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Abstract

The biomechanical behaviour of a dental implant plays an important role in its functional lon-
gevity inside the bone. Occlusal forces affect the bone surrounding an oral implant. To avoid
fracture and bone resorption — by achieving the most even stress distribution in the bone —
implants should be applied that transfer occlusal forces to the bone within physiologic limits with
geometry capable to enhance bone formation. The following study deals with the trabecular bone
substance especially surrounding dental implants considering the microscopic conformation of
the bone. The dental surgical use of a formerly developed stochastically generated frame model
of the trabecular bone is introduced, which is created by interlinking a stochastically generated set
of nodes in a certain domain, according to a previously defined linking-rule. The finite element
model possesses the geometrical and mechanical microstructural properties — obtained from lit-
erature — of the trabecular bone substance of an average man from the edentulous mandibular
region. The finite element beam model was submitted to compression, shear and torsion tests,
and the macro-structural elastic properties were computed from the result data obtained by means
of finite element analysis. The thus received frame model was combined with the finite element
model of the cortical bone layer in the mandible (lower jaw bone) and a dental implant, where
the incompleteness of the bone-implant interface was taken into account.

Keywords: dental implants; trabecular bone; finite element analysis; bone mechanics

1. Introduction

Application of dental implants is currently
the most general and physiologically the most
favourable procedure for tooth replacement
in dental surgery. Implants can have either
advantageous or destructive effect on the sur-
rounding bone, depending on several physio-
logical, material and mechanical factors. The
most general method for estimating the bio-
mechanical behaviour of the bone is finite ele-
ment analysis, which has become indispens-
able in determining the mechanical behaviour
— stress and strain distributions under a certain

load — of the cortical and cancellous bone sur-
rounding dental implants, since being appli-
cable in vivo. These numerical experiments
have their importance in making the implan-
tation the possibly most secure, reliable and
efficient, and the lifetime of the implant the
longest conceivable, by finding the most favo-
urable thread formation, surface, material, etc.
In finite element analysis of the bone several
assumptions need to be made, that influence
the accuracy of the results. Recently, in most of
the reported works the geometry of the implant
can be modelled accurately, the assumptions
are made in the aspect of the bone and bone-
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implant interface — where optimal osseointe-
gration is assumed, which is acceptable after
the bone healing period only at some parts
of the implant surface — and the boundary
conditions. Materials are mostly treated as
continuum, with material properties usually
set homogenous and linear with elastic mate-
rial properties characterized by two material
constants: Young’s modulus and Poisson’s
ratio. This assumption approaches the behav-
iour of the metal alloys quite well, the proper-
ties of the bone are still intensively investi-
gated.

The macromechanical properties of the bone
are influenced by its microstructure. For this
reason, microstructural information needs to
be included in the analysis to predict individ-
ual mechanical bone properties'. Microstruc-
tural modelling of trabecular bone has become
an extensively investigated field of biome-
chanical researches nowadays. The most com-
monly used tool for characterizing the com-
plex architecture and material properties of
bony organs is the conversion of micro-com-
puted tomography images into micro-FE
models?. The micro-computed tomography
images (3D high resolution images) can be
transformed into finite element models by
means of different methods. The 3D recon-
struction can be directly transformed into an
equally shaped micro finite element model by
simply converting all voxels to equally sized
8-node brick elements (identical hexahedral
elements). This results in finite element mod-
els with a very large number of elements,
which means the need of high computational
capacity and time>. Representing each trabec-
ula with just one beam element reduces com-
putational time and leads to the reduction
in computational efforts as well*, These meth-
ods have been developed for simulating the
mechanical behaviour of several types of bones
of the human skeleton, usually for simulating
the effect of bone diseases — such as osteoporo-

sis — on the mechanical properties of the bone.
In the majority of cases the models are from
the vertebral or the femoral bone substance
and not from the mandible or maxilla and
include no implants in or cortical layer around
the examined trabecular bone. The use of CT-
imaging means a serious restriction in the
everyday applicability of the afore-mentioned
bone models applying either volume- or beam-
elements. In micro-computed tomography
imaging cadaveric samples are examined. In
conventional CT-imaging or in Cone Beam
Computed Tomography (CBCT) or Dental
Volume Tomography (DVT) scanners, which
are the latest generations of CT imaging in
dentistry the — often otherwise healthy — pati-
ents are exposed to radiation exposure. On the
contrary densitometry is accompanied by neg-
ligible radiation dose. Furthermore these kinds
of examinations are patient specific and only
suitable for describing the small, previously
scanned fragment of the bone. In the initial
phase of the researches the objective was to
create a program that generates a stochastic
beam structure, which has the format identical
with the input data of program system ANSYS
and has parameters, which are revisable accor-
ding to the bone that is simulated (in the aspect
of density, porosity, elastic properties etc.).
A finite element bone model was produced,
which — on the microstructural level — posses-
ses the properties of the trabecular bone sub-
stance of an average man from the edentulous
mandibular region, such as the geometry (ave-
rage length and diameter) and the material
attributes of a single trabecula or the porosity
(or density) of the bone substance.

