearly elastic solids using axisymmetric and three-dimensional stress
elements. From the assembly of elements a relationship between the displacements and
the forces applied on the system is developed. This relationship is represented by the

relationship

{F} = [k; Ru} (3.1)

in which the {F} vector represents all the forces applied to the elements at their nodes and
the {u} vector represents the displacement of the nodes. The matrix [k;] represents the
global stiffness matrix for the system. In general the force vector is usually known and
the displacement vector is unknown. while the global stiffness matrix ic deiermined from
assembling the element stiffness matrixes. There are a number of methods that can be
used to determine the element stiffness matrixes and to assemble the global stiffness
matrix. These include direct. energv/variational. and residual methods. For descriptive
purposes an outline of the formation of the element matrixes using the energy technique

for an axisymmetric stress element is given below.
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Figure 3-1: Axisymmetric Element

Figure 3-1 displays a triangular axisymmetric element. This type of elcinent is
rotated around the z axis by 360" and the nodes on the comer elements are described as
nodai circles. For this element there are only two degrees of motion for the nodes. These
motions are radial displacement, which is represented v u. and vertical displacement.
which is represented by v. The displacements of any node can be related to its position in
the z-r plane with the equations:

u=a+br+cz

v=d+er+fz (3.2)

where a, b, c. d. e and f are constants. Equation (2.2) can be rewritten in matrix format

for all of the three nodes as:

(ul) {1 1 21 0 0 07 (a)

u2 1 2 22 G b

u3 1 13 z3 0 c (3.3)
<vl - 0 0 1 rl zl <df

v2 0 0 1 r2 z2| e

v3) L0 0 1 3 z3)|f




Where ul and v1 are the displacements in the radial and vertical direction for node 1 and
rl and zl are the coordinates of node 1. Equation (3.3) can be simplified to the
expression:

{up = [TH{a} (3.4)
and

fo} = [T ){u}. (3.5)

The relationship between the strain and the displacement for a solid using

Equation (3.2) is given as:

g, =—=>b
C‘}\,
6,\.
g, =— =f 36
2 J.
$ T (3.6)
_u_a+br+cz
[H} r r
cu v
;= —— =C+¢e
17 -~
¢z T

These strains can be rewritten in matrix format as:

.
€, 1 0 0 0 |lb
€, l‘r 1 z/r O 0 d
Y., 0 0 1 0 1 e
£
or
{e} =[GHa}. (3.8)

The strains can then be related to the displacements of the nodes by using (3.5) and (3.8).



{e} =[GI[T" Hu}. (3.9)
The G and T"' matrix can be combined to form a single B matrix so that equation (3.9)

becomes:

{e} =[B}{u} (3.10)

From Hooke's law a relationship between the strain and the stress can be
formulated. For an axisymmetric element that assumes the material is homogeneous.

isotropic and linearly elastic the strain stress relationship is

E

6, =————((1-Vv)e, +ve, +ve
' (l+v)(1—2v)(( B+ Ve, T

o, =m(\’8r +(]‘—\’)8, +VE, )

c,=————E-—-—~(vu bve, F(1-v)g,) (3.11)
(1+vXIi-2v)

E 1-2v
Tllz .YII
(1+vXl1-2v) 2

or in matrix format

o, l-v \Y \Y 0 €,
o, E v I-v v 0 €,
= . (3.12)
g, (1+vXl-2v)| Vv v I-v 0 €,
t, o o o (=270,

This expression can be simplified as

{o} =[D]{e}. (3.13)
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It is then possible to determine the strain energy of the element from these stress

and strain components using

U, =

RO | —

!{a}" {c)dv. (3.14)

In this expression dv = 2nr dr dz. This equation can be expanded using (3.10) and (3.12)

to form
I P r )
U, =St zn![B] [D][B]rdrdz{u}. (3.15)
From this expression the stiffiess matrix for the element can be developed as
] (3.16)
U, :;{u},[kll{u} ?
so that
[k, 1= 2a[[B]'[D][B]rdrdz. (3.17)

¢

The element stiffiess matrix. [k;]. for each element is combined for all of the
clements to give the global stiffiess matrix. [k;]. for the entire svstem. This global
stiffness matrix allows the calculation of the nodal displacements using (3.1). The element
displacements are then used in (3.10) to determine the strains which in turn using (3.13)
allows calculation of the stresses. The formulation of the element stiffness matrix for the

three dimensional block element is similar and can be found in Robinson [15].



3.3 Model Parameters

3.3.1 The Implants

For this investigation three different clinically applied craniofacial ossecintegrated
implants were modeled. They were the Branemark, the Bud and the IMZ 4 mm implants.
These implants along with their specific dimensions are shown in Figure 3-2. All of the
implants were made from titanium which was assumed to have a Young's modulus of
105.4 GPa . The implants were assumed to be solid except for the flange on the
Branemark implant. Part of the Branemark flange was given a reduced modulus of 25
GPa to better represent the fact that the flange lias a series of holes in it. When available
the implant dimensions were taken from drawings supplied from the manufacturer.
otherwise the dimensions were obtained from measuring the actual implants.

To obtain a better understanding of the load transfer between the implant and the
bone. each implant was examined in its standard design, shown in Figure 3-2. and in a
modified design with the flange removed. The implants were modified because in the
clinic .l applications the flange can complicate implant placement. It should be noted that
the threads on the implants were not modeled as helical threads but rather as circular rings

or steps in order to reduce the complexity of the model.
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Figure 3-2: Dimensions of the Brinemark, Bud and IMZ
Implants

3.3.2 Loading Configuration

There were two loading conditions applied to the implants. The first was a vertical
load of 10 N placed on the center of the implant and the second condition was a 10 N load
and a moment of 100 Nmm. The 10 N vertical on the implant represents a reasonable

implant load based on the single and three point retention strengths as shown in Chapter 2.



The 100 Nmm couple represents the additional effect of having this load displaced a
distance of 10 mm from the center of the implant. It should be noted that although these
loads are representative of those found in clinical applications, the main intention of this
study is not to obiain exact values of strain in the bone but. to compare the loading of the
three implants in various bone configurations. As the analysis is strictly linearly elastic. a
change in load magnitude would result in a proportional change in the stresses and strain.
It should be noted that the strain analysis for all of the models that were ioaded
vertically with no moment were doue with axisymmetric elements, while thie models

loaded vertically with a moment were done with 3 dimensional block elements.

