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Finite Element Analysis of the Jaw-Teeth/Dental Implant System: A Note About
Geometrical and Material Modeling

Leone Corradi! and Francesco Genna

Abstract: A critical comparison of severa Finite El-
ement models is presented, with reference to the anal-
ysis of the stress and strain states around a tooth or a
fixed dental implant. Such an analysis, if performed on a
full, three-dimensional geometry of the jaw-tooth/dental
implant system, requires significant computational re-
sources, and it istherefore often done on simplified mod-
els, whose validity can be questionable. On the other
side, the use of simplified models is adequate — amost
mandatory — when detailed results are needed, or when
geometrical and material nonlinearities, as well as other
complicating factors, are to be taken into account. The
first issue addressed here is that of the correct bound-
ary conditionsto apply to simplified models in order to
obtain results reasonably resembling those given by a
full, three-dimensional numerical analysis. It is shown
that several simplified models can give acceptable re-
sultsin terms of stressdistributionin the cortical bone, in
the proximity of the studied tooth/implant, but that only
the study of three-dimensional portions of the total jaw-
tooth/implant system can lead to accurate enough results
for stresses far from the tooth/implant or, in any case, in
the trabecular bone.

A second issue is that of the importance, on the stress
state around a loaded tooth or fixed implant, of the pres-
ence of the surrounding teeth. It is shown that such a
presence has a non-negligible influence, and that, there-
fore, simplified models describing isolated teeth or im-
plants have only comparative value. Finally, some com-
ments are given about the material properties definition,
with special reference to the inclusion of the periodontal
ligament into the Finite Element model.
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1 Introduction

The biomechanics of the human jaw has been analyzed
by finite elements since the mid-seventies and, with the
increasing computing power available, increasingly ac-
curate geometrical models have been constructed, able
to predict at least the global deformation patterns of the
jaw under various loading conditions (see, for instance,
Hart et a., 1992, Korioth et al., 19944, 1994b, Meijer et
al., 1993a, 1993b, van Zyl et al., 1995, and references
quoted therein).

A more difficult problem, not yet fully solved, is the ac-
curate prediction of the stress and strain distribution de-
tails in the surroundings of a tooth root, or of a fixed,
osteointegrated dental implant. The ability of perform-
ing this task is crucial in view of the design of “opti-
mal” fixed implants, i.e., implants that develop in their
proximity, under loading, stress and strain fields match-
ing as closely as possible those arising around a healthy
tooth. The difficulty posed by this problem is almost
unsurmountable, owing to the extreme complication of
the geometry, of the loading, of the materials, and of the
boundary conditions®.

The practical relevance of this topic has pushed the re-
search to proceed despite the difficulties. The approach
followed in most cases is that of comparative analyses,
performed on models based on various degrees of ap-
proximation, with the purpose of comparing to each other
different implant designs, but with no pretence of fur-
nishing realistic solutions in terms of stress and strain
fields. Most of these models are two-dimensional, and
based on the assumption of linear elastic behavior of the
materials.

Unfortunately, it is easy to observe that several com-
monly adopted approximate Finite Element models in-
volve a degree of simplification so high, with respect to

3Recently developed methods, such as the so-called “meshless’
methods (see, for instance, Atluri and Shen, 2002a,b) might al-
leviate some of these computational difficulties.
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reality, to remove any meaning from the obtained resuilts,
which, therefore, become rather dubious even in terms
of comparison among different design solutions. The
most common modeling “errors’ concern the geometry,
the boundary conditions and the loading (the issue of the
material characterization is somewhat subtler, and will
be treated here only for a very specific aspect), and arise
from a series of objective difficulties, some of which can
beitemized asfollows:

1. reduction of a three-dimensional problem to a two-
dimensional one. Quite a number of papers can be
found, in the literature, dealing with the analysis
of the stresses around both implants and teeth, per-
formed on two-dimensional Finite Element meshes.
The most commonly employed models are (i) plane
stress/strain ones, describing cross-sections of the
jaw (for instance, Lavernia et al., 1982, Middle-
ton et al., 1996, Rees and Jacobsen, 1997, Vaillan-
court et al., 1990); (ii) plane stress ones, describing
a frontal view of the jaw (such as one of the mod-
els discussed in Meijer et a., 1993b); (iii) axisym-
metric ones, which have little resemblance to real-
ity, but avoid the problem of defining the thickness
of the various parts of the model, and at least per-
mit areasonabl e description of atooth or an implant
subjected to a purely axia loading (examples to be
found in del Valeet a., 1998, Rieger et a., 1989);
(iv) “mixed” models, like that proposed in Richter
et al. (1990), where an axisymmetric implant model
immersed into a plane strain cross-section of thejaw
is studied;

2. reduction of a full three-dimensional model of the
jaw to a smaller, three-dimensional portion of it,
such as done in Andersen et a. (1991a, 1991b),
McGuinness et al. (1991), Tanne et a. (1987) and
several others;

