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Abstract

We consider the approximation of a bone remodeling model with the Signorini contact conditions by a contact problem with
normal compliant obstacle, when the obstacle’s deformability coefficient converges to zero (that is, the obstacle’s stiffness tends
to infinity). The variational problem is a coupled system composed of a nonlinear variational equation (in the case of normal
compliance contact conditions) or a variational inequality (for the case of Signorini’s contact conditions), for the mechanical
displacement field, and a first-order ordinary differential equation for the bone remodeling function. A theoretical result, which
states the convergence of the contact problem with normal compliance contact law to the Signorini problem, is then proved. Finally,
some numerical simulations, involving examples in one and two dimensions, are reported to show this convergence behaviour.
© 2008 Elsevier Inc. All rights reserved.
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0. Introduction

In this work, two contact problems between a body, made of a bone remodeling material, and an obstacle are
considered from the variational point of view. The bone remodeling model, derived by Cowin and Hegedus (see
[2,10]), is a generalization of the nonlinear elasticity, and it is based on the fact that the “living bone is continuously
adapting itself to external stimuli.” The ability of the model presented in this paper to predict the bone remodeling is of
great importance because this process has an enormous effect on the overall behaviour and health of the entire body.

During the last ten years, some papers dealt with mathematical issues of these models as the existence and unique-
ness of weak solutions under some quite strong assumptions (see, e.g., [14—17,19]), the analysis of an asymptotic
rod model [4-7] or the numerical stability of finite element models [9]. This paper concludes somehow the results
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Rigid or deformable obstacle

Fig. 1. Contact problem for a bone remodeling body £2.

presented in [3] and [6], providing a theoretical result which states the convergence of the solution to the normal com-
pliance contact problem to the solution to the Signorini contact problem, when the obstacle’s deformability coefficient
converges to zero (i.e., when the stiffness coefficient tends to infinity). Moreover, some numerical results are also
shown which demonstrate this convergence numerically.

The paper is outlined as follows. In Section 1 we describe briefly the mechanical problems and we derive their
variational formulation. Our main theoretical result is then proved in Theorem 5. Finally, some numerical simulations,
involving examples in one and two dimensions, are then provided in Section 2, which demonstrate numerically the
accuracy and the behaviour of this convergence.

1. Mechanical and variational problems

In this section we present a brief description of the models (see [2] for further details of the bone remodeling model,
[3] for the description of the contact problem with a deformable obstacle including bone remodeling and also [6] for
the description of an asymptotic bone remodeling rod model with Signorini contact conditions).

Let us denote by £2 C R, d=1,2,3, an open bounded domain and let I” = 952 be its outer surface which is
assumed to be Lipschitz continuous and it is divided into three disjoint parts I'p, I’y and I'c. The body is being acted
upon by a volume force of density f, it is clamped on I'p and surface tractions with density g act on I'y. Finally, we
assume that the body may come in contact with an obstacle, which can be deformable or rigid, on the boundary part
I'c which is located at a distance s, measured along the outward unit normal vector v (see Fig. 1).

Let u be the mechanical displacement field, o the stress field, e(u) = (¢;; (u))f{ =1 the linearized strain field given

by
®) L(dui  ou;
Ein) == s
Y 2 8Xj 3)61‘

and e the so-called bone remodeling function, which measures the change in volume fraction of elastic material
(present in the bone, which is a porous material), from a reference volume fraction of the elastic material denoted in
the sequel by &.

According to [2,10], the constitutive law for the body §2 is the following,

o =(é+e)l(e)e),

where the fourth-order tensor C(e) = (Ciju (e))l‘.{ kd=1 is a constitutive function whose properties will be described
below in formula (1). We notice that the classical Hooke’s law is derived if £y =1 and ¢ = 0.

We turn now to the description of the contact conditions. First, we assume that the contact is produced with a
deformable obstacle, and the well-known normal compliance contact condition is employed (see [11,13]); that is, the
normal stress o, = ov - v on [ ¢ is given by

—oy=— Uy — )4,
u

where u, = u - v denotes the normal displacement in such a way that, when u,, > s, the difference u,, — s represents
the interpenetration of the body’s asperities into those of the obstacle, i > 0 is a deformability coefficient (thus, 1/u
represents somehow the stiffness of the obstacle) and (u#, — )4+ = max{0, u, — s}.
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Secondly, we assume now that the contact is produced with a rigid obstacle, and the classical Signorini contact
conditions are employed (see [12]); that is,

u, <s, o0,<0, (@,—s)o,=0.

