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1 Introduction

In orthodontic treatments, loads are applied to the teetbutih the use of braces or other apparatus
in order for the teeth to move permanently in the bone sockBEss movement is achieved through a
biochemical process of bone tissue adaptation to mecHaticauli called bone remodeling. The word
“bone remodeling” is here used for the process due to extemeahanical events. Internal remodeling
is not accounted for in this work. We consider, as a simpifyassumption, that its function is to
renew the cells with no alteration of the overall bone med#rproperties. Therefore the internal
remodeling is considered as being part only of the overathdwmwstatic equilibrium. For most types of
bones, remodeling processes take place in order to adgiahtbunt of tissue and its topology according
to long term loading conditions. Bone resorption occursmtisuse is observed. This resorption tends
to decrease the amount of bone where it is of no mechanicalaiete. Bone apposition occurs in
overloaded conditions, in order to reinforce bone where ihechanically usefull. The bone therefore
adapts its density in such a way to achieve an homeostate ctatress. Besides the density change,
remodeling also occurs to change the bone topology, mairthabecular tissue for which the trabeculae
tend to align along the principal stress directions. Bomaageling therefore depends not only on the
stress intensity but also on its orientation. A well docutedrexample can be observed on the human
femur. The trabecular architecture of its proximal endradigvith the principle stress trajectories of
physiological loadings (see a literature review in [1] angl B).

Contrary to the majority of bones, alveolar bone remodediegms on a macroscopic level to depend
mainly on the pressure state [2, 3, 4]. One can indeed obspp@sition on the tension side of a tooth
when loaded with an abnormal mechanical environment, ssitheaone obtained with orthodontics ap-
pliances, as well as resorption on the compression side. attuml biomechanical processes causing
such a difference is not quite clear and uniformly acceptedray biology and biochemistry literature
(see discussions in [5, 6, 7]). To model these processesad@uthors do not consider non linearities of
the bone. Some authors focus only on the initial tooth miptalnd extrapolate their results with a density
update [2, 8] or another built-in remodeling law applied aubsequent step to the mechanical integra-
tion [3, 9, 10]. Other authors focus on the periodontal ligatm(PdL) non linear response [11]-[15]. Its
non linearity and opposite behaviors in tension and consrdead to opposite loading conditions of
the bone on each side of the tooth. The compressive side tfatiewould lead to underuse of the bone
and therefore resorption while the tension side would getuse and apposition. However, when no
non-linearities are considered in the PdL, no differendbénstrain energy on both side of a tooth can be
observed. A pressure independent remodeling law useddaltieolar bone would therefore lead either
to apposition or to resorption on all sides of the tooth.



Figure 1: Human femur proximal end - Figure 2: Tooth and surrounding tissue -
trabecular architecture anatomy (adapted from [16])

Instead of focusing on the PdL response, the present workecirates on the bone behavior during
remodeling. We assume the pressure state (positive orivegat the bone matrix as the key stimulus
to differentiate apposition and resorption in overloadedditions. This can be justified as follows. The
alveolar bone main blood and cell supply (needed for bon@defing) is done through the periodontal
ligament. As this membrane’s stiffness is much less tharstlieounding tissues, the strain level is
high. If the hydrostatic stress level is higher than the Bleessels internal pressure, the blood flow
is stopped as well as the (remodeling) cell supply to the bofiege remodeling process is therefore
triggered by the PdL pressure and stopped when these stagstoo high. We therefore assume that it
is the same stimulus which is responsible for the diffeedinth between apposition and resorption and
for the triggering of the phenomenon.

2 Method.

Within the diverse approaches that have been adopted tol immae remodeling processes, most of them
are qualified as phenomenological models. They are modaisithnot try to predict the evolution of
the microstructure and biological constitution of a tissa@n organ as a consequence of the mechanical
environment (contrary to mechanobiological models) bubseghgoal is to predict the global mechanical
behavior (displacement, strains and stresses) of a tigsae organ, taking into account the applied
loads, its microstructure and the constraints imposed bgrairgans. Most of these models assume the
existence of a given mechanical stimulus (input) that pcedlbone apposition or resorption (output) in
such a way that the stimulus tends to a physiological leviiériong-term (homeostasis). Among these
phenomenological models, the definition of the mechanitaluus uses a wide range of measures :
stresses, strains, strain energy density, strain ratesor @@mage.