The received finite element frame model was
submitted to compression, shear and torsion
tests, and the macro-structural elastic proper-
ties were computed. The results were com-
pared with the mechanical properties of the
real bone tissue — drawn from literature — and
the parameters of the model were set accord-
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ing to them’. In the following study the finite
element model of the trabecular bone is com-
bined with the models of the cortical layer
of the mandible and of a screw type dental
implant.

2. Methods and results
2.1. Modelling the bone

In building the finite element models of biol-
ogical systems assumptions need to be made.
In most reported studies — where the bone
around dental implants is examined by means
of finite element analysis — the macroscopic
geometry of the bone is modelled and the
assumption is made, that the materials are
homogeneous and linear and that they have
elastic material behaviour. In most models
simulating the mechanical behaviour of bone
surrounding dental implants the cortical and
trabecular bone substances are treated as con-
tinuums — except for some early works, where
sometimes only the compact bone is taken into
account and the cancellous substance is neg-
lected — with no local failures, discontinuities,
cracks or inhomogeneities.

In case of the present study the porous struc-
ture of the trabecular bone was taken into
account by using its previously published
microstructural model, while the solid, com-
pact material of the cortical bone was consid-
ered as a homogeneous, linearly elastic con-

tinuum.

The finite element beam model of the cancel-
lous bone (Figure 1) was created by interlink-
ing a stochastically generated set of nodes in a
certain domain (Representative Volume Ele-
ment), according to a previously defined link-
ing-rule’. The extent of the Representative
Volume is characteristic of the mechanical
properties of the modelled material volume

and has to be selected to be convenient to the
aims of the planned investigations. In the pres-
ent case the desired number of nodes was set
in a5 mmx5 mmx5 mm sized cubical shaped
domain, which represents the identical sized
bone substance. The stability of the model is
provided by the appropriate number of link-
ings between the nodes and by the rigidity of
the connections. Each node was connected
with a beam to the closest at least three nodes,
but considering the geometry of the trabecular
bone of the human mandible this number had
to be set from 5 to 7. To achieve the required
approximately 70% porosity (percentage value
of voids volume of bone material in proportion
to the volume of the whole cube) — according

6789 _ the number of the nodes

to literary data
and the applied linkings were changed, with
the length and diameter kept on the values
achieved from microscopic images. In the thus
received finite element model each trabecula
was represented by one beam element. From
the assortment of program system ANSYS the
so-called BEAMI188 element was applied,
which is a three dimensional linear finite
strain beam based on Timoshenko beam the-
ory, in which shear deformation effects are
included!’. The consideration of the shear
deformations are justified because of the
beams being slightly stubby and possessing
porous contexture.

The material properties of the trabeculae, and
the macrostructural properties of the trabecu-
lar and the cortical bone were set according to
the data achieved from the literature. Several
techniques can be found for determining the
Young’s modulus of the single trabeculae®!!:
direct mechanical testing of a single trabecula
in tension (Ryan and Williams, 1989), 3-point
bending (Kuhn et al., 1987 and Choi et al.,
1990) or buckling (Townsend et al., 1975 and
Runkle and Pugh, 1975); ultrasonic wave pro-
pagation and scanning acoustic microscopy in
trabecular bone specimens (Ashman and Rho,
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1988!2; Turner et al., 1999'3; and Nomura et
al, 2007'"); finite element analysis (Pugh et al.,
1973; Williams and Lewis, 1982; Mente and
Lewis, 1987; van Rietbergen et al., 1995 and
Kabel et al., 1999'°) and nanoidentation (Rho
etal., 19971°; Zysset et al., 199917). The macro
structural Young’s modulus value of cancel-
lous bone was estimated by means of three dif-
ferent methods: using Hodgkinson and Cur-
rey’s (1992) empirical equations relating mod-
ulus and density®, by the means of finite ele-

ment analysis"® 18,19

or compression tests
The finite element model of the cortical bone
(Figure 1) was meshed with tetrahedral vol-
ume clements because of the complex geo-
metry at the surface where the bone meets
the implant.