We remark the Signorini contact conditions can be understood as the limit of the normal compliance contact condition
when u — 0.

We also assume that the contact is frictionless for both problems, i.e. the tangential component of the stress field,
denoted 0 ; = o v — 0, v, vanishes on the contact surface.

Let us denote by - the inner product in R¢ and by | - | its corresponding norm. Let S? be the space of second order
symmetric tensors on R?, or equivalently, the space of symmetric matrices of order d, and let : be its inner product
and | - | its norm.

The evolution of the bone remodeling function is obtained from the following first-order ordinary differential
equation (see [2,10]),

e=a(e) +Ale) 1 e(u),

where a(e) and the second order tensor A(e) = (A;; (e))f{ j=1 are constitutive material coefficients depending upon the
bone remodeling function e. Again, their properties will be described below in formulas (2). Moreover, a dot above a
variable represents the time derivative.

We emphasize that for the functions C(e), a(e) and A(e), which characterize the material properties, there are few
experimental data concerning their form. In some papers, polynomial approximations have been employed (see, for
instance, [10]).

Let us define the following truncation operator @ : R — [—L, L] by
r if|r| <L,
L otherwise.

‘15L(r)={

Finally, the model is assumed quasistatic and therefore, the inertia effects are neglected. Moreover, let eg =

e, (t = 0) denote the initial bone remodeling function at time t = O for the normal compliance problem and
eg = e(t = 0) for the Signorini’s problem.

If we suppose that the obstacle is deformable, then the strong formulation of the contact problem, within the
framework of adaptive elasticity and small strains, is the following (see [3]).

Problem P . Find the mechanical displacement field u,, : £2 x (0, T) — R9, the stress field ¢ w2 x(0,T)— s
and the bone remodeling function e, : £2 x (0, T) — R such that ¢, (0) = eg and fora.e.r € (0,7),

0, (1) = (80 +eu())Clen(®)e(uu () in 2,

e, (t) = a(eﬂ(t)) + .A(eu(t)) : e(uu(t)) in £2,
~Dive () =y (§0 + PL(en)) f(1) in L,

u,(t)=0 onlp,

o,(t)v=g(t) only,

1
(0,):()=0, (Uu)u(t)z_;((uu)v(t)_s)Jr onlg.

Here, y > 0 is assumed to be constant, for the sake of simplicity, and it represents the density of the full elastic
material present in the bone.

If we assume that the obstacle is rigid and within exactly the same framework of the previous problem, the strong
formulation of the problem with Signorini contact law is the following (compare with the asymptotic contact rod
model of [6]).

Problem P. Find the mechanical displacement field u : £2 x (0,T) — R4, the stress field o : 2 x (0, T) — S¢ and
the bone remodeling function e : £2 x (0, ') — R such that ¢(0) = ¢¢ and for a.e. t € (0, T),
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o(t) = (E+e®)C(e))e(u(®)) in £,

ét)=a(e(r)) + Ale(r)) : e(u@®)) in£2,

—Dive (1) =y (§0+ PL(e(®))) f() inL2,

u(t)=0 onlp,

o(t)v=g() only,

o:(1)=0, u,t)<s, o,t)<0, (u,—s5)o,=0 onlg.

We observe that in the two equilibrium equations the truncation operator @; was applied on the respective bone

remodeling functions. This is done from the mathematical point of view since these functions will be proved to be
bound (see Theorems 2 and 3), and so we will can remove it.

We obtain now a variational formulation of both Problems P, and P. First, let us denote by H = [L2(£2))4,
Y = L?(£2), and define the following variational spaces

V= {w € [Hl(.Q)]d; w=0o0n FD},
0={r= (Tij)ﬁjzl € [LZ(Q)]dXd; T =1, 1<i,j<d},

and let U be the admissible mechanical displacement convex set given by
U={weV, w-v=w, <son ¢}

The following assumptions are done on the given data.
The elasticity coefficients C;ji;(e) are assumed to satisfy the following properties:

(a) There exists L¢ > 0 such that for all e1,er € R

|0 + eD)Cijui(er) = (§o + e2)Ciju(e2)| < Leler — eall.
(b) There exists M¢ > 0 such that

|0+ )Cijii(e)| < Mc Ve eR. (1)
(©) Ciju(e)=Cjiri(e) =Cpjjle) fori,jk,l=1,...,d, YeeR.