The original model which is proposed in this work is built opravious damage/repair model. It is
therefore a phenomenological model, first proposed by Délalad co-workers [17, 18]. This model has
been chosen as a working base because it is one of the fewsnelese stimulus variation is justified
through thermodynamical concepts of continuum mechaiiics model is first enhanced to be coupled
to an elastoviscoplastic material behavior in a finite stfeamework. It can therefore capture permanent
strains of the tissue beyond the ones due to the densitytieaid he bone tissue is therefore considered
as an anisotropic “organization” of elastoplastic trall@efalthough it is clear that the relevant inelastic



process is different from that of the classical metal ptigli. This “organization”, as proposed in[17], is

measured through a mean bone density and its anisotropyhgsesncept of fabric tensor as introduced
in [19]. Even tough the viscoplastic behavior may not bevaat¢ in bone remodeling applications (due
to the very low strain levels involved, permanent straine ttudensity variations are much higher than
the one due to a plastic behavior), the proposed model cagJevbe used both in low strain levels and
higher strain levels problems keeping the continuum repradion of the topology through the use of
the fabric tensor and allowing to represent a viscoplastttalior of the bone trabeculae.

Doblaré’s initial model is also extended in order to be usmdtlie particular case of the alveolar
bone. The remodeling rate is therefore written to accountitfe pressure state of the alveolar bone
so that repair will occur in the case of tissue formation,deerloaded tension conditions and damage
will increase in the case of tissue resorption, both in treead# overloaded compression conditions and
underloaded conditions.

We thus propose an anisotropic damage/repair model whieiframework of the strain equivalence
approach in continuum damage mechanics [20]. An equivaleess tensor is defined from an objective
stress tensor and two damage variables, a tensor damagereeasl a scalar value measuring the
importance of the hydrostatic stresses in the equivalesgstefinition. The damage measure evolves in
order to achieve an homeostatic level of a given stimulisTimulation is integrated in a finite element
code (home made code Metafor [21]). The main originalitiéh wespect to [17] are therefore, first,a
finite strain framework within which the model is written|aaling for the use of a elasto-plastic model
for the bone matrix and, second, an extension for alveolae lppessure dependency of the remodeling
rate.

We first propose to place Doblaré’s model [17, 18] in its crhiie order to understand all its impli-
cations.

Based on previous works, Beaupré, Carter and co-worker2@developed a model (refered here
as the isotropic Stanford model) considering that bonagis®eds a certain level of mechanical stimulus
to maintain homeostasis and self-regulates to maintaim alevel. Their objective is to homogenize the
value of a local mechanical stimulug;( a daily stress stimulus at tissue level) in the neighbadhafan
homeostatic value at tissue leves;. This stimulus (equation 1) takes into consideration diffe types
of loads {=1---N) as well as the number of cycles for each type of loagls [

N 1/m
= (_Zlnic?tr> (1)

In equation (1)@ is a scalar measure of the stress intensity at tissue lestdham exponent is weighing
the impact of stress relative to the number of load cyclese @t of equilibrium amplitude of this
stimulus (the tissue level mechanical stimulus egos Y — ;) is considered to be the driving force
for bone remodeling. A simple piecewise linear relationtetn the surface remodeling rateand this
tissue level stimulus error is therefore proposed in [22] :

cleg—w) for g > w,
F(g)=40 for —w<e <w, )
clee+w) for e <—w,

In equation (2)¢ is a constant, which does not have to be equal for both casisthe half-width of
the so-called “dead” or lazy zone (an interval around the dxstatic level for which no remodeling
processes takes place). In order to use this equation imi@dlement code, distinction between tissue
level and macroscopic levehas to be made. To distinguish between values on tissue antithwom
level, the subscript denotes tissue level. Obviously, stress defined for a aamtincannot be the same
as it really appears in the microstructure. Since marrowtdadd vessels filling the pores are much