3. definition of the boundary conditions. This prob-
lem is particularly tough in the case of the
plane/axisymmetric models, but even in the full
three-dimensional case the simulation of the real
boundary conditions of a human jaw under masti-
catory loading may require very sophisticated com-
puting tools. In several papers no indication at all
of the prescribed boundary conditionsis given. In
some cases, wWhere use is made of a reduced three-
dimensional mesh, the boundary conditions have
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been reconducted to a set of self-equilibrated loads
derived from a full three-dimensional analysis (An-
dersen et al., 19914, 1991b). This seems a correct
approach, but it still suffers from the difficulty of
properly treating the full model;

4. definition of the loading conditions. This problem
has two aspects:. the first one is related to the diffi-
culty in defining, on three-dimensional models, the
intensity, direction and application point of theloads
applied by the jaw muscles during the mastication,
while the second arises when simplified models are
adopted, in which the masticatory actions are sim-
ply described in terms of aload directly applied on
thetooth/implant. In thiscase, of very common use,
itisquitedifficult to assesswhether the correct |oagd-
ing conditionis due to applied forces or to applied
displacements;

5. analysis of an isolated tooth/implant. Most of the
analyses, performed either to compare different im-
plant designs, or to analyze some feature of the hu-
man teeth or some operations done on them, de-
scribe an isolated tooth or implant. The validity of
the results of such analysesis questionable, in view
of the expected interaction of one tooth/implant
with the surrounding teeth.

Plane stress models of the jaw section clearly lose the
effect of several important stress components, and plane
stress models describing frontal views of the jaw cannot
take into account the boxing effect of the cortical bone
surrounding the trabecular one; in both cases the defini-
tion of elastic moduli and thicknessesis quite arbitrary.

Plane strain models may be adequate for the jaw, but are
of course meaninglessfor the tooth/implant; axisymmet-
ric models suffer from the inverse problem, but they ap-
pear to be the most reasonable, anong two-dimensional
ones, for the prediction of stresses due to purely axia
loading in the proximity of the studied tooth/implant.
Mixing plane strain and axisymmetric elements is sim-
ply wrong.

In al these cases the definition of correct boundary con-
ditions remains an open problem; in many papers the
studied portion of the jaw is considered fixed in its bot-
tom part, which may be apoor simulation of the presence
of the insertion of the jaw muscles, but iswrong for the
largest part of thejaw itself; in all cases, such aboundary
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condition predicts non-existing high stress concentration
close to the interesting zone, around the tooth root or the
implant fixture.

In terms of loading, the application of aforce rather than
of adisplacement on the top of atooth or an implant can
make a big difference. As observed by Brunski (1992),
theIMZ implant analyzed in Richter et al. (1990) appears
to behave quite differently from a standard implant essen-
tially because it has been studied under prescribed dis-
placements; an analysisunder prescribed forces, with the
same geometry used in Richter et al. (1990), would have
evidenced amost no differences between the standard
and the IMZ designs, in terms of instantaneous stresses
around the fixture.

In thiswork we try to give some suggestionsfor the def-
inition of usable simplified models of the jaw-teeth/fixed
implants system, in the same spirit of Mejer et al.
(1993b). In that work the use of a simplified three-
dimensional model of the zone surrounding an isolated
implant, in an edentulous jaw, is recommended as the
simplest possible model giving results comparable to
those given by a complete model of the jaw. Here we
address the same issue from a somewhat wider view-
point, comparing to each other results given by two- and
three-dimensional simplified meshes, both for the case
of an isolated implant and for the case of an implant sur-
rounded by other teeth. We examine several choices of
geometry, boundary conditionsand loading types, and try
to reach a conclusion in terms of the effectiveness and
accuracy of the various models; in the definition of the
most simplified oneswe try to suggest how to reduce the
modeling errors.

Sections 2 and 3 deal with the analysis of the stress state
in the jaw bone around an implant: Section 2 essentially
deals with the topic of the reduction from a full model
to partial two- and three-dimensional onesfor an edentu-
lous jaw; Section 3 treats the question of the effect of the
presence of adjacent teeth.

As said, aso the material characterization creates pre-
dictabledifficulties. Herewe don’t want to go into details
of thistopic, too complex and ramified to be fully treated
in this context. We only point out that by far the most
important and complex component of the jaw-teeth sys-
tem, in terms of material description, is the periodontal
ligament, which, however, has received so far very lit-
tle attention, mainly owing to the lack of reliable exper-
imental evidence. A description of the presence of the

periodontal ligament in terms of a nonlinear interface,
based on some recent experimental results (Pini, 1999;
Pini et al., 2000) has been attempted in Gei et a. (2002)
and Fogazzi et al. (2000); in Section 4 we will briefly ad-
dress thisissue by switching to the analysis of the stress
state around a healthy tooth, with main reference to the
illustration of the importance of the presence and correct
simulation of the periodontal ligament on the computed
results.

We want to remark that in the following we do not in-
tend to illustrate fully correct results from the clinical
viewpoint, a task which would require extensive mesh-
ing, taking into account details neglected here (such as,
for instance, the presence of the cementum around the
tooth roots, or elastic anisotropy, and so on), and care-
ful description of several other features outside the scope
of the present paper. Our intent is only to give some
basic guidelines to the definition of a model represent-
ing a good compromise between cost and accuracy; to
this purpose, we have defined a basic jaw geometry and
simple restraint and loading conditions, and, on their ba-
sis, we have constructed several modelsin order to com-
paretheir results, evenif the starting data obviously don’t
fully correspond to arealistic situation from the medical
viewpoint.