3.3.3 Bone Properties

The bone which surrounds the implant was modeled as consisting of two general
types. cortical bone and cancellous bone. fortical bone is the stiffer. more solid. surface
type bone, while cancellous bone is the less stiff porous type bone. While these types of
tiszues are known not tc be isotropic, homegenous or linearly elastic they were modeled
as such for this study. Previous investigators [3][4][5][6 ] have used similar assumptions
in implant model studies. While these assumptions will undoubtedly limit the accuracy it is
believed the results are acceptable for general comparisons to illustrate large percentage
variations between the situations considered. The stiffness of the cortical bone was
prescribed ai 14.0 GPa and 9.5 GPa for the cancelious bone. These values were the

average values found from the literature.
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In addition to this modeling for hard tissue. a third type of sofier material was
modeled. This soft tissue was an attempt to represent tissue that could develop around the
implant in a clis” * application. It is usually accepted that the formation of this soft tissue
between the bone and the implant indicates a failure of the interface. The soft tissue layer
was included to model its effects on the distribation of stress in the bone as compared to
ia¢ standard case. The Young’s Modulus for the soft tissue was estimated to be 3.5 GPa
and was also assumed to be linearly elastic. homogeneous and isotropic. Table 1

summarizes all of the properties for the materials used.

Table 1: Material Properties

Material Poisson's Ratio Young's Modulus (GPa)
Titanium 0.35 103.4

Branemark Flange 0.35 26.0

Cortical Bone 0.3 14.0

Soft Tissue 0.3 35

Cancellous Bone 0.3 0.5

3.3.4 The Bone Configurations

Each of the three impiants were examined in three different bone configurations
which were deemed to be representative of situations in the craniofacial region. These
configurations were the solid cortical bone, shown in Figure 3-3 . tha biccrtical (two solid
plates). shown in Figure 3-4. and the unicortical (single solid plate). shown in Figure 3-5.
Each of these bone configurations were modeled as a circular bone “plug”™ of a radius of

6.5 mm with th. mplar placed in its center.
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For the solid cortical bone plate the depth of the plate was prescribed as 0.5 mm
greater than the implant’s length. For example, the Branemark implant, which had a
length of 4.2 mm, was modeled in cortical bone with a depth of 4.7 mm. The certical

bone depths for the Bud and IMZ implant were 4.6 mm and 4.5 mm respectively.
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Figure 3-3: Solid Bone Configuration with the Brinemark
Implant

For the bicortical configuration each of the cortical bone plates was given a
thickness of 1.5 mm.. The bottom plate was positioned vertically so that the implant
would engage 1 mm deep into the second plate and leave 0.5 mm of untouched bone
beneath it, therefore the space between the plates varied slightly for each implant. For the

axisymmetric vertical load loading condition this space betwcen the plates was either filled

| U . . .

Wt [ Fopte v Db drngsiarnt
e (ot o B
.1 Ao Copvre e o

IR LT R

1 .‘_.‘:rnn‘:l/f R

Al

Figure 3-4: Bicortical Configuration with an IMZ Implant
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with cancellous bone or left as an air space. For the three dimnensional load and moment
configurations the space was only modeled as cancellous bone and as an air space for the
Branemark implant. The other two implants were modeled only with the air space in

order to limit the extent of the study.

.................

........................

Figure 3-5: Unicortical Configuration with a Bud Implant

The unicortical configuration had single cortical plate with a thickness of 1.5 mm.
As with the bicortical configuration the spaze beneath the implant was either cancellous
bone or an air space for the vertical load situation. For the force and moment loading
condition the space was modeled only as an air space with the exception of the P1inemark
implant which was modeled with an air space and cancellous bone. Again not all of th
implants were modeled with the force and moment and cancellous bone in order io li:it
the extent of the study.

The soft tissue that was modeled around the implant where it contacted the bone

was given a thickness of 0.05 mm. This thickness was significantly greater than the



thickness that would occur clinically however. constraints of the finite element code
limited the minimum thickness which could be accommodated. This crude approximation
of the soft tissue was examined for all of the implants with a vertical load in the solid bone
configuration, for the IMZ implant with a vertical load in the bicortical and unicortical
configuration, and the IMZ implant with a vertical load and moment in the solid, bicortical
and unicortical configuration. The soft tissue was not examined for all of the implants in

all of the bone configurations in order maintain constraints on the study:.

3.3.5 Boundary Conditions

The boundary conditions for the bone plates in the three configurations were free
along the bottom and fixed in radial. hoop and vertical directions along the outside
circumferential edges. In Figure 3-6, which displays a picture of the solid bone with the
implant removed, the triangles indicate where the bone was fixed for the finite element
models. This type of boundary condition assumes that the material under the bone plates
is considerably softer than the bone. The interface conditions between the implant and
bone elements were assumed to be joined. This implies that any node on the bone that
was next to a node on the implant would be equally displaced under load. It has been

suggested that this “welded” bond is representative of an osseointegrated interface [6]
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Figure 3-6: Boundary Conditions for the Cortical Bone

3.4 Computer Finite Element Software

The finite element analysis was done using the cemmercial software ALGOR
(Algor Inc.. Pittsburgh. PA. USA) which included the preprocessing. analysis ard post

processing steps.

3.4.1 Pre-Processing

The pre-processing for these models was done with ALGOR's software Super
Draw version 3.16. This software was used to generate the models with a drawing type
interface. It provided a function for meshing enclosed objects with a two dimensional
mesh. This mesh could be made up of triangles or quadrilaterals or a combination. The
density of the mesh could be globally or locally refined using built in functions. The three
dimensional models that used brick elements were formed from the 2-D meshes by

rotating and copying them around the vertical axis every 22.5 degrees. Figure 3-7 displays
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the 3-D element mesh for the solid bone configuration and the Branemark implant. In the
figure the implant has been removed for clarity.

A typicai 3-D model would have approximately 2624 elements and 2932 nodes
while a 2-D model would have about 1389 elements and 1383 nodes. The elements for
both tvpes of models had a single node at each of their comers. Therefore a 3-D element
would have 8 or 6 nodes per element depending on whether or not the element had a
tnangular or square base and a 2-D element would have 3 or 4 nodes. It should be noted

that elements would share common nodes with other elements that were next to them.

Figure 3-7: 3-D Element Mesh for the Solid Bone Configuration for
the Branemark Implant

As indicated above, all of the 3-D models were subjected to a vertical force and a
moment. Due to the plane of symmetry in this type of loading only half of the model was

used in the finite element solution.
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Each of the meshed objects and the loading and boundary conditions were
“decoded™ or assigned their material strengths and element parameters using the DecodS

stress decoder version 2.06.

3.4.2 Analysis and Post Processing

The solver used was AT GOR’s Linear Stress Analysis SSAPC version 11.06. This
program solved the system given the input file name from the decoder.