1The macroscopic level averages the tissue density andbidéotgy in a continuum measure.



weaker than the calcified bone tissue, the stress the tissutohvithstand will be actually greater than
the continuum stress. The relation between the tissuesgtneasure and the continuum stress measure
is given as in [24] from experimental considerations by

2
o (8)a

wherepy is the density of the fully calcified bone. In [22, 23], the tboum stress measure is computed
from the strain energy density in small strains elasticity:

c=VEo:e (4)

wheree is the Cauchy strain tensa, is the Cauchy stress tensor aids the bone apparent Young's
modulus which is dependent on the density. A commonly aecklaiv is

= B(p)pP® (5)
v = v(p)

As a particular case of equation (5), [22] chose:

E_ 2014p?>5[MPa] : ifp < 1.2g/cc ©)
| 1763p%2[MPa] : ifp > 1.2g/cc

Finally, assuming that all formed or resorbed bone is fulipemalized gives the following density rate
law :

P=kSpo T (&) (7)

The termskS, of equation (7) take into account the availabte=([0,1]) bone specific surface are§, (
internal surface area per unit volume, related to the ptyrdsi 1 — %) as defined in [25]. An important
simplification on the calculation of the daily stimulus (etjon 1) can be made. As the order of loads
application does not significantly affect the computatiaesults and as the stresses can be grouped
together, the daily stimulus definition simplifies as

W = n/Moy (8)

The tissue level mechanical stimulus error can be refortadlasing equations (5), (3) and (8) as
Voie
& =n" mpg\/gm — U ©)

Equation (2) together with equations (7) and (9) produce athod to update the density according to
the strain energy.

Jacobs and co-workers [24] present an energy based ampisotnmdel for bone remodeling. His
assumption is that bone remodeling is an optimal processritesnergetic sense. The velocity field
used in the conservative laws of continuum mechanics, Wwighmain hypothesis of small strains, there-
fore includes both the elastic deformation and the adaptgponse. The remodeling process can be
expressed as a deviation of a given stimulus from a refereneand its mathematical expression can be
written as

f¥e,C,p) <0 (10)

where the superscriftstands either fof if formation is achieved or if resorption takes place. Assum-
ing that bone remodeling is an optimization process gives :

(é:B_O'@O'
p

o€

(11)



Finally, the remodeling rate is given by

ff(E:vC?p) f r
o for f'>0,f" <0,
r(e)=<{ 0 for ff <0,f" <0, (12)
fr(€7(C7p) r f
_W for f*>0,f' <0,

This constitutive anisotropic relation reduces to the e isotropic formulation when bone is per-
manently loaded by a hydrostatic stress state. The denaitgtion can be computed from equation

(7).

However, Jacobs’approach is closely related (and in fagiiad as the authors claim in [24]) to
the principles of Continuum Damage Mechanics (CDM), whiobppses the modification of the elastic
properties according to the value of a given internal véeidthe damage parametd) related to the
effective density of cracks or cavities at each point (fa ibotropic case) or at each point and each
direction (anisotropic case), that is, to the current nsttuecture [20]. The CDM theory is a phenomeno-
logical description of damage. The damage parameter islysumalized in such a way that the value
d = 0 corresponds to the undamaged material, wtlite 1 represents the local rupture state or local
failure of the mechanical component. CDM uses the concepgfffettive stress, the stress acting on
the actual surface area resisting the applied force. Ftnoggic damage, the effective stress, can be

written as
o

1-d
As underlined by Doblaré, Garcia and co-workers [17, 18}, dhisotropic Stanford’s model presents
several drawbacks when compared to the generalized CDMt &irall, the stimulus is defined as a

global optimization function and not, as usual in the stathtlzeory, as a local variable. Also, the damage
variable is not defined explicitly and the two internal vatés @ andC) are not independent. They are

coupled as can be seen in equation (11), where it is showrthtbatvolution of the stiffness tensor

depends directly on the density rate of change. To solveetbdfculties, they propose a remodeling

model that, after identifying the internal variables assied to the bone microstructure, follows the
steps of the extension of the CDM for the anisotropic case.