2 Two-vs. Three-Dimensional Models for an Eden-
tulous Jaw

Herewerefer, for the sake of brevity, to asingle problem:
that of an edentulousjaw inwhich asingle, isolated fixed
dental implant, replacing alower incisor, issubjectedto a
static, instantaneous vertical 1oad of 250 N. Note that by
“edentulous” here we mean, as done usually, ajaw bone
with asinglealveolus, therefore amuch stiffer jaw model
thanin redlity.

It would be interesting to discuss al so the effect of differ-
ent loading conditions, but, for the purposes of this Sec-
tion, oneisfelt to be sufficient. Here we wish to compare
results given by severa different finite element meshes,
and to individuate, if possible, the best compromise be-
tween accuracy and effectiveness.

The reference results are obtained on the model of Fig-
ure 1. Thisis a full three-dimensional mesh of a jaw,
constructed starting from a geometry acquired using an
optical system. The basic layout of the optical head is
made of aL CD projector that projects suitabl e patterns of
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Figure 1 : Three-dimensional mesh of the complete
edentulousjaw with asingle implant.

Table 1: Elastic properties of the jaw/implant models

Material Young’s Modulus [Poisson’s Ratig
E [MPa] v[]
Enamel 80,000 0.3
Dentine 18,000 0.25
Trabecular bone 500 0.3
Cortical bone 14,000 0.3
Titanium 103,400 0.35

structured light on the target object; these are acquired,
along a different direction with respect to that of projec-
tion, by a video camera. The deformation induced on
the patterns by the object shape allowssuitablelight cod-
ing: this coding solves in an easy way the problem of
determining the correspondence between the directions
of projection and of acquisition (Carini et a. (2000)).
The mesh was constructed and solved by means of the
commercial finite element code ABAQUS (Hibbitt et al.,
2000). All the materials are taken as linear elastic and
isotropic; since we focus the attention on the issues of
geometrical modeling and of definition of boundary con-
ditions, the presence of the periodontal ligament hasbeen
neglected. Table 1 summarizes the material parameters
adopted, taken from the literature. The Table includes
also the data for the teeth, used in the next Sections.
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As said, the loading and boundary conditionsare kept as
simple as possible. The extremities of the condyles are
fixed to the reference system, and the loading is given as
a resultant force of 250 N acting on the implant in the
direction of itsaxis.

Five simplified finite element discretizationsfor the study
of the same problem are shown in figures 2 to 4.

The model of Figure 2 represents a frontal (mental) por-
tion of the corpus of the jaw. Here two simplifications
areintroduced: first, the geometry of the boneisobtained
from the extrusion of a single section of the jaw (thisal-
lows a very easy generation of the mesh); second, much
more critical, the boundary conditions are prescribed by
fully fixing the |ateral sides of the mesh.

1 impianto isolato = fo
ODB: limpv. odh ABAQUS

Step: Step 1 Incremd

Figure 2: Three-dimensional mesh of thefrontal portion
of the edentulousjaw with asingle implant.

Asfor that of Figure 1, the finite element mesh has been
obtained using 4-noded tetrahedral solid elements, inte-
grated at asingle Gauss point.

Thetwo models of Figure 3 have been constructed some-
how following the spirit of what proposed in Andersen et
a. (19914, 1991b) and in Meijer et al. (1993b). They are
two greatly smplified three-dimensional models. In the
first one (Figure 3a) a frontal (mental) portion of the jaw
has been described as a shell of eliptical section, which
correspondsto the cortical bone only. Therest of thejaw
(the two rami, the coronoid processes and the condyles)
has been reduced to two curved beams in space, whose
stiffness has been computed in such away as to approx-
imately match that of the corresponding portion of the
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jaw (Capsoni et a., 1999). The frontal part of the jaw
has been meshed by means of 4-noded shell elements
with reduced integration, and the rest of the mesh iscom-
posed by 3-noded Timoshenko beam elements. Here, for
further meshing simplicity, the implant has been simu-
lated as arigid inclusion into the shell elements forming
the cortical bone.

4w

(@

(b)
Figure 3 : Simplified three-dimensional meshes (from

Ceruti et a., 1999):
solid/shell/beam model.

(@) shell/beam model; (b)

The second mesh (Figure 3b), also discussed in Capsoni
et a. (1999), representsthe integration of a detailed con-
tinuum (solid) discretization of the zone surrounding the
implant with a relatively coarse shell/beam discretiza-
tion of the remaining portion of the jaw. The solid zone
is defined by of 8-noded brick elements and represents

the essential part of the model, the additional shell/beam
elements playing the role of an elastic support, provid-
ing reasonable boundary conditions. In fact, very simi-
lar results are obtained by considering this portion only,
with boundary conditions defined as done in Andersen
et a. (1991a 1991b), i.e., by transferring on the re-
duced geometry the boundary forces stemming from the
mesh of Figure 3a. This second procedure, however, re-
quires a preliminary three-dimensiona analysis, and is
much more demanding computationally. For this reason,
here we will comment only the results obtained from the
model of Figure 3b.