The results were displayed using ALGOR's Super View program version 4.12.
This y.-cgram displayed the stress state as a standard graphical dithered picture or allowed
the information to be stored as a file. This program allowed the display of the magnitude
of two of the three principal stresses (61 and 3) and principal strains (e1 and €3). It also
displayed the stresses and strains corresponding to the hoop. radial and vertical stresses. In

addition the Von Mises stress.

+(O: —O—l) +(O-l _O—}): = zo-l:'nn Mives © (318)

which is often used as a failure criteria for typical engineering materials. could be
calculated and displayed. The program could also substitute the principal stress values for
equation 3.16 with principal strain values to provide a view of Von Mises type strains in
the bone.

For comparisons purposes the absolute maximum for any given strain or strain
state was not used due to numerical errors that could occur at a single point. Instead the

maximum value was determined from the average stress or strain that occurred over 5%
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of the highest stressed or strained volume in the cortical bone. This was accomplished by
collecting all of the bone elements in the model and sorting them from largest to smallest
based on their average strain values. The average strain of the element was then weighted
against its volume and the values from the highest strained elements were averaged until a
volume of 5% of the total volume was reached. This provided a good means of
comparing the overall magnitude of the strains that occurred in the bone. This 5%
average was also used to compare the various stress states that were examined.

The overall error in the numerical solution was minimized by a trial and error
technique. The model was solved with an initial guess for the mesh density. This mesh
density was then increased and the results were compared to the initial case. If very small
or no difference was noticed results were considered numerically accurate. If a large
difference was noticed the density was increased again until the results converged to a set
stress state. The software did provide a precision dither that was of some use in refining
the mesh at critical points. This technique was not used as an estimate of the numerical
error. but simply to suggest locations for mesh refinements.

The overall accuracy of the computer code was tested by examining the situation
of a infinitely long cylinder under pure shear as displayed in Figure 3-8. This problem was
chosen due to its similarity to the implant geometry and loading. The analytical solution
to the shear stress at any point in the cylinder was compared to the numerical results of a
finite element model of a cylinder under shear where the length of the cylinder was at least

10 times longer then the diameter. It was found there was less then 2% variation in the

two solutions.
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Figure 3-8: Cylinder Under Pure Shear



CHAPTER 4

4. FINITE ELEMENT RESULTS AND DISCUSSION

4.1 Introduction

In order to organize the findings of the present study this chapter will be broken

down into three main sections. The first section will give results from all of the

axisymmetric models where the imp;- - :d with a force only. This section also
exanimnes the effects that the vaiious in: i .. pone configurations and flanges had
on the state of strain in the cortic vox.: < second se~tion will provide similar results

for the abeve variables for the three dimensional force and moment loading condition. An
additional section will give results of a comparison between the two loading conditions.
The final section discusses and analyzes all of the results including consideration of the

uncertainty that is present in the computer models.

4.2 Vertical Force Axisymmetric Loading Condition

As mentioned in Chapter 3 the vertical load with no moment loading condition was
modeled as an axisymmetric model. The strain pictures that are shown in this section
display a two dimensional slice which is representative of any axisymmetric cut through
the model.  For clarity the implant was removed from all of the pictures and only the
bone was displayed. The units used to display the strain in the diagrams are unitless

{mm/mm).
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Table 4-1 displays the maximum value of the tensile and compressive principal
strains for zil of the models discussed in this section. From the table it can be seen that the
two principal strains had similar magnitudes for all of the models. It can also be seen from

Figures 4-1 and 4-2 that the general distribution of the tensile and compressive strain fields

Table 4-1: Summary of the Maximum Tensile and Compressive Principal Strains
for all of the Models Loaded with a Vertical Force.

Implant Bone Flange | Cancellous | Soft Tensile Compressive
Type Configuration Bone Tissue | Principal Principal
Strain (ue) || Strain (ue)
Branemark solid yes no no 15.0 -23.0
Branemark solid no no no 18.2 -27.9
Branemark solid yes no yes 16.7 -246
Branemark unicortical ves no no 80.0 -85.9
Branemark unicortical no no no 1002 -1031
Branemark unicortical yes yes no 61.0 -64.0
Branemark unicortical no ves no 75.9 -80 0
Branemark bicortical ves no no 474 -57.3
Branemark bicortical no no no 57.2 -67.4
Branemark bicortical ves ves no 400 -50.0
Branemark bicortical no yes no 48 5 -50 4
Bud sohid ves no no 18.6 -30.5
Bud sohid no no no 21.0 -319
Bud solid ves no yes 19.3 =328
Bud unicortical yes no no 87.1 -103.8
Bud unicortical no no no 101.5 -109.7
Bud unicortical yes ves no 728 -81.8
Bud unicortical no ves no 80.0 -85.4
Bud bicortical ves no no 50.6 -65.0
Bud bicortical no no no 511 -66.7
Bud bicortical ves yes no 473 -62.1
Bud bicortical no yes no 5006 -0l 4
IN1Z sohid ves no no 16.6 -238
IMZ solid no no no 19.2 =274
IMZ solid yes no yes 26.5 -34.8
IMZ unicortical ves no no 843 -91.7
IMZ unicortical no no no 1025 -105.1
IMZ unicortical ves no ves 80.1 -93.6
INZ unicortical ves yes no 65.6 -75.6
IMZ unicortical no yes no 76 8 -83.7
IMZ bicortical ves no no 49 8 -61.5
IMZ bicortical no no no 554 -63.5
IMZ bicortical yes no yes 45.7 -62.9
IMZ bicortical yes yes no 43.1 -54.9
IMZ bicortical no ves no 484 -58.6
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in cortical bone was also similar. Also, it should be noted that if the load placed on the
implant was reversed, so that it was directed vertically upward, that the magnitudes for
the compressive and tensile principal strains would be reversed. As a result all
comparisons done between models only the compressive principal strain was used. Since
the compressive principal strain had a slightly higher magnitude for the given loading
condition it also represents the maximum magnitude of the principal strain (compressive or
tensile) that would be present if the load on the implant was cycled from positive to

negative.