o=

(13)

In the case of bone remodeling, “damage” has to be understs@measure of the void volume
fraction inside the bone tissue, while directionality ¢ois the idea suggested by Cowin [19] for the
fabric tensor,H. The measure of damage used is therefore virtual and acteéliécts the bone density
that can evolve. There is no actual damage in the tissue. Atenuaged material is the ideal situation of
bone with null porosity and perfect isotropy. The proceskarfe resorption corresponds to the classical
damage evolution concept, since it increases the voiddragborosity) and therefore damage (decreases
the density). However, bone apposition can reduce damadjdead to bone repair, which has to be
adequately considered in this extended damage theoryafesistarlier, damage repair can be considered
because the total energy dissipation includes biologitsgightion due to metabolism on top of the
mechanical dissipation which is negative for damage repaiblaré and co-workers in [17, 18] therefore
define a damage tensd, related both to the density and the fabric tenBbr Using a normalization
condition for H yields to the independence of the two internal variatlleandp and therefore solves
the issue of using coupled internal variables as in Jacobiem In analogy to plasticity, they identify an
external mechanical stimulus with the variable thermodyically associated with a remodeling tensor
H function of the damage tensdd. The remodeling raté is obtained from the remodeling criterion
(gf in formation andy’ in resorption) that is currently active

f

Cfﬁ for gf > 0,0 <0,
r=¢ 0 for gf <0,g" <0, (14)
gr
—crm for g >0,9" <0,



The density and fabric tensor evolutions are computed flwendamage evolution, function of this re-
modeling rate.

Doblaré and co-workers [17, 18] propose an anisotropic CDddeh limited to a bone matrix de-
scribed in a small strains elasticity framework, charapgek by its ability to reproduce the known ex-
perimental features of bone remodeling and using indeperdternal variables associated to the bone
microstructure. To enhance this model to a bone matrix destrvith a material model other than small
strains linear elasticity, the effective stress definitiorthe representation of damage has to be chosen
to enable a coupling of damage with non linearities such ssoegity or plasticity. The main drawback
of Doblaré and Garcia’s model for coupling with plasticisythe use of a strain energy equivalence ap-
proach to represent the contribution of damage. This approglates the stress level in the damaged
material with the stress in the undamaged material thasléathe same strain energy. This is simply
done by defining an equivalent strain tensor which can beemifor isotropic damage, as

E=(1-d)e
giving the same strain energy for both the damaged and urgkthwonfiguration.

However, this strain energy equivalence approach loogephigsical relation of damage to the sur-
face density of defects. Keeping this physical definitionveeer, allows the coupling of damage to
(visco-) plasticity by expressing the plastic criteriontérms of effective stresses instead of stresses.
This strain equivalence approach gives, in small straiastieity? :

oc=C%¢ (15)

whereC° is Hooke’s fourth order elasticity tensor for the undamagederial. This equation can also
be written :
o=C:e (16)

whereC = (1—d)C° is Hooke’s fourth order elasticity tensor for the damagedemia. Therefore, the
stiffness variation due to damage variation can be compstedlarly to equation (11), as

C=—dC° (17)

According to Lemaitre and Desmorat [20, 26], one of the offflgative stress definition for anisotropic
damage that fulfills the conditions of being symmetric, catitpe with the thermodynamics (existence
of a stress potential and a principle of strain equivalerzc®) that can express different effect on the
hydrostatic and deviatoric behavior is represented by

P

o=dev(HsH)+ ———
o (Hs )+1—%Dkk

I=5+pI (18)
where s and p are respectively the stress deviator and the pressure iiabstresso = s + pI) and
whereH = (I — D)’l/2 is a second order symmetric tensor. This definition leadssioranetric stress
tensor and retrieves equation (13) in the case of isotramywhichn = 1). It also leads to a locally
orthotropic constitutive tensor whose principal directicof orthotropy are aligned with the principal

axes of the damage tensBr. In order to keep a linear relation between effective andinahstresses
as in isotropic continuum damage mechanics, one can write

c=M:o (19)
whereM is a fourth order symmetric tensor defined frdthandDy = %t r(D) as

