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1 INTRODUCTION

1 Introduction

Many analyses may be found in the literature that use the FEbYy€Ele and Sdisz, 1989; del Valle

et al., 1997; Meijer et al. 1992; Meijer et al., 1994) to detre the stress level in dental implants
and the surrounding bone. In those models, it is necessastablish the mechanical properties of
the materials involved (i.e., bone and the material of thelamt). The most widely used implants
are made with metallic materials, with well-known elastiogerties. This is not the case of bone
material. Its complex behaviour has been a subject of istegsearch for long (Beaupet al., 1990;
Cowin and Hegedus, 1976; Dobtaand Gar@, 2002; Huiskes et al., 1987; Hazelwood et al., 2001;
Jacobs, 1994). The difficulties arise from its heteroggraeit anisotropy, apart from the important

fact that, as a living tissue, its microstructure and meid@properties evolve with time.

The problem of heterogeneity is traditionally solved usmagcroscopic models with averaged
mechanical properties (Siegele and 8sit, 1989; del Valle et al., 1997; Meijer et al. 1992; Meijer
etal., 1994). Some of them also distinguish between diffiemeeas where mechanical properties are
different, including the anisotropic behaviour (e.g. Kdhi et al., 1992). The evolution of the mi-
crostructure and mechanical properties with time is relédebone remodelling. This phenomenon
was studied during the second half of thé"®entury, by Wolff (1986), but it was not formulated
mathematically until 1976, by Cowin and Hegedus (1976). Wlhane remodelling models have
been formulated since, taking as starting point the idetabkshed by these authors. These mod-
els have been traditionally used to predict density digtiiims in various bones, but mainly in the

femur.

Many models are able to predict the bone density, but onlynadcn predict the anisotropy
distribution with reasonable accuracy. One of these lattes developed by Doblarand Gara
(2002) and applied to the proximal femur. Starting from apiteary initial situation (uniform den-
sity p = 0.5g/cm? and isotropic behaviour), and applying the normal walkivads, they predicted
the bone density and its elastic constants with an accepagiproximation. The object of the present
study is to extend the above analysis to obtain the distabudf these same parameters in the case
of the human mandible applying normal mastication loadse d&nsity and anisotropy distribu-
tions obtained have been validated with data found in tleeditire (Arendts and Sigolotto, 1989;
Schwartz-Dabney et al., 1991).
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2 Materialsand Methods

2.1 FE model: geometry and materials

The position of a set of points in the surface of the human nidend/as obtained using a coordinate
measuring machine. For the sake of simplicity, measures Vireited to the right half of the jaw.
Later, an operation of symmetry with respect to the mediamelin the symphyseal region was
applied. Once the outer surface of the mandible was obtaihednternal volume was meshed with
linear 8-noded hexahedral elements (type C3D8 of the elentibrary of ABAQUSR)). Measures
was also limited to the basal bone. The teeth geometry wasxiprated based on the few teeth that
were still present and the alveolar process, altered bynitigidual’'s edentulism, was extrapolated
from the basal bone. A layer of elements with a thickness.afmth was used to simulate the
periodontal ligament, similarly to Korioth et al. (1992h& FE model had a total of 77,490 elements
and 88,836 nodes. It is shown in figure 1.

The material properties of bone are defined in section 2.8ewlbn-remodelling materials, the
periodontal ligament and teeth, were attributed elastigdr isotropic behaviour (see table 1). Teeth
are essentially composed of dentin, surrounded by a layenarihel. This layer covers a part of the

teeth, above the gingiva and has not been considered here.

2.2 FE modd: boundary and loading conditions

In the FE model, the forces exerted by the masticatory msisgkye imposed as external loads,
distributed in the insertion area of each muscle. Figureghlights in different colours the various
groups of nodes where the different muscles were insertgthfider, 1992). The orientation of
these forces were taken from a similar model made by Korib#h £1992, and the magnitude, from
the same source used by these authors, Nelson 1986, addiegotioer load cases not modelled by
Korioth et al.