4.2.1 Implant design: Vertical Load

Overall the implant design cid not greatly affect the maximum magnitude of the
strain or the general strain field of the cortical bone for the vertical load with no moment
load case. Figures 4-1, 4-3 and 4-4 display the compressive principal strain field for the
Brinemark, Bud and IMZ implants in the solid cortical bone configuration. The magnitude
and distribution of the strains were quite similar for the three implants in this bone
configuration. For all of the implants the maximum strain occurred where the edge of the
flange contacted the bone as well as along the first thread. The strains along the threads
tended to decrease as the depth from the surface increased. Seme small variations
however can be noticed. For example the Bud implant generally induced a slightly higher
maximum strain in the bone while the strains for the IMZ and Brinemark implant were
slightly more uniformly distributed down the threads of the implant. It is difficult to
determine whether or not these small differences would influence the success rate of the

implant since the variations are quite small and the properties of solid cortical bone could
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Figure 4-1: Compressive Principal Strain Distribution of the Branemark
Implant in Solid Bone
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Figure 4-2: Tensile Principal Strain Distribution for the Branem. rk Implant
in Solid Bone.
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Figure 4-3: Compressive Principal Strain Distribution of the IMZ
Implant in Sclid Bone
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Figuere 4-4: Compressive Principal Straie Distribution for the Bud Implant
in Solid Bone.
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vary substantially between patients. A simiiar comparison of the strain field for the three
implants could also be described for the unicortical and bicortical configurations and
although there would be differences noticed between the bone configurations (which will
be described below) there was very little difference noticed between the implants for a
given bone configuration. For example Figure 4-5 shows that the maximuri values of the
~ompressive principal strain for the three implants in each of the three general bone
configur~tion were about equal. Jr sho:ld be woted vhat since the stra.- patterns are
similar for all of the models tiat the maxirur average value of the strain, as described in
chiaptes 3 section 4.2, giver a goed ndication of the overall magnitudes of the strains in
the bone. For Figure 4-3 the myximum compressive principal strain were taken for each
implant with the flange in contact with the bone and did not irclude the cancellous bone

for the unicortical and the bicortical bone configurations.

4.2.2 Bone Configuration: Vertical Load

The comparison of the strain states for the various bone configurations is further
broken down into three sections. the first section examines the differences between the
unicortical, bicortical and solid cortical type bone configurations, the second examines the
effects of replacing cancellous bone into the air space for the Laicortical and bicertical
configurations, the last section explores the effect of the intermediate soft tissue that was

placed between the bone and the sofi tissue
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4.2.2.1 Unicortical, Bicortical and Solid Bone Comparison

Not surprisingly, the amount of cortical bone present had the largest influence on
the state of strain in the bone for the vertical load only loading condition. Figure 4-5
shows that the principal strain was substantially highcr for the unicortical configuration
when compared v'h the solid configuration. On average for the three implants the
bicortical bone configuration had a maximum strain that was 2.3 times greater than the
solid bone configuration while the unicortical bone had a maximum value that was on
average 3.6 times higher than the solid bone and was 1.6 times higher than the bicortical
bone. Figure 4-4 and Figure 4-6 display an overall view of the compressive principal
strain for the Bud implant in the solid cortical bone and the unicortical configuration. It
should be noted that for the unicortical picture that the scale for the strain is four times
that of the solid case.

When the strain levels in the radial, hoop and vertical directions are compared. it is
generally noticed that the magnitudes of the strains in these directions changed, relative to
each bore configuration, in the same proportion as the compressive principal strain
changed for each bone configuration. Therefore if the principal straii: ‘ncreased by a
factor of two between the two boue configurations generally the hoop, radial and wverticai
strain also increased by a factor of two. Overall the pattern of the stiain in the bone for
each bone configuration stayed the same but the magnitude increased. For example
Figures 4-7 to 4-9 display the radial, hoop and vertical strain for the Branemark implant in
solid tone, while Figures 4-10 to 4-12 display the radial hoop and vertical strain for the
Branemark implant in unicortical bone. The figures show that for both bone

configurations that the bone was under compressive stress in the hoop and radial
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Figure 4-6: Minimum Strain Distribution for the Bud Implant in Unicortical
Bone with a Vertical Load.




Figure 4-7: Radial Strain Distribution for the Brinemark Implant with a
Vertical Load in Solid Bone.

Figﬁre 4-8: f.,‘olop' Strain Distribution for the Branemark Implant with a
Vertical Load in Solid Bone.
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Figure 4-9: Vertical Strain Distribution for the Branemark Implant with a
Vertical Load in Solid Bone

Figure 4-10: Radial Strain Distribution for the Branemark Implant with a
Vertical Load in Unicortical Bone.
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Figure 4-11: Hoop Strain for the Branemark Implant with a Vertical Load in
Unicortical Bone.

Figure 4-12: Vertical Strain Distribution for the Braner.ark Implant with a
Vertical Lead in Unicortical Bone
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directions in the top left comer under the flange and the bottom right corner. While the
bone is under tensile stress in the hoop and radial directions in the bottom right and top
leit corner. This pattern is expected given the loading and boundary conditions and can be
appreciated by examnining Figure 4-13. This figure displays the exaggerated displacement
of wie boue for the IMZ implant in the unicortical bone configuration. From this figure it
is evident why the maintenance of contact assumption between the implant and the bone
along with the fixed boundary condition at the edge of the bone produces the hoop and
radial stress pacterns described above under the vertical load. Although the pattern of the
strains were similar for the three bone configurations. the magnitudes of the strains in the
three directions were quite different. The strains were approximately four times higher in

the unicortical case as compared to the solid case.

4.2.2.2 Effects of Cancelicus Bone for the Unicortical and Bicortical Bone
Configurations.

Figures 4-14 and 4-15 display the effect that replacing the air space with
cancellous bone had on the maximum value of the compressive principal strain for the
unicortical and bicortical bone configurations. As expected the addition of the cancellous
bone did decrease the magnritude of the principal strain in the cortical bone. Also. this
decrcase was more noticeable for the unicortical than the bicortical configuration. On
average. for the three implants, the strain was reduced by 21% for the unicortical
configuration and by 8% for the bicortical bone configuration. As an example of the
reduction of strain. Figure 4-16 displays the compressive principal stréin for the

Brinemark implant in the bicortical bone with an air space configuration and Figure 4-17
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displays the Branemark implant in bicortical bone with a cancellous bone layer. It can be
seen from the figure that the amount of strain in the cortical bone did decrease but in
general the addition of the cancellous bone did not greatly affect the location of maximum
strain in the cortical bone. It is also apparent fromn the Figure 4-17 that the cancellous
bone was strained to a much higher degree than the cortical bone. In general the high
strair in the cancellous bone was noticed for all of the implants in both the unicortical and
bicortical bone configurations. It should be noted that the high strains in the cancellous
bone does not indicate that the cancellous bone was carrying a large proportion of the
load. since the strain in the cortical bone was not notably effected. but rather it was a

result of the fact that the elastic modulus or stiffness of the cancellous bone was much less

than the cortical bone.