1 1 1 1
Mij = HikHj — §(Hianj5k| + HinHni&ij) + §Hanmn6ij6kI + éméij O (20)

2While the strain energy equivalence approach would give C° : &



Using equation (18), one can finally get

~ p
P = 1= p = (1-nDn)p
{ s Ii-ﬂ:rs]Dh and { s — M1z (22)

In order to work in a finite strain framework, we consider aditide decomposition of the strain rate
tenso?, E, into its elastic and (visco-)plastic parts :

E=E¢+E" (22)

where EP! can be calculated through the normality rule on the plastterion (associated plasticity)
expressed in term of effective stresses. If no damage isdemesl, the constitutive law of the material
becomeé :

o=C°: E® (23)
whereC° is Hooke’s fourth order tensor for the undamaged materaisicdlered as constant, aadis

the Cauchy stress tensoFor a damaged material where the strain equivalence issego hold, this
constitutive equation becomes :

&= E° (24)

The yield criterion used here for the bone is the Von Misdsddn. This assumes that only shear stresses
are responsible for plastic strains. As both the triggedhbone remodeling and damage variation are
function of the pressure value, this assumption may be tstactive. However, as no data is available to
us on bone behavior at plasticity, we will base our study @mréstrictive hypothesis. When Von-Mises
criterion is chosen, we have, only considering isotropiciaaing,

BEP — géldev(ﬂgﬂ) (25)
eq

where) is the plastic multiplier ande is the equivalent stress used for the Von-Mises criterion

Doblaré’s theory can be formulated using this definition inéss as well as a strain equivalence
approach. The damage tensor is therefore defined from thie fahsor as

B
D:I-(pﬂ> AH —T—H? @7)
0

In this damage tensor definition (equation 27), the adjggp@arameteA is obtained by particularizing
the anisotropic model to the isotropic case (for which thei€atensor is a unit tensor) so that one can
relate damage to the Young’s modulus value. The densityevialderived from the remodeling tensor,
H (equation 27), when considering normalized conditiongHerfabric tensor (ddf[ =1).

0= poAL/B (detH‘Z) 1/(3B) (28)
One can show that, in equation (28), #t? can be computed from the damage tenBor

detH 2 =det(I — D) = 1—detD —tr (D) +detDtr (D™ 1)

The damage criteria is the domain of an external mechanticaililsis, Y, for which damage is not
modified (the lazy zone as used in the literature of bone retitag) both for resorption and apposition.

3The strain rate tensor is an objective quantity.

4We noted an objective time derivative af adapted to a finite strain formalism.
5The Cauchy stress tensor is an objective quantity.



This external mechanical stimulug,, is identified with the variable thermodynamically asstadawith
the remodeling tensdfl, choosing to use the stress as the “external driving fohd& assume here that
this stimulus derives only from the elastic part of the Gibhsrgy,®.

_ 0®(o,H)

Y= — (29)
Gibbs energy is obtained, considering a linear and injtiatbtropic material onl§; as :
1/1 p?
== —tr(HsH __r
P 2(26”( s S)+K(l—nDh)> (30)

Y is therefore obtained in terms of the external independaritible (stress p ands) and the internal
variable (remodeling tensafl) as

1 2
Y= —sHs+— 1P 3

2G 3K (1—nDp)2 (1)

Following [17, 18] but considering a strain equivalence dgm definition, we propose two damage
criteria :

1/4
Formation g = n%/My/BpZ P/*p3e/8a-1/4 \/?;_TW(J DY (P +w)p> P8 <0 (32)
U
. 2744 -
Resorption g = ~uU Wi (J g VAL (g — w)p? B8 < 0 (33)

One can note that the resorption criterion (equation 33)asnverse of the criterion used by [17, 18].