1
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(b)
Figure 4 : Two-dimensional meshes: (a) plane stress el-
liptical cross section of the jaw; (b) plane stress descrip-
tion of afrontal portion of the jaw with spring elements.

Finally, the two plane meshes of Figure 4 are proposed as
an extreme simplification, to be used either in the case of
lack of computing resources, or in the need of perform-
ing a large number of comparative analyses in the non-
linear range. The price to pay in terms of loss of touch
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with reality is high, but the models of Figure 4, while
greatly reducing the computational burden, avoid some
of the problems connected with the use of plane geome-
tries, summarized in the Introduction.

The plane stress section of Figure 4ais quite similar to
many plane meshes reported in the literature. The main
difference is given by the loading and boundary condi-
tions. In order to avoid the necessity of fixing the lower
part of the section, as done usually, here we have fixed
in the direction of its axis the top side of the implant,
and have simulated the loading actions by means of body
forces distributed inside the elements, in such a way as
to roughly represent the shear actionstransmitted by one
cross section of the jaw to another. The difficulty here
isto make a correct guess about the shear stress distribu-
tion over acomplex geometry in the presence of variable
stiffness.

The plane stress mesh of Figure 4b isin principle identi-
cal with that proposed in Meijer et a. (1993b), and suf-
fers from the main problem of defining thicknesses and
material parameters in such a way as to somehow take
into account the existence of cortical bone around the
trabecular one in the inner portion of the jaw (this could
be done, in a very approximate way, either defining an
equival ent thickness or using homogeni zation techniques
for the elastic moduli). However, here the boundary con-
ditionsare more accurate than in Meijer et al. (1993b): a
suitable set of linear springsis placed at the sides of the
considered portion of the jaw, whose stiffness is com-
puted in such a way as to approximately match that of
the excluded portions of the jaw itself.

The subsequent Figures 5 to 8 show the results of the
analyses performed on the described models, in terms of
the von Mises equivalent stress (a scalar measure of the
stress intensity, defined as oy = 1/35jsj, where s is
the stress deviator). Recall that only the meshes of Fig-
ures 1, 2 and 4 describe the presence of the trabecular
bone; therefore, we focus our attention, for comparative
purposes, only on the stressesin the cortical bone around
theimplant. We will add later a brief comment about the
importance of the ssimulation of the trabecular bone.

The main difference between the reference results, de-
picted in Figure 5, and all the three-dimensional others
isin the stress diffusion in the jaw, far from the implant.
This was predictable, and was not the main objective of
the analysis. On the contrary, the stress peaks around the
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Figure 5 : Three-dimensiona mesh of the complete
edentulous jaw with a single implant: von Mises stress
contours around the implant.

implant are of the same order of magnitude for all the
analyses, except for the mesh of Figure 3a. The best ap-
proximation of the reference result is that given by the
model of Figure 3b, illustrated in Figure 7b; here, both
the peak value and the distributionaround the fixture hole
are quite close to the reference ones.

Figure 6 : Partial three-dimensional mesh: von Mises
stress contours.

The other two three-dimensional models appear less ac-
curate. The shell-element mesh of Figure 3a (results of
Figure 7a) underestimates significantly the peak values,
and the solid-element mesh of Figure 2 (resultsin Figure
6) clearly suffers the vicinity of incorrect boundary con-
ditions. Thislast mesh would almost certainly have fur-
nished accurate results if, for instance, it had been cou-
pled with beam elements simulating the omitted portion
of the jaw, such as done for the meshes of Figure 3.
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(b)
Figure 7 : Simplified three-dimensional meshes: (a) von
Mises stress contours for the shell/beam model of Figure
3a; (b) von Mises stress contoursfor the solid/shell/beam
model of Figure 3b.

The results of the plane models (Figure 8) are clearly
inadequate but interesting. For the plane stress cross-
section of the jaw it must be said that some numerical
experiments have shown a substantial insensitivity of the
stress in the cortical bone to the actual load definition
(we have tried applying body forces in the cortical bone
only, in the trabecular bone only and in the whole mesh),
whereas some differences arise in the trabecular bone. In
any event the peak stress values are here badly underes-
timated. The model of Figure 4b seems better suited to
catch the peak stressvaluesin the spongioushbone, giving
results reasonably close to the three-dimensiona ones,
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Figure 8 : Two-dimensional meshes: (a) von Mises
stress contours for the elliptical cross section model of
Figure 4a; (b) von Mises stress contours for the frontal
mesh with spring elements of Figure 4b.

even if it still underestimates the peak stressesin the cor-
tical bone and can obviously predict stress diffusion in
onedirection only.

To conclude, it seems that the best compromise between
accuracy and cost is provided by the model of Figure 3b.
This permits the assessment of the following points: (i)
around theimplant, a mesh of solid, continuum elements
ismandatory; (ii) an accurate simulation of the geometric
details is not equally important; (iii) when considering
only alimited portion of the jaw around the implant, the
definition of correct boundary conditionsis crucial. The
conclusion above are in agreement with those reached by
Meijer et al. (1993b).