4.2.2.3 Effect of Intervening Soft Tissue

As mentioned in chapter 3, the soft tissue used in this study was intended to be an
approximation of the soft tissue that might develop between the bone and the implant. It
should agam be noted that the soft tissue thickness of 0.05 mm was significantly larger
than what is speculated to occur normalily and that the material properties for the tissue
were only roughly estimated. iz all, despite the large thickness there was very little
fntluence from the addition of the soft tissue on the distribution and magnitude of strains
in the bone. Figure 4-18 displays the compressive principal strain with and without the
soft tissue for each of the three implants in solid bone. This graph shows, except for the

IMZ implant. that there was very little difference in the compressive principal strain when

the soft tissue was introduced for the solid bone configuration. Figure 4-19 displays the
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compressive principal strain for the IMZ implant in all three of the bone configurations.
This figure suggests that for the IMZ implant that the soft tissue did consistently reduce
the maximum strain on the bone for the three bone configurations but except for the solid
bone configuration this decrease was very small. As an example of the overali influence
that the soft tissue had on the strain in the bone Figure 4-20 displays the compressive
principal strain distribution in the cortical bone for the Bud implant with the soft tissue
present. When this figure is compared to Figure 4-3 (the Bud implant in solid bone with
no soft tissue present) there are only minor differences noted in the magnitudes and the
locations of the strains. Overall it is felt that the soft tissue had very little effect on the
magnitude or location of maximum strain in the bone. The somewhat larger effect that

was noticed for the IMZ implant in solid bone was peculiar to that implant.

4.2.3 Fla: - Vertical Load

It appeared that the flange did have some effect on the strains as well as the
locations of the maximum strains that occurred in the bone. Figures 4-21 to 4-23 display
bar graphs of the compressive principal strain for the three implants in the three different
bone configurations. For the solid bone configuration the maximum magnitude of the
compressive principal strain was increased on average by 15% when the flange was
removed, while for the bicortical and unicortical cases the average increase was 8% and
13% respectively. With respect to the various implants it was noticed that for the
Branemark implant the compressive principal strain increased for the three bone
configurations by approximately 20% when the flange was removed, while for the Bud

and IMZ implant the increase was 5% and 11% respectively. Figure 4-24 display. the
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compressive principal strain picture for the Brinemark implant with the flange no longer in
contact with the bone. When this figure is compared to Figure 4-1 it can be seen that the
ares of highest strain moves from undemeath the tip of the flange to the top comner of the
bone at the neck of the implant. Also., the strain along the base of the threads in the bone
increased by about 14%. Similar results of removing the flange on the location of strains
was also seen in the unicortical and the bicortical configurations as -vell as with the other
two implants. Overall it appeared that the flange did alter the distribution of the <train in

the bone and reduce the peak strain to some degree.

4.3 Vertical Load and Moment Loading Condition

As mentioned in Chapter 3 this loading condition was modeled using three
dimensional elements. The strain pictures shown in this section display only one half of
the model which was sliced down the axis of symmetry which is perpendicular to the
vector of the moment applied. For some of the sizain pictures it may be difficult to see
boundarics of the cortical bone when the strain dither is superimposed so it may k=
necessary to refer to Figures 4-25 to 4-27. which display a view of the corica’ bone for
the three general botic configurations. Again all of the strain pictures are Gisplayed in
unitless strain (mm/mm). Table 4-2 summarizes the tensile and compressive princital
strain for all of the models discussed in this section.

As with the previous section al! of the comparisons between the models were done
based on the compressive principal strain since it had the highest absolute maxir.m for

the given loading conditions. It is again true that if the vertical load placed on these
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models wis reversed so that it was directed upward that the tensile principal strain would
havz had the highest magnitude. As with the vertical only loading condition the
compressive principal strain represents the highest magnitude of the principal strain
(compressive or tensile) that wauld occur if the vertical load w2+ : -%ed from positive to
negative. It should aiso be ot d that there is nothing unique abu.us high strains that seem
to occur on only one side .. the xmplant since the moment placed on the implant couid

also be reversed which would cause the high strains tc avpear on the opposite side.

4.3.1 Implant Design: Force and Moment

For the vertical Joad ard a moment loading condition there was a significant
difference noticed between the three implants. Figure 4-28 displays the maximum value of
the cormpressive principal strain for the three implants *n the turce cone configurations.
The ~jor feature of these results indicate that the Bud imyplant produced strains in the
born.: thue were about 33% higher than the other two inplams. Figures 4-26 to 4-31
display the strain disthutions for the three implants in solid bone. These Figures again
indicate the higher stram levels that were associated with the Bud implar.. but also show
that the gencral regions of higher strains were approximately the same. The maximum
strai.* for each implant was near the neck of the implant and under the flange. The strain
levels decreased with increasing radius from the implant and also as the vertical distance

from the bone surface increased.
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4.3.2 Bone Configuration: Vertical Load and Moment

4.3.2 i Unicortical, Bicortical and Solid Bone Comparison

As shown in Figure 4-28 there was a noticeable difference in the strain produced in

the bone for the three implants in the unicortical bone configuration versus the solid and

the bicortical bone. The strain values on average in the bicortical bone were 20% higher

than the solid situation while the unicostical bone cn average had a maximum strain that

Table 4-2: Summary of the Maximum Tensile and —ompressive Principal Strains
for all of the Models Loaded with a Force snd Moment.
Implant Bone Flange | Cancellous | Soft Max. Min.
Type Configuration Bone Tissue | Principal Principal
Strain (ue) Strain (pe)

Branemark solid yes no no 115.8 -150.1

| Branemark | sslid no no no 1310 -174.]
Branemark ! seliz yes 1o no i 595 -90.5
(5.0mm ,
diain.) I
Branemark | unicoriscal tyes no no 335.0 -344.0
Branemerk | unicortical no no no 442.7 4407 |
Branemark unicorticai yes i yes no 2582 -289.0
Branemark | bicortical yes no no 1513 -184 8
Branemark Licortical no no no 191.1 -2158
Branemark | bicortical yes yes no 145.6 =191 3
Bud solid yes no no 204.7 -240.7
Bud solid no no no 205.0 -238.4
Bud (3.26 | solid yes no no 1240 -158.1
mm diam.)
Bud unisortical yes no no 489.6 -501.5
Bud unicortical no no no 562.4 -567.0
Bud bicortical yes 110 no 2376 -2730
Bud bicortical no no no 2:4.0 -2643
IMZ solid yes no no 119.4 -155 ]
IMZ solid no no no 141.1 -172.8
IMZ solid yes no yes 143.6 -1742
IMZ unicortical ves no no 380.8 -393.7
IMZ unicortical no no no 4642 -471.0
IMZ unicortical yes no yes 390.7 -407.1

| IMZ [ bicostical | ver. ne ne 11650 -198.5
IMZ bicortical nc nC ne 1926 -217.2
IMZ bicortical yes no | yes 184.8 -215.9
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Figure 4-25: Sample View of i« Finite Element Mcsh of Cortical Bone for

tiie Branemark Implant in Solid Bone.