Boundary conditions were imposed on the nodes of the joiriase of the condyles and on the
nodes of the teeth corresponding to each type of bite. Duwargne and incisive clenching, the
mouth is closed, or practically closed, depending on the gizhe food being cut. When the mouth
is closed, the action of the mastication muscles confrdresanterior surface of the condyle with
the posterior surface of the articular eminence in the tealdgmne. The articular surface of both
condyles was fixed in the canine and incisive clenching (sgeds 1 and 2).

The mastication forces are the result of the pressure inetdh{food contact. In the present
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model, displacements were simply restrained at the nodédsedfurface of the teeth that come in
contact with the food. This way, the reactions in those noépsesent mastication forces. Koolstra et
al. (1988) and Haraldson et al. (1988) show that these nadisticforces have a vertical component
and a small component transverse to the axis of the jaw. &isphents in these two directions were
restrained in canine and incisive clenching, in the canimpitls and in the incisal borders of the
incisors (figure 2).

Mastication with molars were modelled differently. Masation produces cyclic movements of
opening and closure of the mouth with a small lateral demm{Hylander, 1992), called chewing
cycles. The instant of maximal bite force practically cailes with the centric occlusion (Graf,
1975; Hylander, 1992): the mouth is closed and the condyldse# back position in contact with
the articular eminence of the temporal. It will be assumeat the food thickness prevents the
ipsilateral condyle from contact. Consequently, when ioason is carried out with the right side,
for example, the articular surface of the left condyle wasdikfigure 2) and the right condyle were

assumed free to move.

Mastication forces in the transverse and axial directioesaaconsequence of the resistance that
food offers to be crushed, but very small. The vertical fascthe component of highest magnitude,
being responsible for the grinding of the food. VerticalpdiEements were restrained in the occlusal

face of the corresponding molars in order to simulate thesm§ as reactions.

According to Carter et al. (1987), bone remodelling depesmdshe maximal stresses that the
bone bears throughout its load history. Assuming that rcai$tin is a pseudostatic process, these
maximum values can be obtained by solving a static problewhich the forces developed by the
masticatory muscles at the moment of centric occlusion ppéiead, together with the commented

displacement boundary conditions, at the teeth and cosdyle

The load history of the mandible was simplified by assumingaatioation pattern referred to as
“alternating bilateral”: a succession of mastication vifth right molars (RM load step) and with the
left molars (LM load step). Manns and&x (1988) established that 75% of the population follows
this pattern, as opposed to the 10% who presents a simuitari@lateral pattern (food is located

among the molars on both sides), and the other 15% with dgftesr right unilateral mastication.

The food is first cut by the incisors and then a symmetricabine bite is applied (I load step),
involving the four incisors. Following comes a canine bitigwvthe right side (RC load step), where
food is cut with the second incisor, the canine, and the firstnplar of that side. After this, a left

canine bite is applied (LC load step), symmetrical to theipres one. Finally, unilateral mastication
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is alternated with the first and second molar on either sigeoua total of 15 load cases. The com-
plete sequence is: I-RC-LC-RM1-LM1-RM2-LM2-RM1-LM1-RM2M2-RM1-LM1-RM2-LM2,
where RM1, for example, is a mastication with the first righdlan. No distinction was made be-
tween the mastication forces with the first and second mdiaego the lack of data.

It must be pointed out that in the long-term, the order of iagion of the load cases has not
much influence in the results [17] and only the number of cyoleeach load affects those results.
Therefore, these sequences may simulate any random seguétiin some limits, if they have the
same loads in the same number and in the same proportion.

The remodelling response of the bone is not significantlyca#fd by the order in which loads are
applied (Beaug et al., 1990; Jacobs, 1994). Itis, however, influenced &ntimber of daily cycles
corresponding to each load case. It has been supposed ¢hdditih number of cycles is = 500,
distributed among the different activities in the same prtpn as seen in the previous sequence.
Yet, instead of superimposing all the activities in a dajas been assumed that only one activity
is developed each day, with the previous sequence beinguaseg of days. Jacobs (1994) proved
that, on a long term level, grouping the load cases this wags ahot affect the results significantly,
provided that the grouping time (one day in this case) istsfroough (Jacobs, 1994; Dok#aand
Garda, 2002).