A comment must be added about the importance of in-
cluding the trabecular bone into the model. This bone
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really has amost no stiffness, if compared to the cortical
one, and the extremely good match between the results
of Figures 5 and 7b seems to confirm that its descrip-
tion is not essentia for a fair estimate of the stressesin
the cortical bone in the proximity of the implant. Nev-
ertheless, a simulation in which the trabecular bone part
was removed from the full model of Figure 1 has shown
quitedifferent resultsfrom those of Figure5, with higher
peak stresses and a much larger zone of stress diffusion.
Obvioudly the trabecular bone acts as a sort of soft “elas-
tic” bed, supporting in an effective way the cortical one.
Thus, it appears that a good model, even if approximate,
should take into account also the trabecular bone. This
conclusion becomes trivial if oneis interested in details
of the stress in the trabecular bone itself, which, then,
should be better treated in a discrete way, such as done,
for instance, by Lavernia et a. (1982) or Patra et al.
(1999).

Finally, it must be pointed out that the peak stress val-
ues, of about 45 MPa, in the cortical bone close to the
implant should be taken as indicative values only, ow-
ing to the rather crude boundary conditions prescribed
on the reference mesh of Figure 1, and to the absence of
the adjacent teeth in these simulations. The next section
addresses thislast issue.

3 Importance of the Presence of Adjacent teeth

Here we consider aquestion apparently not much studied
intheliterature, i.e., the effect of theinteraction between
an implant and the surrounding teeth in terms of stresses
and strains around the fixture of the implant itself. To
this purpose, we make reference to the meshes of the jaw
of Figures 1 and 2 only, in which either afull set of teeth
is added, such as shown in Figure 9a, or only three teeth
adjacent to the implant are added, as shown in Figure 9b.

Now we analyze the results obtained for two different
loading conditions, under the two different modeling sit-
uations, for each of the two meshes of Figures 9. The
examined combinations are:

1. vertical load of 250 N, implant with no surrounding
teeth;

2. vertica load of 250 N, implant with surrounding
teeth;

3. horizontal load of 20 N, implant with no surround-
ing teeth;
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(b)
Figure 9 : Three-dimensional meshes of the jaw with
teeth and asingleimplant: (a) mesh of the complete jaw;
(b) mesh of the frontal portion of the jaw with implant
plusthree teeth only.

4. horizontal load of 20 N, implant with surrounding
teeth.

The horizontal load acts in the sagittal plane of the jaw,
in adirection orthogonal to the implant axis, towardsthe
exterior of the jaw. The comparison between the results
given by the mesh of Figure 9a and that of Figure 9b al-
lows one to understand if, in order to correctly catch the
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effect of theinteraction between implant and surrounding
teeth, it is necessary to model the full jaw or it is suffi-
cient to describe only the teeth adjacent to the implant,
such as done in the mesh of Figure 9b.

The results are collected in Figures from 10 to 12. The
effect of the simulation of the influence of adjacent teeth
is seen by comparing Figure 10awith 5, 10b with 6 (ver-
tical loading), 11awith 12aand 11b with 12b (horizontal
loading) for the two different meshes. The comparison
of Figures 10a with 10b and 11awith 11b allows to un-
derstand theimportance of the description of the teeth far
from the implant.

(b)
Figure 10: Three-dimensiona meshes of the jawv with
teeth and implant, von Mises stress contours, vertical
loading condition: (&) full mesh; (b) mesh of the frontal
portion.

Let’sstart with comments on the vertical loading case. A
comparison between Figures 5 and 10a clearly indicates

that an analysisdone considering asingletooth isin sub-
stantial error. In the presence of a full set of teeth, the
jaw is much weaker than if considered as a solid entity
with asingleimplant inserted into it. The zoneinterested
by the peak stresses is much wider in Figure 10a, en-
gulfing a good portion of the two adjacent teeth on each
side of the implant. The peak von Mises stressis almost
twice, in the presence of the full denture, than with asin-
gleimplant. A similar conclusion could be drawn from
the simpler model of Figures 6 and 10b, but now the pres-
ence of incorrect boundary conditions tends to hide this
effect. Thus, it is difficult, on the basis of these results
only, to obtain a clear idea about the importance of sim-
ulating the whole set of teeth, rather than few adjacent
ones; the result shown in Figure 10a (which represents,
among all those reported here, the “best” one) would in-
dicate, however, that at least two teeth for each side of
the studied implant should be included into the model.

Similar indications are provided by the analyses run for
horizontal loading. Figures 11a and 12aagain prove that
the study of an isolated implant leads to incorrect results,
underestimating the more accurate ones (note that here
the scale of stressesis 1/5 than that for vertical loading).
Again, at |east two adjacent teeth, on both sides of theim-
plant, seem to be severely involved by thisloading condi-
tion; their presence influences appreciably the stress state
around the studied implant. The simpler model of Fig-
ures 11b and 12b is not capable of giving the same infor-
mation with the same strength, no doubt, again, owing
to the effect of the boundary conditions. However, the
displayed tendency isthe same as before.