Figure 4-26: Sample View of the Firite Element Mesh of Cortical
Bone for the Bud Implant in Bicortical Bone.



Figure 4-27: Sample View of the Finite Element Mesh of Cortical
Bone for the IMZ Implant in Unicortical Bone
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was 2.4 times larger than the solid bone. As an example Figures 4-31. 4-32 and 4-33
displays the compressive principal strain for the IMZ implant in the solid. bicortical and
unicortical configurations. It should be noted that the scale for the unicortical bone strain
picture is 2.5 times that of the other two cases.

As with the vertical load case the strain pattem produced by the force and moment
loading condition were quite similar for the three bone ccnhgurations. Figure 4-34
displays the deformation of the bicortical bone for the IMZ implant and gives an indication
of the regions of compression and tension in the bone. Figures 4-35 to 4-37 display the
strain states in the radial. hoop and vertical directions for the Brinemark implant in
bicortical bone. These figures confirm the locations of tension and compression in the
bone. /n examination of the solid bone and unicori:cal bone configurations showed a
similar types of displacement and strain patiems as shown in the previous figures. The
only major difference that would be noticed is the magnitudes of the strains that occur for

the unicortical bone and the Bud implant.

4.3.2.2 Effects of Cancellous Bone for the Unicortical and Bicortical Bone
Confiurations

From Table 4-2 it can be seen that the addition of the caucellous bone increased
the maximum value of the compressive principal strain in the cortical bone for the
Branemark implant in the bicortical configurations from 184.8 to 191.3 micro-strain.
While for the unicortical bone and the Briremark implant the addition of the cancellous
bone reduced the maximum compressive principal strain from 344.0 to 289.0 micro-strain.

In general the addition of the cancellous bone for the force and moment produced only
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Figure 4-34: Displacement of the Bicortical Bone with an IMZ implant
and a force and moment loading condition with regions of compression
(-) and tension (+) highlighted. (Scale Exaggerated by a 1000)
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small changes in the strain in the cortical bone. It should be noted that like the vertical
load loading condition that the strain in the cancelious bone was quite high. as shown in

Figure 4-38.

4.3.2.3 Effect of Int=rvening Soft Tissue

Fiaure 4-39 displays the maximum magnitude of the compressive principal strain
for the IMZ implant in the three bone configurations where the soft tissue has been added.
It appears from the figure that there was very little difference in tiie strain with the
introduction of the soft tissue. On average th: . :axunum strain values for the three bone
configurations vniv decreased by 7%. As with the verrical load oniy case. there were caly
minor differcnacs in the general locations and distribe tion of the strains in bone when the

soft tissue layer was added.

4.3.3 Flange: Verti- coad and Moment
The overall etfect of the flanges under vertical load and moment is shown in
Figures 4-40 to 4-42 which display the maximum compressive principal strain for the three
implants in the three general tone configuradons. It should be noted that the fianges for
three implants were substantially different (see Figure 3-2). The Branemark
v vaw o Tehe flange with the greatest contact area while the Bud implant had the least.
In general it was noticed that the maximum strain was inc:eased when the flange was
removed. but the Bud implant in the solid and bicormical situation did display a slight

decrease in the maximum strain when the flange was removed. These differences were
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very small and may not be signi{icant compared to the accuracy of the model which is
discussed later.

On average the compressive principal strain in the cortical bone. averaged for the
three bone configurations. increased by 21% for the Branemark implant. while the Bud
and IMZ implants displayed and increase of 7% and 13% respectively. As an example
Figure 4-29 and Figure 4-43 display the compressive principal strain distribution for the
Branemark implant with and without the flange. These figures show a slight increase in
strain when the flange was removed along with a reiocation of areas of n:aximum strain
from under the tip of the flange to the top of the bone near the neck of the implaut. It was
also noticed that the strain along the bone near the side or threads of the implant increased
when the flange was removed. Overali the flange did seem to decrease the maximum

strain slightly and had an effect on the distribution of strain in the bone.

4.3.4 Comparison of the Two Loading Conditions

In general it was noticed that the vertical load with a moment loading condition
produced significantly higher strains for all of the implants in all of the bore configurations
when compared to the vertical load with no moment loading condition. When Figure 4-5
is compared to Figure 4-28 it can be seen that the maximum magnitude of the compressive
principal strain increased significantly when the monient was added. On average the strain
on the solid bone configuration increased by approximately 6.9 times. while for the
bicortical and unicortical configuration the increase was approximately 3.5 and 4.6 times
respectively.  The vertical load with a moment loading condition also produced a

significant difference in the location of tension and compression in the bone. For example
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Figure 4-13. which displays displacement and general regions of tension and compressicn
for the IMZ implant in unicortical bone with a vertical load. shows that the cortical plate
under the flange was under compression while areas near the bottom of the cortical plate
next to the implant was under tension. These areas of compression and tension were of
course identical along any path in the hoop direction. For the vertical load and a moment
loading condition there was only one plane of symmetry for the strain fields in the bone.
The deformation illustrated in Figure 4-34 displays the regions of tension and compression
under the flange for the IMZ impiant in bicortical bone as well as the change from

compression to tension as you move in the hoop direction.

4.4 Discussion

4.4.1 Examination of Stress in the Bone.

In general terms the comparisons that have been done based on the strain in the
bone give a good overall picture of the differences that occur for the various loading
conditions. implant designs and bone configurations. If these comparisons were redone
using stress instead of strain as a basis there would be very little difference noticed in the
results. For example it was mentioned that the strain in the solid bone. averaged for the
three implants, increased by 6.9 times when the loadiag condition was changed from the
vertical load only to the vertical load and moment loading condition. If this comparison
was based on stress instead of strain a similar increase of 6-7 times would have be noticed

in the levels of stress between the two loading conditions.
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Soeme details. however. are more easily defined by examining the stress instead of
the strain in the bone. For example Figure 4-44 displays the vertical stress picture for the
Branemark implant in bicontical bone with a force only loading condition (the units used
are MPa). This figure shows much more clearly the vertical load that is transferred to the
bone from the flange. 1t also illustrates that the vertical stress is concentrated at the tip of
the flange.

The stress prcture also clearly shows the fact that the cancellous bone for the
unicortical and bicortical configurations does not carry much load. Figure 4-45. which
displays the Von Mises stress picture for the Branemark implant in bicortical bone with a
cancellous bone layer loaded with a force and a moment. shows that the cancellous layer
which appeared highly strained in Figure 4-38 is not highly stressed. The high strains in

this layer are therefore due to its low modulus of elasticity.