Considering an associated evolution law for the remodeg&ngor, we can write :

v_ 09" og
H=Way THay

with the consistency conditions , " > 0;gf,g" <0,u'g" =g = 0.
Deriving the remodeling criteria, combining with the reretidg tensor definition (equation 27) and

the density variation of the Stanford model (equation 78, dkolution law of the remodeling tensor is
written as :

oy 3BKS, PO .
Formation: H = _2tr(H*2(W: TH) pW.J (34)
Resorption : H - 3RS T Poyy . 7-3 (35)

S 2Ar(H2(W:J3H) p

: 1 : . -
with J =W : Y andW = 5(1_ 2w)I ® I +w1 is a fourth order pseudo-unit tensor : for=1, itis a

unit deviatoric tensor, fow = 0, it is a unit hydrostatic tenstrAs two parametersy in the definition of
W andn in the definition ofo”, are defined to weigh the deviatoric and hydrostatic partergors, and
as they are defined on two distinct intervadsq [1, 3] andw € [0, 1]) we'll actually usew = 0.5(n — 1)
to reduce the number of parameters to one.

We thus propose an anisotropic CDM model, coupled to a bortexntescribed in a finite strain
elasto-(visco-)plastic framework, characterized by H#itg to reproduce the known experimental fea-
tures of bone remodeling and using independent interniahlas associated to the bone microstructure.
Even though the plastic part of the model does not play a najerin slow processes such as the ones

6This assumes that only the elastic part of the material behrelevant for the remodeling process.
7Let's note that fow = 1 however, equations (32), (34) and (35) are not defined! &fber,w < [0, 1].
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inducing bone remodeling, it can be of importance in othpesyof processes. The proposed model can
therefore be used in load situations inducing permaneainstrlt gives a continuum measure of the bone
architecture and density while keeping a macroscopic gguor of the bone tissue.

This formulation is integrated in a finite element code (oube code Metafor [21]) using the follow-
ing set of equations, whose details have been presenteis ipaber :

remodeling tensor: H = (I — D)~Y/?
p

effective stress : 0™ = dev(HsH)+ —x—1
strainrate: E = E®+ EP!
- Y
constitutive law : & = C°: (E — E")
. . v .
damage variation in formation .7 0O —r %W . |
Po

o Y .
damage variation in resorption ;H 0 —r EW:J‘3

The time-step integration (adapted from the isotropic dgemiategration proposed in [27, 28]) can be
described as follows : starting from a known stress stat@)and damagel), plasticity is computed
using effective stresses,(p) with a constant damage tensor (see [29] for details on hsipity com-
putation), giving plastic deformations and final stres&mage evolution is then computed and a new
value of the damage tensor is determined. Stresses anit plakirmations are then re-evaluated, up to
convergence of the updated damage tensor norm. A consiateygnt operator is also proposed for this
theory when integrated in this iterative process.

As stated in the introduction of this paper, this type of bommodeling modeIF( as equation 14)
cannot be applied to alveolar bone if no PdL nonlinearitiescansidered. It would indeed lead to either
formation or resorption on all sides of a tooth whether theebis submitted to tension or compression
because the external mechanical stimulus does not depetite @ign of the pressure but only on its
intensity (Y O p?). We therefore propose a model that uses an approach simitae one exposed, for
both the damage definition and variation as well as for theaggmtriteria. However, in accordance to
the observation of a pressure dependent phenomenon, toeeény rate definition is modified (Fig.3,
equation 36) taking into account the pressure state.

it 4

Figure 3: Pressure dependent remodeling rate, prepsoging positive in tension.

We here therefore consider an overload criteggrthat can be expressed as the formation criterion
(equation 32) and an underload criterm expressed as the resorption criterion (equation 33). ridvs
remodeling rate is thus given by :