2.3 Internal boneremodelling model

The remodelling model based on the theory of internal véeghlileveloped by Doblarand Gara
(Garda, 1999; Dobla® and Gari@, 2002) has been used in this work. The mechanical pregesfi
bone depends on the porosity and the fabric tertdp(Cowin and Hegedus, 1976). Dok&aand
Garda defined a remodelling tensdrthat includes both the amount of material and the anisotropy
The eigenvectors ofl are parallel to the orthotropy directions and the influenteayosity (or
equivalently the apparent densjy or the bone volume fractiony) was given by Beaugret al.
(1990) and Hernandez et al. (2001).

2014%° sip < 1.2g/cm®
Beaupgetal. E= v p=12/ Q)
176332 sip > 1.2g/cm?,

Hernandez etal. E = 843702°8q2 " 2)

wherea represents the ash fraction and varies due to the minetalizaf bone tissue, a process

not considered here. Considering an average value ©f0.6 (Garcia-Aznar et al.), equation (2)
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becomesE = 338878, which gives larger values for E than the Beauporrelation (1). This
equation was used in a previous study (Martinez et al. 20@8}tzose results will be compared with
the results obtained using equation (2).

The mechanical stimuluy,, is defined in this model as the thermodynamic variable datsat
to the remodelling tensor:

d¥(H,¢)
ToH )

with W the free energy function. Another tenshwas defined in Gara-Aznar (1999) to differently

Y:

weigh the deviatoric and octaedric parts of the stimulusnlegns of a parameter € [0, 1].

1—
J=
3

wtrY | + wdevY, (4)

Remodelling criteria are scalar combinationsl@nd define the resorption, formation and equi-
librium ranges. Two functiongy” andg’ were defined for the remodelling criteria, such as figure

3:
o' (3, Wr,w) <0 g (J,¥,w)>0 resorption

g,¥,w <0 ¢g"'(J,w¥,w>0 formation )
g (J,W;,w) <0 and gf(J,W,w) <0 deadzone
whereW; andw are respectively the “reference stimulus”, or “attractates’, and the “dead zone
width” (Huiskes et al., 1987).

Beaupe et al. (1990) provided remodelling curves for femur andhicra, the latter had a
lower reference stimulus and a very small slope in resanpfidis agrees with the observations of
Turner (1999): the reference stimulus experiences a lerng-adaptation to the external stimulus.
So, weight-bearing long bones, like the femur, has high&regof the reference stimulus than
protective flat bones, like the cranium.

The evolution of the remodelling tensét, can be found in Gara-Aznar, 1999, and in Doblar
and Garta, 2002,

H=f(J,¥,w) (6)

which is integrated using a forward Euler explicit integratscheme.

3 Reaults

All the simulations start from an unrealistic situationoti®pic and homogeneous density distri-
bution p = 0.5g/cm®. After applying mastication loads during a certain timeg #nisotropy and

density distribution changes reaching a remodelling ézuiim situation.
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The mastication habits of the individual influences thatildgyiium situation. In this sense, an
important factor to be analyzed is the relation between tmeber of bites (incisive and canine) and
the number of mastications. The sequence described alvove fow on calleds1, was used in a
previous study (Marhez et al. 2003), whose results are compared with anotheesee S2, which
only includes mastications with the molars: RM1-LM1-RMBAP. ..

The use of the two mentioned correlations betwEeand p (equations (1) and (2)) are also
compared. Lastly, a sensitivity analysis was made, deaiitiythe influence of parametets and
Y¢. The first one g, measures the significance of the anisotropy of the stimuolttge remodelling
response. Doblérand Garfa (2002) usedv = 0.1 in their analysis of the proximal femur. The
values compared here are slightly higher 0.18,0.24,0.3 and 033.