4.4.2 Overall Effects of Variables

The variables that seemed to have the most effect on the strain in the bone were.
the loading conditions and the configuration of the cortical bone. For the force and
moment loading condition the design of the implant was also important. The force with a
moment loading condition produced strains of 3 to 7 times higher than the vertical load
only loading condition. As this loading is equivalent to the vertical load applied 10 mm
from the axis. this result was expected. The additional stresses were caused by the
addition of the couple placed on the system. For both loading conditions the magnitudes
of the forces and moments were set at values that were considered reasonable (see

Chapter 2). Given the linear elastic nature of the models it should be noted that if the
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vertical load was changed the strains in the bone for both loading conditions would change
in a similar proportion. In a similar way if the moment arm was changed for the force and
moment loading condition the strains produced in the bone from the couple would change
i a similar proportion.  Therefore using the principal of superposition for the vertical
load and the moment the magnitudes of the strains produced in the models could be
lincarly scaled up or down to estimate the strain produced for a variety of loading
conditions.

The configuration of the cortical bone (i.e. the solid. bicortical and unicortical
bone) was also a major factor that affected the strain state in the bone. For the vertical
load alone the relationship between the strain in the bone and the three different bone
configuration showed that increasing the amount of cortical bone at the site decreased the
magnitudes of the strains. As expected. when the thickness of the bone was increased or a
second plate was added the volume of material able to carrv the load increased and the
displacements and strains in the bone were reduced. For the vertical load and a moment
loading condition the influence of the amount of bone on the strain was also a function of
the distribution of the bone. In general the thickness of the solid bone was around 4.6 mm
which was about 50 greater than the combined thickness of 3.0 mm for the bicortical
plates but the two boie configurations had similar maximum strain magnitudes. This result
is similar to the situation for a beam in pure bending as shown in Figure 4-46. Axial
tension is induced by the moment ai the top of the beam and compression at the bottam.
The center portion of the beam. however, is not highly stressed and does not carry much

of the load. If the center portion was removed the magnitudes of the tension and
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Figure 4-45:. Von Mises Stress Picture (measured in Mpa) for the
Branemark Implant in Bicortical Bone with a Cancellous Bone Layer and

the Force and Moment Loading Condition.
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compression at the top and bottom of the beam wouid have to increase by only a small
amount to compensate. In a similar way. when the center portion of the solid bone was
removed to form the bicortical configuration. there was very little change noticed in the
maximum strain Lecause the center portion was not carrying a significant portion of the
load. In general it is expected that having the top and bottom of the implant engaged in
cortical bone will help reduce the stresses and strains caused by any moments placed on
the implant.

As previously mentioned the type of implant used for the force and moment
loading condition also had a large effect on the state of strain in the bone. It was noticed
that the Bud implant induced strains in the bon= that were approximately 33%0 more than
the other two implants when 10aded with a force and a moment. It was noted that the
diameter of the Bud implant at its neck was around 2.43 mm while the Branemaik and
IMZ implants had diameters of 3.15 mm and 3.3 mm respectively. Since the maximum
strains in the bone usually occurred near the neck of the implant. a finite element mode!l
was tested with a modified Bud implant that had a diameter of 3.26 mim at its neck while
the length and the threads on the implant were not altered. Figure 4-47 displays the
compressive principal strain for the modified Bud implant in solid bone with the force and
moment loading condition. When comparing this figure with Figures 4-29 to 4-31 it can
be seen that the strain in the bone for the modified implant was gieatly reduced. In fact. as
listed in Table 4-2. the maximum magnitude for the compressive principal strain was for
the modified implant in solid bone was -158.1 micro strain which was reduced by about

30° and more in line with the strains produced by the other two implants. From the
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Figures 4-29 to 4-31 it can also be seen that increasing the diameter of the Bud implant
did not greatly effect the locations of high strain in the bone. The strains remained highest
near the neck of the implant under the flange and along the plane of symmetry. As a point
of interest the same type of modification was done on the Branemark implant. Its neck
diameter was changed from 3.15 to 5.00 mm. As shown from Figure 4-48. the strain were
reduced from the original case but like the Bud the general strain patterns remained the
same. It therefore appears that the difference noticed for the Bud implant was almost
entirely due to its smaller diameter neck. While it still may be argued that implant thread
design influences bone remodeling the above analysis did not show appreciable diffcrences
in either the maximum strains developed or the distribution of strains in the bone
neighboring the implant. The implication is that factors other than simply mechanical
loading may be responsible for the degree of bone remodeling that occurs near the threads.

Other variables that had a smaller effects cn the strain in the bone were the
removal of the flange. the introduction of cancellous bone and the introduction of the sofi
tissue.

The removal of the flange increased the strain in the bone anywhere from 5% to
21% depending on the implant. loading and bone configuration. It was noted that the
differences in the flange designs on the implant resulted in a variety of effects on the strain
in the bone. The Bud implant. which has the smallest flange, had on average only 5% -
7% increase in the strain of the bone when the flange was removed. Removal of the flange
for the Branemark implant, which had the largest flange. showed increases of only about

20% in the maximum magnitude of the compressive principal strain for the various loading
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Condition.



conditions and bone configurations. It was noticed, however. that in all of the cases that
the removal of the flange did relocate areas of high strain in the bone fromn under the tip of
the flange to the neck of the implant.

An additional factor that produced a small but significant change in the strain of
the bone was the introduction of cancellous bone in the bicortical and umicertical bone
configurations. As mentioned the compressive principal strain in the cortical bone was
reduced by only 21% to 8% in the unicortical and bicortical configuration when the
cancellous bone was introduced. The high strains, however. that were noticed i the
model for the cancellous boue layer may provide insight into how the cancellous layer and
the cortical bone together remodel under load.

The introduction of the soft tissue around the implant resulted only in a small
ciange in the magnitudes and locations of strain in the bone. The introduction of the sofi
tissue decreased the magnitude of the strain in the bone by approximately 7% - 12%. The
distribution and locations of high strains in the bone were almost completely unaffected by
the soft tissue. As mentioned in Chapter 3 the properties and thickness of the soft tissue
were only a rough estimate of the actual soft tissue that might occur at the implant site. In
general it is felt that further study into the implant and bone interface and the tissues that

develop at this interface is needed to improve the accuracy of current computer models.