(d) There exists m¢c > 0 such that

(Eo+e)Ce)T:T>mclt)*> VreSt, VeeR.

The constitutive function a(e) and the bone remodeling rate coefficients A;;(e) are assumed Lipschitz and bounded
functions. Therefore, there exist L,, L 4, M, and M 4 such that

@ |a(e)) —a(e)] < Laler —eal, |ale)| <M, Vey,ere€R, }

2)
(b) |A(e1) — Alex)| < Laler —eal. |Ale)| <My Vey,erecR.

Remark 1. Previous assumptions (1) and (2) are not too restrictive because the bone remodeling function is bounded,
as we will prove later (see Theorems 2 and 3). Therefore, the usual examples for these functions, as provided in [10]
using first-order polynomial approximations, will satisfy these assumptions.

The reference volume fraction & satisfies the following conditions for some S(’)” <1,
g eC(R), 0<&<&(x)<1 forallx e . 3)
The density forces have the regularity,
fec(o.T[c@]Y). gec(0.TL:[cTm]’). )
and the initial values of the bone remodeling functions ep and eg verify that

eo,eg e C(2). (5)
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For every e € L°°(£2), let us define the following bilinear form c(e; -,-) : V x V — R,

cle;u,v) = /(So +e)C(e)e(u):e(v)dx VYu,veV,
Q

and the linear form L(e; -) : V — R given by
L(e; v) :/y(§0+d5L(e))f ~vdx —i—/g -vda YveV.
Q I'y
Let us define the contact functional j: V x V — R as
1
ju,v)=— /(u,) —s)yvyda Vu,veV.
n
I'c
Applying Green’s formula, we then derive the following variational formulations of Problems P, and P.

Problem VP,. Find the mechanical displacement field u, : [0, 7] — V and the bone remodeling function ¢, :
[0, TT— L°°($2) such that e, (0) = eg and fora.e.t € (0,7),

ép()=ale () + A(ep () : €(uu (), (6)
c(en@);up (@), v) + j(up(r),v) =Leu();v) YoeV. (7)

Problem VP. Find the mechanical displacement field  : [0, T] — U and the bone remodeling function e : [0, T] —
L®°(82) such that e(0) = ¢g and fora.e.r € (0, T),

ey =ale®) + Ale®)) : e(u)), (8)
cle();u@),v—u(®) >L(e(t);v—u@)) VYvel. )

The following result states the existence of a unique solution to Problem VP. It can be proved by using similar
arguments to those employed in [6] for the case of an asymptotic bone remodeling rod model with Signorini contact
conditions (full details were provided recently in [18], see also [16]).

Theorem 2. Let the assumptions (1)—(5) hold. Assume that, for any given function e € C'([0, T1; C(£2)), the unique
solution to the following problem:

u()eU, cle@);u@),v—u@®)>L(e);v—u®) VYveU, (10)

has the regularity u € C([0, T1; [H3(£2)19) for d = 2,3 or the regularity u € C([0, T1; H*(£2)) for d = 1. Then,
there exists a unique solution to Problem VP with the following regularity:

ue (0,71 [C'@]Y), eec'(l0,T]; C(%)).
Arguing in an analogous way, we also have.

Theorem 3. Let the assumptions (1)—(5) hold. Assume that, for any given function e, € Cl([0, T): C(R2)), the unique
solution to the following problem:

u, () eV, clep(®);uu@),v)+ j(uu(t),v)=L(eu(t);v) YveV, (11)

has the regularity u, € C([0, TT; [H3(.Q)]d) for d =2,3 or the regularity u € C([0, T]; Hz(.Q)) for d = 1. Then,
there exists a unique solution to Problem VP, with the following regularity:

u, € C([0, T1;[C'@)]), e eC(10,T1; C()).
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Remark 4. We notice that these two existence and uniqueness results, Theorems 2 and 3, are obtained by assuming
that the variational inequality (10) or the variational equation (11) have a unique solution with the required regularity
u,u, € C([0,T]; [H3(£2)1%) ford =2,3 or u, u,cC(0,Tl; H?(£2)) ford = 1. The proof of both results, detailed
in the recent PhD thesis [18], is based on the existence and uniqueness result stated in [16] in the study of bone
remodeling problems without contact. Anyway, the proof of both theorems, without such assumptions, is not done yet
and it remains as an open and interesting problem which we hope to address in the near future.

The aim of this section, and of the paper, is to prove the convergence of the solution to Problem VP, to the solution
to Problem VP, when the deformability coefficient u tends to zero. This is established in the following.