2.2. Modelling the implant

Dental implants are artificial tooth root rep-
lacements. They are implanted in the jaw
bones during small surgical operations to hold
the prosthesis and to fasten it to the bone. In
dental surgery the most commonly used imp-
lant types are the screw type endosteal — that
are imbedded in the bone — implants, for this
reason the most of the related studies — so do

the present research of ours — examine the
mechanical behaviour of these or of the bone
surrounding them, considering various geom-
etry, thread formation, length and diameter.
Material properties of dental implants can
be approached quite accurately — since being
metal alloys —as homogeneous and linear with
elastic material behaviour characterized by
two material constants, Young’s modulus and
Poisson’s ratio. Nowadays the application of
metallic materials in dental implantology is
limited to commercially pure titanium and its

(Ti-6Al-4V) alloy?’.

In this stage of the research a method was
developed for describing the geometry of the
screw type implants by means of mathematical
functions and several modifiable or revisable
parameters to make the procedure of finite ele-
ment modelling faster and easier. The param-
eters, which can be altered according to the
sizes and shapes of the implants chosen by the
dental surgeon, are the following: the length of
the implant, the inner and outer diameter of
the implant, the thread formation and thread
pitch, all of which can change along the length
according to a function or differ in certain seg-
ments and the shape of the implant apex. In
Figure 2. the models of two different dental
implant types can be seen.

Figure 1. Finite element models of the trabecular (left) and the cortical (right) bone
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Figure 2. Finite element models of two different screw type dental implants

Since especially the behaviour of the bone is in
the centre of our interest, and since being tita-
nium alloy the material of the implants was
assumed to be much stiffer than the bone, and
only the surface of the screw was taken into
account and meshed with triangular shell ele-
ments with high stiffness value.

2.3. Modelling the bone-implant interface

At the bone-implant interface most of the
finite element models assume optimal osseo-
integration, which means, that the bone is per-
fectly bonded to the whole surface of the imp-

lant, which cannot be assumed during the
healing period and arguable after the complete
healing, because of the presence of an interme-
diary layer between the two materials, which
can be connected to the implant surface in dif-
ferent degrees. The degree of the osscointegra-
tion can be characterized by the BIC (bone-
implant contact) value, which means the per-
centage of the implant area connected to the
bone and the area of the whole implant sur-
face?!.

The imperfection of the osseointegration
could be taken into account by modelling the
aforementioned intermediary layer as a mem-

Figure 3. Finite element mesh of intermediary membrane between the bone and the implant

with the finite element mesh of the implant
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brane covering different percents of the surface
of the implant (30% at the apex, 60% in the
middle, where it meets the trabecular bone,
and 90% at the upper region of the implant,
where the mambrane meets the cortical bone)
by using an additional layer also meshed with
triangular shell elements (Figure 3). The ele-
ments forming the cortical and trabecular bone
are attached to these elements instead of the
implant.

2.4. Compiling the model

While compiling the complex finite element
model from the aforementioned four parts
(implant, trabecular bone, cortical bone, inter-
mediary layer) especially while intersecting
the beams with the volume or shell elements
we faced several dithculties. The problem of
connecting the different element types had to
be solved. The beams cut by the surfaces of the
implant or the cortical bone had to be connect-
ed to the nodes of the surface mesh (Figure 4),
so an algorithm had to be developed, which
changes the end points of the cut beams from
the original connection points to the closest
nodes of the surfaces. The second problem,

which came up when the beams were cut, was
the appearance of too short elements, and
beams that were not connected to any other
beams. These elements had to be found and
erased.

3. Conclusions

In this study a numerical modelling method of
the trabecular bone microstructure was intro-
duced, which was developed for the examina-
tion of the mandibular or maxillar cancellous
bone especially around dental implants in the
framework of a former research. The mechan-
ical behaviour of biological materials — such as
cancellous bone — are most commonly exam-
ined by the means of direct mechanical testing
or finite element analysis, the latter of which is
the in vivo applicable method in humans. In
the aspect of oral implantation in the upper-
and lower-jawbones the finite element models
reported so far consider the trabecular bone
substance as a continuum. The fact, that mic-
rostructural properties have remarkable effect
on the overall behaviour of the bone, indicates
the need of micromechanical simulations. The
most commonly used method for modelling

Figure 4. The combined finite element model of the implant and cortical bone (left)

and the connection of the beams to the intermediary membrane (right),

the original beam (red) changed to a properly connecting one (green)
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the cancellous bone’s microstructure is the
conversion of CT images into finite element
meshes using either volume or beam elements,
the latter of which overcomes the difficulties
resulting from the high computational time
and effort demand. The application of CT
imaging can be avoided by creating a stochas-
tically generated, porosity (or density) depen-
dent finite element frame model, in which
each trabecula is simulated by one beam ele-

ment. The received model was combined
with the finite element models of the mandib-
ular cortical bone and the dental implant.
The incomplete contact between the cancel-
lous or cortical bone and the implant was taken
into account by using an intermediary layer
between the two surfaces, which covers the
implant according to the value of the bone-
implant contact area and connects it to the
bone.
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