4.4.3 Discussion of Model Limitations
The computer models used were an approximation to the mechanical behavior of

real bone. Unlike many of the finite element analyses reported in the literature the current

models were constrained only along the outer edge and not along the bottom. This is



believed to be a more realistic situation as constraining the model along the bottom implies
that the material under the bone is more rigid than the bone itself. In addition our models
inciuded bone configurations with thickness for cortical layers which are more
representative of those found in craniofacial applications.

The implant-bone mterface was given a “welded™ or joined type bond which is
probably an overestimation of a true osseointegrated interface. As a result areas of high
radial tension in the bone at the implant interface (like the one displayed in Figure 4-10}
may idicate regions where the bone and implant could separate. A separation in a region
such as this would cause a redistribution of the strain field.

The bone was assumed to be linear elastic. homogenous and isotropic. Although
these assumptions are currently accepted thev o impose a certain degree of uncertainty in
the model. For example the model of the cortical bone. which is better described as an
orthotropic material with properties that can vary between patients and bone location.
could produce strain patterns that are different to some degree than the ones observed.
Also. areas of compression and tension were not treated differently in the model but the
bone probably responds differently to compressive and tensile loads. The above
assumptions may also produce a much larger inaccuracy for the cancellous bone mode!s.
This due to the orientated structure of the bone which is made up of slender lamellae.
Therefore the current method of modeling this hone as a uniform and isotropic structure
with a reduced modulus is probably over simplistic. In addition it was assumed that the
bone filled in all of the space next to the implant and its threads and that all of the bone

had similar properties throughout the model for a given bone type. i.e. cortical or
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cancellous bonz.  Further experimental evidence on the structure of the bone and its
matcrial properties. especially for the craniofacial region. would help to improve
understanding on how these assumptions affect the accuiacy of the model and how the
models could be improved. In addition a majority of the compansci:« were done based on
the compressive principal strain in the cortical bone. As indicated in Chapter 1. current
theories on bone remodeling point to the strain as a factor in bone remodeling but it is
generally felt that bone remodeling is quite complex and that all of the factors that could
come into play are not completely understood.

It should also be woted that the bone plug radius of 6.5 mm radially was an
approximation of what might occur clinically. A test was done to determine what effect
the radius had on the strain in the bone. It was found that as the radius was increased the
magnitudes of t!.¢ strains increased slightly and when the radius was decreased the strain
in the bone decreased slightly. For example when the bone radius for the IMZ implant in
solid bone with a vertical load was increased from 6.5 10 7.5 mm the maximum magnitude
of the compressive principal strain was 24.6 micro strain which was an increase of 3%
from the standard bone radius. A similar esult was noticed for the IMZ implant in
unicortical bone with the force and moment loading condition. when the bone radius was
increased from 6.5 to 7.5 mm the maximum magnitude of the compressive principal strain
increased by 4% from 393.7 to 411.1 micro strain. In general the changes in the strain due
to changes in the bone radius were quite small so that the results of the comparisons done

in the study would not have changed significantly if different bone radii were used.



CHAPTER 5

5. CONCLUSIONS AND IMPLICATIONS

5.1 Conclusions

The objectives of the present study were to improve the understanding of the
mechanical loads applied to craniofacial osseointegrated implants and to examine how
these loads are carried by the surrounding hard tissue. With respect to the first objective it
was found in Chapter 2 that the force required to remove a prosthesis from an implant was
about 4 - 11 N for a single attachment.  The magnitude of this force is quite significant
when it is compared to the 25 N peak load that was recorded for implant loading in the
oral environment during mastication (see Chapter 1). The load is even more significant
considering that the bone volume surrounding the implant in the mandible and maxilla is
far greater than that found in the craniofacial environments. These experimental
observations also made apparent the obvious benefits of using implants over adhesives for
mproved strength and reliability for retaining facial prostheses.

The forces determined experimentally were used in a finite element study of
various implants and bone configurations of typical craniofacial environments. This study
attempted to determine how various factors. such as implant design and bone structure.
affected the state of strain in the bone. It was found that the bone configuration (i.e. solid.
bicortical and unicortical) and the type of load had the largest influence on the state of

strain in the bone. For example. it was found that the strain in the bone for the Branemark
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implant in solid bone with a vertical load increased by a factor of 15 when the implant was
placed in unicortical bone and loaded with a force and a moment.

Surprisingly, there were very few differences in the strain produced in the bone for
the various implant designs. The only design factors that seemed to cause a large effect
were the flange and the diameter of the implant at its neck when it was loaded with a force
and a moment. In general the flange did reduce the maximum strain in the bone by about
7 to 21% and relocated some of the strain from near the neck of the implant to the tip of
the flange. It was noticed that the flange on the Branemark implant. which was the
largest. seemed to have a greater effect on the strain in the bone than did the other flanges.

The neck diameter of the Bud implant was 32% smaller than the other two
implants and it produced strains that were on average 33% higher when loaded with a
force and a moment. The reason for the discrepancy in the strains would appear to be
almost entirely due to the differences in the neck diameter since it was noted that the Bud

implant produced strain levels that closely matched the other two when its diameter was

increased.

5.2 Implications of the Results

As discussed in Chapter 1 it is felt that the bone has a variety of responses for
different levels of strain. Frosi’s theory explains that there are regions of strain that induce
bone resorption and bone formation. Frost gives an estimation of the strain levels that will
induce the various responses but, these levels probably change significantly between
patients and bone locations. For example it may be anticipated that the mandible. which is

used to constant loading, will respond differently for a given strain 'evel than the mastoid
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region which does not normally receive direct loading. It may also be speculated that
regions treated with radiation therapy (for cancers) could have different strain responses
due to the nature of radiated bone. It is known that implants in the craniofacial region have
a good degree of long term success. Although there are many factors that determine the
success rate of osseointegrated implants it can therefore be assumed that the level of strain
that is present in the bone is probably in the region that induces equilibrium or bone
resorption and formation. It is important then to determine what the strain response levels
are for the craniofacial environment and to ensure that the strain in the bone is maintained
at the appropriate levels.

In Chapter 4. the uncertainty present in the models is certainly of some concermn
especiaily if exact strain levels are required. It is very difficult to determine the exact
degree of uncertainty that is present in the finite element results. As an example. changes
in material properties and boundary conditions could easily change the results by
approximately 10-20%. Consequently it is proposed that the benefit of the finite element
study was not in predicting the exact strain levels in the bone but rather in comparing how
various implants and bone configurations changed the state of strain. The results show
the clinician that both the magnitudes of the moments and the amount of bone at an
implant site is critical to the amount of strain that is present in the bone and that factors
such as the thread design may have very little mechanical effect. Observations of the
various bone responses to different moment magnitudes and bone thickness will aid in

providing a better model for bone strain responses for craniofacial environments.
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