To conclude, Table 2 shows, for ease of comparison, the
peak von Mises stressvaluesin all themodelsanalyzed in
thisand the previous Section under vertical loading con-
ditions, together with some information about the size of
the numerical models. The first column reports the peak
values in the cortical bone; note that in the meshes in-
cludingthefull denture, unlikewhat happensin the eden-
tulous case, the maximum stress values are not found in
the proximity of the loaded implant, but around the ad-
jacent tooth, on the same side of the jaw. The second
column reportsthe peak stressesin the spongious bone at
its interface with the cortical one, and the third column
concerns the peak stressvaluesin the spongious bone di-
rectly below the implant. It is apparent that neither the
shell nor the plane models can provide “realistic” results.
The analysisof the results shows also that in the absence
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Table 2: Peak von Mises stresses

Model Max. Mises|Max in spong.|Max in spong.Number of [Number of

in cortical | belowcort. | belowimpl. | elements| nodes
[MPa] [MPa] [MPa]

3D dl teeth (Fig. 5) 83 6.6 19 221,986 52,709
3D edent. (Fig. 1) 48.9 14 16 33,768 9,075
3D edent. no spong. 125.6 135,801 42,386
Partial 3D (Fig. 2) 435 6.2 7.4 39,490 9,191
Shell (Fig. 3d) 20.1 1,084 1,120
Shell + 3D (Fig. 3b) 40.8 2,352 3,162
Pl. stress (Fig. 4a) 111 05 0.8 2,520 1,334
Pl. stress (Fig. 4b) 17.8 0.7 33 2,420 1,284

of the spongious bone in the numerical model the peak
stress values are found in the interior part of the cortical
bone, whereas, in the presence of the spongious, the peak
stress values in the cortical bone arise in the upper part
of the bone.

These results point towards the conclusion that, in order
to predict with accuracy the stress state around an im-
plant, one needs a solid, three-dimensional mesh, includ-
ing at least four teeth (two for each side of the implant),
possibly with a simplified geometry but with great atten-
tion paid to the boundary conditions. The stiffness of the
non-meshed portion of the jaw isin fact quite important
to theintensity and distribution of the stressesaround the
implant under analysis. Simpler models can be used only
withthefull consciousnessthat they introduce significant
sources of error, usually with atendency to underestimat-
ing thereal stresses.

4 Material Modeling Issues, With Special Reference
to the Presence of the Periodontal Ligament

When the subject of theinvestigationisthe detail ed stress
analysisin the surroundings of atooth root, it is essentia
to account for the presence of the periodontal ligament
(hereafter shortened as PDL). While all the other materi-
als can be treated, as a first approximation and for short-
term loading, as linear elastic, the PDL cannot. The sit-
uation may be different if one isinterested in the global
biomechanics of the jaw, in which case the presence of
the PDL can be neglected, or if oneisinterested to long-
term loading. In thislast case the correct material mod-
eling of the jaw becomes a really tough problem, since
viscosity-like and remodeling effects need to be taken
into account; here we do not comment on thistopic, out-

side the purposes of our present work.

Even if one restricts his interest to the analysis of short-
term loading on a single tooth, histask is still a difficult
one; besidethe modeling issuesaddressed inthe previous
Sections, there is the next one related to the inclusion of
the PDL into his mesh. The presence of the periodon-
tal ligament has been considered, so far (among others,
in Andersen et al., 1991a, 1991b, Korioth et al., 19944,
1994b, McGuinness et al., 1991, Middleton et al., 1996,
Rees and Jacobsen, 1997), essentialy in terms of a lin-
ear elastic or viscoelastic behavior. Such an assumption
is clearly poor for soft tissues, invariably characterized
by a strong nonlinearity even in the elastic range, with
tendency to locking (Fung, 1993); this difficulty reflects
in the fact that the proposed Young modulus for the pe-
riodontal ligament varies from 0.07 MPa to 1750 MPa
(Rees and Jacobsen, 1997).

From the mechanical point of view, and confining our
attention to short-term loading only (thus ruling out
orthodontic loading and remodeling phenomena), the
tooth-PDL-bone system can be modeled as a composite
structure, characterized by a small tooth mobility, almost
completely due to the large deformation of the PDL, so
that tooth and bone work in a small-strain regime. The
work done by Pini (1999) provides both experimental re-
sults (for bovine teeth) and a nonlinear elastic constitu-
tive model proposed to predict some features of the ob-
served behavior.