As commented above, the reference stimuts, is different from one bone to another, being
the high loaded bones those with greater reference stimiilas mandible does not bear loads as
high as the femur and consequently its reference stimulusidtve lower. Dobla and Garta used
a value of¥{ = 50MPa/day for the femur, together with a dead zone width ef 2 25MPa/day.
Here a reference value 8 = 10MPa/day has been adopted as initial reference, keeping the dead
zone width as half of the reference stimulus. Other valuatyand weré¥; = 25 and 50MPa/day.

The remodelling equilibrium may be characterized by a igdgk variation of bone mass. This
can be interpreted as a convergence criterium. In orderdokctihat convergence the varialoav

was defined.

(7

The evolution of this variable is shown in figure 4 for the siation that includes th&2 sequence,
uses the correlation of Hernandez (@)= 0.3 and¥; = 10MPa/day. Most of the results that follow
correspond to this case, which will be called tbference simulation from now on. From figure 4, it
can be stated that the global remodelling equilibrium, é@vergence, has been reached after 368
load steps. Figure 5 shows the final bone density distributidhereference simulation.

The results of density practically coincide in all simuteis. If a density limit is established at
1.92g/cn® to distinguish between cortical and trabecular bone (Besmepal., 1990), practically
all of the mandible’s surface resulted cortical bone. Thimcides with what actually happens.
However, two different areas of cortical bone with low dénsian be distinguished: the coronoid
process and the pterygo-masseteric tuberosity. In this #ancortical layer is thinner (Arendts and
Sigolotto, 1989 and 1990) and it is also less rigid, theefoith lower density.

Figure 6 shows some sections of the mandible with their epoeding distribution of bone
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density. Some computer tomographies were taken from thelactandible at the same sections
and are shown below. The similarity between the numericllte and the CTs is quite noticeable,
except, perhaps, for the upper third of the sections. It inesemembered that the geometry of this
region, the alveolar process and the teeth, could not beurezhand it was only approximated. The
molar CT section shows a thin layer of dense bone coveringdhew, left by the tooth. This tooth
was lost previously to death and external bone remodellivanged that region. These changes
have not been taken into account, since the tooth was siedutatbe present. In all sections, a
central area of trabecular bone surrounded by a layer ofcabtione can be distinguished. This
tubular structure is usual in the diaphysis of long bonesieéBstructure is optimum from a strength
point of view (Currey, 1984) and nature puts the bone tissuaaximize its stiffness with the least
weight. A tubular section is without a doubt the best optimrrésisting the bending and torsion that

mastication loads produce.

Global equilibrium is determined by thenv variable. It does not, however, evidence the areas
where this remodelling equilibrium has not been locallyctesd. In order to evaluate this con-
vergence, the evolution of density and elastic constantssamalyzed in 60 control points placed
throughout the mandible. After 368 days of loads in tekerence simulation, all points reached
remodelling equilibrium. The rest of the simulations regdia similar number of loading days to
reach convergence. Figure 7 shows the evolution of densitlze elasticity moduli,, E; andE,
at point P, highlighted in figure 6 (at the first right molartlie labial side)E,, E; andE; correspond
to the elasticity moduli in the following directions, respigely: axial (parallel to the axis that runs
through the corpus of the mandible), tangential (containettie section perpendicular to the pre-
vious axis and tangent to the profile of that section), anéatgdderpendicular to the previous two

directions).

Finally, table 3 shows the average values of the elasticiiguri in the cortical bone layer of
the symphyseal region: at the incisors and at the first mdlaese values are compared with the
experimental ones obtained by Schwartz-Dabney et al. (1f@#®Xhe symphyseal and mentonian
region and with those ones obtained by Arendts and Sigald&®0). The latter ones were averaged

through the entire mandible, which almost completely distthem.