Cfﬁ if gb>0,00<0 and p>0
Qu :
. —CG——» f g>00u<0 and p<O0
fom P2 P2 oo (36)
0 if go<0,0u<0
_Cl’ngLE;/z If guZQ gO<O




wherec; andcs are two remodeling constant,is the density related parameter introduced in equa-
tion (5) andp, the pressure is positive in tension. For numerical purpote differentiation between
formation and resorption whegy, > 0 is not exactly ap = 0 but atp = +0p <« 1. A linear regression
for the remodeling coefficient betwegn= —d&p (use ofc,) and p = dp (use ofct) is used. The damage
evolution is proportional to the defined remodeling ratetsat tepair will occur in the case of tissue
formation, for overloaded tension conditions. Damage widlease in the case of tissue resorption, both
in the case of overloaded compression conditions and watktl conditions. Therefore, when under-
loaded, the alveolar bone would resorb, as it is observdofirlg the loss of a tooth. However, when
overloaded, such as when following orthodontic treatmitat,bone will resorb where it is compressed
and will be formed where it is in tension so that the tooth withve in its socket along the direction of
the applied force.

3 Results

This bone remodeling model is first used on the alveolar ban@sgnding a 2D model of a tooth. The
aim is to predict the bone density and its evolution from atahideal situation (isotropic material
with uniform density distribution) when loaded by forceatticharacterize orthodontic appliances such
as brackets. The tooth’s movement represented is a tippovgment in the vestibulo-lingual direction,
achieved either by imposed rotation of a rigid tooth or by dsgd pressure on an elastic tooth’s crown.
The geometry of the tooth is idealized, with a parabolic eastounded by a constant thickness periodon-
tal ligament as well as trabecular and cortical bone. The @@ntetry and discretization used here are
shown in Fig.4 and have been described in [28]. The tooth leaédL mechanical behavior are consid-
ered as linear elasti&yoth ~ 20GPa, Vigoth = 0.3, Epq. = 0.6MPa, vpg. = 0.49 - quasi-incompressible).
The cortical layer as well as the trabecular bone mechabétavior is elasto-plastic with the anisotropic
continuum damage model described in this paper to reprbseet remodeling.

LABIAL SIDE

CROW Pa Tooth

PDL

Alveolar
Bone

Cortical
Bone

Figure 4: 2D mesh and boundary conditions of the tooth and
its surrounding tissues.

Finite Element analysis is performed, using finite straiodecMetafor [21], considering a plane strain
state as well as a quasi-static analysis. The basal bongguris fixed in both vertical and horizontal
directions. The initial situation corresponds for the alae bone to an isotropic homogeneous state with
initial densityp = 1.0g/cc (this density value corresponds to a porositymand a damage 088). We
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used the following set of parameters :

Y* = 10 MPa/day (homeostatic value of the stimulus)

N = 10® (number of load cycles a day)

m = 4 (exponent of the stress stimulujs,)

G =Cf = 0.1,\;‘g‘£7daayy (remodeling velocity for resorption and formation)

w = 25%* (half-width of the dead zone)

n = 1.2 (parameter weighing the hydrostatic and deviatoric pHrtise effective stress definiticgh)

Results are here presented for the load case consisting resaype force applied at the labial side of
the crown with a pressure value corresponding tdNehbmogeneously distributed force. The force is
maintained during 3 weeks, considering a thousand cycleg.aBbne remodeling is observed around
the apex of the tooth, resorption on the labial side and afipo®n the lingual one. One can observe that
this tooth movement induces both a change of density as welldange of orientation in the alveolar

bone structure. Fig.5 shows density values range fi®ro 13 gr/cc and also shows the anisotropy
behavior represented by fabric surfaces - graphical reptaton of the fabric tensor values along each
direction - at some arbitrary Gauss points. This changedndarincipal direction can be directly related

to a change in the bone microstructure. The trabecular tatien where bone remodeling is observed
aligns in such a way that bone fibers are perpendicular toabth troot surface (damage is greater
along the root), except at the apex where the hydrostatie sfahe bone switches from compression to
tension values. It can also be shown that the damage pririipations align with the stresses principal

directions.

plor/cd]
Tooth
Lingual side |

- 0.9

r 108

Alveolar bone

Figure 5: Alveolar Bone - Distribution of bone density a Gapsints, start-
ing from uniform density of Dg/cc, due to a bucco-lingual ro-
tation of the tooth (after 3 weeks of constant pressure)psdbs
show the fabric anisotropy at some arbitrary locationsil(idvees
length are inversely proportional to Young's modulus int tthia
rection).