This constitutive model is thought for use in a three-
dimensional description of the PDL, discretized by
means of solid finite elements. Yet this way of model-
ing presents a series of difficulties, mainly in the numer-
ical analysis of the problem. In essence, these may be
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summarized as follows:

1. the global behavior of the tooth-PDL-bone system
depends on the specific conditions of the surfaces
connected by the ligament, not only on the liga
ment itself. In other words, from the methodolog-
ical point of view, the introduction of the PDL in
the mathematical model creates two additional in-
terfaces: the bone-PDL and PDL-tooth interfaces;

2. theuse of ahyperelastic congtitutivelaw impliesre-
curring to a large strain formulation for the whole
problem; thisis superfluous for the largest part of
the model, which aways remains within a small
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(b)

Figure 12: Three-dimensional meshes of the edentulous
(b) jaw with implant, von Mises stress contours, horizontal

Figure 11 : Three-dimensional meshes of the jaw with loading condition: (a) full mesh; (b) mesh of the frontal

teeth and implant, von Mises stress contours, horizontal  portion.

loading condition: (&) full mesh; (b) mesh of the frontal

portion.

strain regime;

. the use of large strain hyperelastic continuum con-

stitutive laws introduces the need of identifying
several parameters, often lacking a direct physi-
cal meaning; moreover, such models often exhibit
strong sensitivity to parameters difficult to charac-
terize experimentally, aswell asinstabilitiesat unre-
alistically small values of deformation, thus making
the numerical analysis quite complicated;

. another difficulty is specifically related to the use of

aFinite Element technique. A correct discretization
of the PDL as a continuum requires indeed a fine,
three-dimensional mesh, owing to the small thick-
nessof the PDL itself. Onthe other hand, a“ coarse’
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mesh issufficient for describing bone and teeth. The
necessary smooth transition between the character-
istic lengths of the two meshes implies the use of a
large number of finite elements, with the conseguent
increase of the computational burden.

(b)
Figure 13: Three-dimensional mesh of the frontal por-
tion of the jaw with four teeth, horizontal loading con-
dition: (a) von Mises stress contours in the absence of
the periodontal ligament; (b) von Mises stress contours
in the presence of the periodontal ligament (from Gei et
al., 2002).

To overcome all these difficultiesit appears necessary to
introduce simplifications both on the geometry and on
the material description.

A reasonable solution is to model the PDL as a zero-
thicknessinterface, governed by asimplified, ad hoc con-
structed, phenomenological constitutivelaw. In thisway
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the PDL does not represent a third material subjected to
large strains, as inevitable in a continuum description,
and the analysisfalls within the small-strain regime.

Such an idea has been pursued in Gei et al. (2002), start-
ing from the experimental evidence given in Pini (1999)
and in Pini et a. (2000). These tests are unfortunately
done on bovine teeth only, and under rather unrealistic
laboratory conditions. However, the relevant results are
detailed enough to allow the definition of a simpleinter-
face model which, in turn, enables one to construct Fi-
nite Element models of the jaw-PDL -tooth system taking
into account the essential effects associated to the pres-
ence of the PDL. Some resultsare summarized in Figure
13, taken from Gei et a. (2002).

These refer to the analysis of the model of Figure 9b in
which 4 teeth (and no implant) are now present: Figure
13aillustrates the von Mises equivalent stress under the
application of a transversal load of 20 N on one of the
two central incisors, in the absence of PDL (i.e., for a
perfect bond between the tooth root and the surrounding
bone), whereas Figure 13b gives the same information
taking into account the presence of the PDL, simulated
as a zero-thickness interface. All the other parts of the
mesh are defined as linear elastic and isotropic, using the
same material data as shown in Table | above. The ma-
terial behavior of the PDL, introduced in the interface
model, isillustrated in Figure 14, where the considered
normal stress-strain (a) and shear stress-strain curves (b)
are shown, both as experimental points, taken from Pini
(1999) and Pini et a. (2000), and as adopted analytical
expressions.

The difference between the two situationsis quite appar-
ent, and does not need much comment; these differences
are less evident under a purely axial loading condition
(not shown here — more details can be found in Gei et
al., 2002). It may also be argued that in the presence of
a better representation of the boundary conditions these
differences should decrease, since the global reduction
of stiffness should somehow reduce the effect of the ex-
tremely low initial stiffness of the PDL.

In any case it is apparent that the presence of the PDL
cannot be neglected in any analysisof thetooth/bone sys-
tem. With reference to the results shown in Figure 13, it
can be safely said that (i) no other simpler approach to
this problem would provide analogous results, which, by
the way, even in the case of the “simple” PDL model il-
lustrated in Figure 14, correspond to a maobility curve for
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Figure 14 : Uniaxia nonlinear stress-strain curves for
the periodontal ligament treated as an interface: (a) nor-
mal stress behavior; (b) shear stress behavior. Black tri-
anglesare experimental datataken from Pini (1999) (Fig-
ure 13a) and Pini et al. (2000) (Figure 13b); the solid
lines correspond to the interface model implemented in
Gei et al. (2002).

the tooth qualitatively similar to those reported, for in-
stance, in Parfitt (1960); that (ii) the use of a continuum
mesh for the PDL, coupled with a hyperelastic model
(Pini, 1999; Pini et al., 2000; Natali et al., 2000), would
have furnished similar results at a much higher price and
with many more difficulties; and that (iii) better results
could be obtained by using more refined models for the
PDL, but without the need of further complicating the
description, in terms of material properties, of the “hard”
partsof the system (again, thisisvalid only for short-term

loading).

5 Further Issues and Conclusions

The mathematical description of the stress state around
atooth or afixed dental implant is a problem exhibiting
a high degree of complexity, and the topics discussed in
thiswork are just a part of the approach to the definition
of acorrect model. There are other issuesto be takeninto
consideration, which cannot be treated in detail here for
lack of space (and of experience on theauthors’ part). We
can only list some of these issues, as possible research
fields.