Table 3 shows that using the Beagéisrcorrelation (1), the elasticity moduli are significgntl

lower than using the correlation of Hernandez (2), and les#as to those obtained experimentally.

Regarding with the anisotropy, the largest stiffness teduh the axial direction, followed by

the tangential and the radial directions, in all the sinata and for all the points of the mandibular
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corpus. This result is logical since the axial directiorhis dbne requiring larger stiffness to resist the

bending stresses produced by mastication.

The two simulated mastication sequences lead to very simgkults, almost identical in the
density distribution, which consequently was not shownis Tdas expected, given that they differ
in only a few load cases. Despite that slight differenceait be affirmed that results of sequeis2e
are more similar to the experimental ones (see table 3) tl@setof sequenc®l, apart from being
more reasonable. It is convenient to remember th&lithere is one bite for every five mastications,
which seems clearly excessive. This proportion betweeth tages depends on the eating habits of
the individual and type of food. However it has a scarce imftigeon the results, except for the case

of very particular mastication patterns.

The influence of parametes on the results of the model is quite notable. This parametéghs
the influence of the deviatoric part of the stimulus, i.e. hef toad, on the remodelling response.
This deviatoric part is larger in the mandible than in the dgrbecause bending, the main load that
the femur resist, must be added to the torsion produced bticatisn loads. Thus, in the mandible,
it is more recommendable to use larger valuesydhan the 0.1 used by Dobkand Garia (2002)
for the femur (see table 3). The larger the valuagpfthe larger the degree of anisotropy in the
cortical bone layer: an increase in the axial stiffness atlécaease in the radial one, is obtained, the
transverse being only vaguely affected. The choice ef 0.3 seems the most reasonable as it leads

to results more similar to the experimental ones, espgdiaequencs2.

The influence of parametlt; was also analyzed. The sequef2ethe correlation of Hernandez
andw = 0.3, with three different values &f;: 10, 25 and 5BIPa/day were chosen for the sensitivity
analysis. A comparison of the density distribution at thgiae of the first molar is given in figure
8. Great differences can be seen from one to another, thearesponding téV; = 10MPa/day
giving a thicker cortical layer than the others. This re@iihore similar to reality, as can be seen by
comparing figures 6 and 8. A higher reference stimulus ma&eformation only to appear in zones
with very high stress level, thus resulting in a very thindagf cortical bone. This result shows that
the reference stimulus used by Dolal@nd Garcia (2002) for the femd¥;” = 50MPa/day, is not

proper for the mandible, that bears not so high loads.

The elastic properties are very similar in those points Withsame density, that is, the cortical

bone layer with maximal density (see table 4).
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4 Conclusions

This study confirms that the model for internal bone remantgiproposed by Doblérand Gara
(2002) is a useful tool to predict the distribution of bonasity and elastic constants in the mandible
and not only in long bones, supporting high loads. In a cextaly the mandible, which also supports
high loads, is a long although curved bone.

The mastication habits may have an influence on the resulig)lynin the elastic properties
of the bone. Still, if these habits are within normality, themall variations in them, such as the
number of bites with the incisors related to the number ofticaisons with the molars, are not
much significant. This is because of two reasons: loads irmragrovoke higher level of stresses
than incisors and the number of bites with incisors is noy ¥&gh in normal circumstances.

On the other hand, significant changes can be expected isradien simulating a mastication
pattern very different from the ones assumed in this study,dlternating bilateral. Such a pattern
would be the case of unilateral mastication, which will nablblead bone tissue to have a very
asymmetric structure.

The model used here does not take into account some othextasige the interaction between
the periodontal ligament and the bone. The PDL was includeghiattempt to simulate the very
specific way in which the loads are transmitted from the téetthe bone. It was made in a very
simplistic way but a detailed analysis of the ligament ispesmplex and out of the scope of this
work. Nevertheless, the influence of the PDL is very local g, the results around the teeth must
be considered with caution.