8w is therefore equal t0.8 as used for other type of bone remodeling issues in [17, 30]

11



The bone remodeling model is also used, without its extenfio alveolar bone, to analyze the bone
structure evolution of a 3D model of a proximal extremity diemur. The 3D mesh is obtained from

a discretized surface data available from th&Hum dataset [31] (consisting for the whole femur of
4232 triangular cells). The proximal end of the femur is @sted from this surface and a volume mesh
is generated by the use of Tetgen [32]. The final 3D mesh dingsief 22669 linear tetrahedron and

4661 nodes is shown on Fig.6.
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Figure 6: Left - 3D mesh and boundary conditions of the pratiextremity of the
femur. Right - frontal cut through the mesh.

Following the same scheme as in [17, 30], we considered thedeling behavior under the action of
three simultaneous load cases that characterize the gagmemt. The initial situation corresponds to
an isotropic homogeneous state with initial denpity 1.8g/cc (corresponding to a porosity of .15). The
following set of parameters was used :

Y* = 50 MPa/day (homeostatic value of the stimulus)

N = 5000 (number of load cycles a day)

m = 4 (exponent of the stress stimulujs,)

G =Cf = O.OZ“E‘FTZ/ddag'y (remodeling velocity for resorption and formation)

w = 25%* (half-width of the dead zone)

n = 1.2 (parameter weighing the hydrostatic and deviatoric pErthe effective stress definition)

When comparing Fig.1, showing a section of the proximalessity of a healthy bone for which the
density distribution is related to the gray-scale of thdupig, to the results of the simulation presented
in Fig.7, we observe a similarity to the reality, morpholmdly speaking (as well as the same qualitative
results as previous models [17, 24]).

4 Conclusions

The present study introduces a numerical model for the sitioul of orthodontic tooth movement based
on the assumption that bone remodeling processes duritig to@mvement are controlled by elastic en-
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0.2[gr/cd Density 1.9[gr/cd
| L -

Figure 7: Proximal Femur Bone Remodeling : Distribution of
densities starting from uniform density of8f/cc,
5000 gait cycles a day (10 days). The base of the
femur head is considered as fixed.

ergy density as well as pressure state of the alveolar bohe.nfodel is built on a damage-repair law
proposed by Doblaré and co-workers [17]. This model has beesen as a working framework because
it is one of the few models whose stimulus variation is justifthrough thermodynamical concepts of
continuum mechanics. It identifies the bone voids with théties or microcracks of other material
damage models, but changes some of the standard assuntptamfept it to the special requirements of
living tissues, especially the possibility of decreasing damage level (repair) by providing the required
metabolic energy [17]. Its main drawback is the elastic ati@r of the bone matrix which therefore does
not include permanent strains of the bone matrix as a pessibchanism to get irreversible movements
of a tooth in its socket.

We therefore propose an enhanced model to be used in a firgite famework and for the speci-
ficities of alveolar bone remodeling. We assume for the boatira generalized material model and
considered it to be elasto-viscoplastic. The coupling agptity and damage is obtained using a strain
equivalence approach for the effective state in a contindamage framework. The model can therefore
be used to predict long term tooth movement due both to relimgdend permanent strains of the bone
matrix. The main restriction of the model is the choice mautdlie yield criterion. As no data is avail-
able to us on bone behavior at plasticity, we consider onlgraMises plasticity. This assumes that only
shear stress is responsible for plastic strains. This s needs to be confronted to experimental data
on bone’s yield behavior in order for the model to be validat&he pressure dependency of alveolar
bone remodeling is also treated, proposing a new remodedbegormulation.

The bone model is successfully applied to different typebasfes and loadings. We present some
results on the remodeling obtained around a tooth when egppovement is reached in an orthodontic
treatment. The model predicts variation of density as wed#llgeolar bone orientation obtained with this
tooth movement that seems coherent with the observational¥gesuccessfully used the remodeling
model to analyze the structure evolution ofa @roximal femur under the action of loads representative
of gait movement.
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