The possibility and convenience of approaching the nu-
merical anaysis of the jaw-teeth/implants system by
means of the Boundary Element method, instead of the
widely popular Finite Element one, is an example. The
Boundary Element method appears indeed to be a good
candidate asa solutiontool for the problem under discus-
sionhere, inthat it can treat different zones of linear elas-
tic materials, separated by nonlinear interfaces, in avery
effective way, without the need of discretizing the whole
volume but requiring only the discretization of its bound-
ary. Work isin progress towards the implementation of
such a code in a three-dimensional version; preliminary
comments are given in Salvadori (2000).

Another issue which should be addressed, in order to un-
derstand its relative importance, is the full description of
unilateral contact with friction, quite significant at least
in the analysis of implants, made by several indepen-
dent parts connected to each other, and to the bone, by
means of screwing devices of various types. The in-
clusion of contact into a finite element analysisis pos-
sible (and already done, for instance, in Sakaguchi and
Borgersen, 1995), but extremely expensive, specialy in
a three-dimensional context. It would be nice to under-
stand if such a feature needs a detailed description, or
if its presence can be taken into account in a simplified
manner.

The loading condition is of course another difficult prob-
lem. In afull three-dimensional context it is possible to
simulate the forces exerted by the single muscles at their
insertion points (as done, for instance, in Korioth et a.,
199434, 1994b); but the same becomes increasingly less
feasible as the simplification of the model increases. In
the extreme case of a small three-dimensional mesh, or
of atwo-dimensional mesh, it is necessary to define the
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loads directly on the studied tooth or implant, and, in do-
ing so, care must be taken in distinguishing between the
application of forces or of displacements. Also thistopic
would require a comparative analysis, in order to make
clear what are the proper loads to apply to atooth or im-
plant in order to reasonably approximate the effect of the
real masticatory load.

Another interesting aspect concerning the loading type
is related to the inclusion of dynamics effects into the
analysis. Thiswould pose additional material modeling
problems, since it is expected that damping would play
an important role.

We do not add further comments on the material model-
ing subject, specialy for thelong-term loading condition,
and related remodeling issues — too much a complex
problem to be even briefly hinted at.

The comparative analyses described in thiswork allow to
formulate some conclusionsin terms of the best compro-
mise between accuracy of results and computing price.
Keeping in mind that we have not addressed issues re-
lated to long-term loading, and that we are specifically in-
terested in the detailed analysis of the stress state around
a tooth or a fixed osteointegrated implant, we have ob-
served what follows:

1. two-dimensional models should be avoided. This
conclusion corroborates what said in Meijer et al.
(1993b); it can be dightly relaxed only when com-
parative analyses are done, and there is no way to
run three-dimensional analyses. In such extreme
cases care should be taken in properly defining suit-
able boundary and loading conditions, in such away
asto avoid both the use of incompatible meshes and
the introduction of unrealistic stress concentrations.
Furthermore, if theloading isdefined as directly ap-
plied on the examined tooth/implant, care should be
taken in deciding whether such a load corresponds
to aforce or a prescribed displacement, in order to
avoid a misinterpretation of the results;

2. afull three-dimensional model is not necessary for
the purposes stated above. The best compromise,
which aso does not require either sophisticated ge-
ometry acquisition tools or heavy mesh generation
steps, appears one in which the geometry of the
jaw is reduced to a small part surrounding the an-
alyzed object, without the need of introducing too
many geometry details. However, such apart should
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be discretized by means of solid, continuum ele-
ments (i.e., shell elements should be avoided). The
boundary conditions can be either defined in terms
of self-equilibrated loads/compatible displacements
derived from previous three-dimensional analyses,
to be applied on the studied portion of the jaw, or
— inasimpler but still effective way — defined by
replacing a large portion of the jaw, far from the
studied detail, with “equivalent” spatial elements
(beams or shells);

3. the effect of adjacent teeth should not be neglected;
however, in the same spirit as in the above item 2.,
it seems that the inclusion of just some surrounding
teeth would be enough;

4. in the case of the analysis of a normally function-
ing tooth it is essentia to try and well describe the
existence of the periodontal ligament (as an inter-
face), whereas, at least for short-term loading, an
extremely accurate description of teeth and bone
seemsto be lessimportant;

5. the analysisvia Boundary Element method appears
to be a promising way to deal with this problem, if
the only important nonlinearity is confined into the
periodontal ligament. “Meshless’ methods might
turn out to be competitive aswell.

Even if a truly realistic description of such a complex
system would require a three-dimensional, time depen-
dent, inelastic, non-isotropic model, possibly taking into
account fluid-solid interaction (in the periodontal liga-
ment), with the further complication of the description
(specidly in the case of the analysis of implants) of sev-
eral surfaces of unilateral contact with friction, we feel
that, in order to individuate the stress state around a
healthy tooth, and thus to define the design target of an
optimum implant, simplified analyses like those above
described should constitute a reasonably valid starting
point.
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