A sensitivity analysis has been carried out to observe tfieeince of parameter® and¥j in
the simulation. In view of the results it can be concluded tha= 0.3 and¥; = 10MPa/day are
more adequate for the mandible than the vates0.1 and¥; = 50MPa/day, used by Dobl& and
Garda for the femur. The first leads to a better anisotropy degnekthe second to a more realistic

density distribution.

References

[1] Arendts, F. J., Sigolotto, C., 1989. Standardabmessonglastiziditskennwerte und Fes-
tigkeitsverhalten des Human-Unterkiefers, ein Betrag Rarstellung der Biomechanik der
Unterkiefer - Teil I. Biomedizinische Technik, 34, 248-255

10



REFERENCES REFERENCES

[2] Arendts, F. J., Sigolotto, C., 1990. Mechanische Kemtavdes Human-Unterkiefers und Un-
tersuchung zum “in-vivo”-Verhalten des kompakten Knoad®mebes, ein Betrag zur Darstel-

lung der Biomechanik der Unterkiefer - Teil Il. Biomedizche Technik, 35, 123-130.

[3] Beaupg, G. S., Orr, T. E., Carter, D. R.,1990. An approach for tothe@endent bone modelling

and remodelling - Theoretical development. Journal of @#fedic Research, 8, 651-661.

[4] Carter, D. R., Fyhrie, D. P., Whalen, R. T., 1987. Trabachlone density and loading history:

regulation of tissue biology by mechanical energy. Jouoh&8iomechanics, 20, 785-795.

[5] Cowin, S. C., Hegedus, D. H., 1976. Bone remodeling I: @dty of adaptive elasticity. Journal
of Elasticity, 6, 313-326.

[6] Craig, R. G., Peyton, F. A., 1958. Elastic and mecharpcaperties of human dentin. Journal
of Dental Research, 37, 710-718.

[7] Currey, J. D., 1984. The Mechanical Adaptations of Boririnceton University Press, New

Jersey.

[8] Doblare, M., Garga J. M., 2002. Anisotropic bone remodelling model based oardinuum

damage-repair theory. Journal of Biomechanics, 35, 1-17.

[9] Garda-Aznar, J. M., 1999. Modelos de remodetacbsea: aalisis nunérico y aplicacdn al

disdio de fijaciones de fracturas déhfiur proximal. PhD. thesis, Universidad de Zaragoza.

[10] Garda-Aznar, J. M., Rueberg, T., Dob&rM., A bone remodelling model coupling micro-
damage growth and repair by 3D BMU activity (in press). Bighemics and Modeling in
Mechanobilogy.

[11] Graf, H., 1975. Occlusal forces during function. In:viRg N. H., Occlusion: Research in Form

and Function. University of Michigan School of Dentistrydathe Dental Research Institute.

[12] Haraldson, T., Jemt, T., Stalblad, P. A., Lekholm, WB8&. Oral function in subjects with
overdentures supported by osseointegrated implantsd®easian Journal of Dental Research,
96, 235-242.

[13] Hazelwood, S. J., Martin, R. B., Rashid, M. M., Rodrigo,J., 2001. A mechanistic model for
internal bone remodeling exhibits different dynamic resges in disuse and overload. Journal
of Biomechanics, 34, 299-308.

11



REFERENCES REFERENCES

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

Hernandez, C. J., BeawrG. S., Keller, T. S., Carter, D. R., 2001. The influence afeébo

volume fraction and ash fraction on bone strength and maed@&ane, 29, 74-78.

Huiskes, R., Weinans, H., Grootenboer, H. J., Dal$ttafFudala, B., Sloof, T. J., 1987. Adap-
tive bone-remodeling theory applied to prosthetic-desigalysis. Journal of Biomechanics,
20, 1135-1150.

Hylander, W. L., 1992. Functional anatomy. In: Sarfati., Laskin, D. (Eds.), The Temporo-
mandibular Joint: A Biologic Basis for Clinical Practice. W. Saunders Co., Philadelphia,

60-92.

Jacobs, C. R., 1994. Numerical simulation of bone aatapt to mechanical loading. PhD.

thesis, Stanford Uiversity.

Koolstra, J. H., van Eijden, T. M., Weijs, W., Naeije, M988. A three-dimensional mathemat-
ical model of the human masticatory system predicting marinpossible bite forces. Journal
of Biomchanics, 21, 563-576.

Korioth, T. W. P., Romilly, D. P., Hannam, A. G., 1992. rEe-Dimensional Finite Element
Stress Analysis of the Dentate Human Mandible. AmericamnBlwf Physical Anthropology,
88, 69-96.

Manns, A., Daz, G., 1988. Sistema Estomatégino. Sociedad Gifica Almagro Ltda., Santi-
ago de Chile.

Martinez, J., Doringuez, J., Gaia, J. M., Doblag, M., 2003. The obtaining of the bone
distribution in a human mandible by means of the applicatiba remodelling model based
on damage mechanics. In Proceedings of the 2nd Internat@oregress on Computational

Bioengineering. Universidad de Zaragoza.

Meijer, H. J. A., Kuiper, J. H., Starmans, F. J. M., BosmB., 1992. Stress distribution around
dental implants: Influence of superestructure, length glamts and height of mandible. Jour-
nal of Prosthetic Dentistry, 68, 96-102.

Meijer, H. J. A,, Starmans, F. J. M., Steen, W. H. A., BasmF., 1994. A Three-Dimensional
Finite Element Study on Two Versus Four Implants in an EdengiMandible. International
Journal of Prosthodontics, 7, 271-279.

12



REFERENCES REFERENCES

[24] Nelson, G. J., 1986. Three dimensional computer madedf human mandibular biomechan-

ics. PhD. thesis, University of British Columbia.

[25] Ralph, W. J., 1982. Tensile behaviour of the periodbigament. Journal of Periodontal Re-
search, 17, 243-426.

[26] Schwartz-Dabney, C. L., Dechow, P. C., Ashman, R. B911Elastic properties of the human

mandibular symphisis. Journal of Dental Research, 70,2019

[27] Siegele, D., So#tsz U., 1989. Numerical Investigations of the Influence gblant Shape on
Stress Distribution in the Jaw Bone. International Jouafi@ral and Maxillofacial Implants,
4, 333-340.

[28] Turner, C. H., 1999. Toward a mathematical descriptibbone biology: The Principle of

Cellular Accomodation. Calcified Tissue International, 466-471.

[29] del Valle, V., Faulkner, G., Wolfaardt, J., 1997. Crafiacial Osseointegrated Implant-Induced
Strain Distribution: A Numerical Study. International Joal of Maxillofacial Implants, 12,
200-210.

[30] Widera, G. E. O., Tesk, J. A., Privitzer, E., 1976. laigtion effects among cortical bone, can-
cellous bone and periodontal membrane of natural teethrapthints. Journal of Biomedical

Materials Research Symposium, 7, 613-623.

[31] Wolff, J., 1986. The Law of Bone Remodelling (Das Gesidr Transformation der Knochen).
Translated by Maquet y Furlong. Springer Verlag, Berlin.

13



REFERENCES REFERENCES

Captions
Fig. 1: Insertions of the different portions of mastication muscles andyes support with closed mouth.
Fig. 2: Approximate representation of the action of mastication musclesrfd)ooundary reactions (B) in
cases RM1 (left figure) and RC (right figure).
Fig. 3: Scalar remodelling criteria. Parameterepresents the amount of bone resorbee: Q) or formed
(r > 0) per unit time.
Fig. 4: Evolution of parametaonv in thereference simulation (S2 sequence, correlation of Hernander= 0.3
and¥; = 10MPa/day).
Fig. 5: Distribution of bone density after 368 days of activity in thierence simulation.
Fig. 6: Up: Distribution of bone obtained in theference simulation: (a) incisive region, (b) premolar region,
(c) region of the first molar. Down: Computer tomographies taken ttermandible at the same locations.
Fig. 7: Evolution of the density and elasticity moduli at point P of figure 6responding to theeference
simulation.
Fig. 8: Density distribution at the region of the first molar in the simulationy: WA= 10, (B) ¥; = 25 and
(C) Wi = 50MPa/day. All the simulations use sequengg, the correlation of Hernandez ang= 0.3
Table 1: Values for the Young modulus, and the Poisson coefficient in non-remodelling materials.
Table 2: Orientation of the forces exerted by the muscles on the left sitleg toordinate system of figure 1,
and magnitude of forces in both sides, in the following cases: symmeitizialve bite, canine bite with the
right side, and mastication with right molars.
Table 3: Elasticity moduli (MPa) obtained in the different simulations coenpéw the values obtained experi-
mentally.! Taken from a previous study, Mamez et al. (2003).

Table 4. Comparison of the elasticity moduli (MPa) in the cortical bone la/#e first molar and the incisors.
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a b c
Figure 8:
E(MPa) Y
Dentin (Craig and Peyton, 1958) 17600 | 0.25
Periodontal ligament (Widera et al., 1976; Ralph, 1982) 3 0.45

Table 1:
Orientation of the forces Magnitudes of the forces (N)
Muscle Incisive Canine Molar
X Y z
R L R L R L

Superficial massete +0.419 | +0.207 | -0.885 | 76.2 | 76.2 | 87.6 | 110.4 | 106.6 | 38.1
Deep masseter | -0.358 | +0.546 | -0.758 | 21.2 212 | 375 | 473 | 457 | 16.3
Anterior temporalis | +0.044 | +0.149 | -0.988 | 12.6 126 | 853 | 22.1 | 102.7 | 80.6
Middle temporalis | -0.500 | +0.221 | -0.837 5.7 5.7 459 | 19.1 57.4 | 50.7
Posterior temporalis -0.855 | +0.208 | -0.474 3.0 3.0 31.8 | 19.7 | 40.8 | 40.8
Medial pterygoid | +0.372 | -0.486 | -0.791 | 136.3 | 136.3 | 96.1 | 82.2 | 169.6 | 82.2
Lateral pterygoid | +0.757 | -0.630 | +0.174 | 619 | 61.9 | 28.7 | 62.1 | 33.5 | 23.9

Table 2:
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S1 S2
1% molar | incisive | 1% molar | incisive
Ea 17.4 17.8 17.4 17.9
Hernandezv = 0.18
E 16.6 16.0 16.7 16.0
Yy = 10MPa/day E; 14.7 14.4 14.6 14.3
Ea 18.3 19.6 19.0 20.0
Hernandezv = 0.24
= 17.0 16.6 17.5 16.1
Yy = 10MPa/day E; 13.1 12.9 12.7 12.8
Ea 20.8 24.8 22.1 23.8
Hernandezv = 0.30
= 19.5 16.5 19.0 16.6
Wi = 10MPa/day E; 10.4 10.3 10.1 10.6
Ea 23.7 27.3 22.5 27.6
Hernandezv = 0.33
E; 19.7 16.2 21.7 17.7
Y = 10MPa/day E, 8.9 9.4 8.6 9.0
Ea 15.5 21.5 - -
Beaupé w = 0.301
= 11.0 14.9 - -
W = 10MPa/day E 10.4 9.3 - -
Ea - 23 - 23
Schwartz-Dabney et al. (1991)) E - 15 - 15
E; - 10 - 10
Ea 17.3
Arendts and Sigolotto (1990)| E 8.2
Er 6.9
Table 3:
First molar Incisors
MPa MPa MPa MPa MPa MPa
Wi = SOdle Wi = 25qu/ Wi = 10dT\y Y= SOdTy Y= 25Tay Y= 10d—ay
Ea 23.9 23.9 23.8 22.1 22.1 22.1
E 16.7 16.7 16.6 17.0 16.9 19.0
E; 10.2 10.2 10.6 115 11.6 10.1
Table 4:
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