Theorem 5. Let the assumptions (1)—(5) hold. Then, the solution (u,, e, ) to Problem VP, converges to the solution
(u, e) to Problem VP in the space C([0, T]; V x Y) when the deformability coefficient |1 tends to the zero; that is,

Oglt%{uuu(t) —u®)|, + |ex®) —e®)],} >0 whenpu— 0. (12)

Remark 6. In addition to the mathematical importance of this result, it is interesting to remark that, in applications,
from this theorem we can conclude that the solution to the contact problem with a rigid obstacle may be then ap-
proached by the solution to the contact problem with a deformable foundation, for small obstacle’s deformability
coefficients. This is very important for the applications, since contact problems with normal compliance give much
better results than Signorini problems due to the loss of the regularity of its solution and they are easier to be solved.

Proof. In order to simplify the writing and the calculus we assume that s = 0 and that the initial conditions coin-
cide (i.e. eg = ¢g for all u > 0). Clearly, it is straightforward to extend the results presented below to more general
situations.
First, let us estimate the error on the bone remodeling function. Integrating in time both differential equations (6)
and (8) we have
t

e(t) = / [a(e(s)) + A(e(s)) :e(u(s))] ds + eg,

0
t

e, (t) = f [a (eu(s)) + A(eﬂ(s)) : e(uu (s))] ds + eg.
0
Subtracting both expressions we find

t
et = el < [ (Jalets) = alent)y + [AC) s e(at0) ~ Aleu ) sl 6)] ) ds.
0
Using now properties (2) it follows that
la(e) —alen®)ly < Laflet) = eu)]y.
[A(e®)) s e(u(s) = Aleu)) : e (uu )|
[ Alen()) : () = Alen(s)) : (wu )]y + | Ale®) : () = Alen()) s ()] y
Clu) =]y +ents) —e®y),
where C, in what follows, is a generic positive constant which depends on the problem data and, here, it is linearly

dependent on the norm ||& (#) ¢ (g)¢xa- Moreover, the regularity provided in Theorem 2 has been used.
Thus, we obtain that

<
<

t

le®) = e, < C/ (Jluts) —up)|y +|le(s) —es)|,)ds. (13)
0
where C is independent of u, ¢ and e.
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We proceed now with the mechanical displacement fields. In what follows, we suppress the dependence on time to
simplify the writing. Taking v =u — u,, € V in the nonlinear variational equation (7) we have

clegsuy,u—uy)+ juy,u—uy)=Ley;u—uy),
and using c(e; u, v — u, +u, — u) instead of c(e; u, v — u) in (9), it follows that
cle;u,uy, —u) > Le;v—u)—cle;u,v—u,) YveU.

We observe that we cannot take v =u — u,, € U in (9) because, in general, we cannot guarantee that u, € U.
Since u,, < 0 on [ itis easy to check that

JWy,u—wuy)=juy,, w)— juy,, u,)<O0,
and the previous equations can be rewritten as
cley; —uy,u—uy) <—Leg;u—uy),
cle;u,u—uy) < Lle;u—v)+cle;u,v—u,) Vvel.
Keeping in mind that
—L(ey;u—uy)+Le;u—v)y=L(e;u—uy)—L(ey;u—uy)+Le;u—v)—Lesu—uy,) YveU,
and
cley; —uy,u—uy)+cle;u,u—uy)=cle,;u—uy,u—uy)+cle;u,u—uy)—cleg;u,u—uy),

adding the previous inequalities and using properties (1), (4) and the inequality
1
ab<6a2+4—b2, a,b,e eR, € >0,
€
we find that

lu—uu |y < C(lle — eplly + v —wplla + 11v = wplly2ryye +cleu,v—uy) YvelU.

Therefore, we obtain the following estimates for the displacement field

1/2 1/2 1/2
lu = ully < C(lle = eplly + o = wyllyf> + o — w13 o+ leCesw v —u)|?) Vo eu. (14)

Combining now estimates (13) and (14) and using Gronwall’s inequality we conclude that

s ([~ 1,0, + e - 0,0, )

1/2 12 ) 172
< CogltagT(Hv(t) —u, ()| + o) —uu @) ||[L2(FN)]d +|c(e®); u@), v@) —u, )| ) (15)
for all v € C([0, T]; U). Taking into account that j (u, (1), u,(t)) = 0, using property (1)(d) we find that
2
mellu, @)}, < (e @) up (0, u, (1)) < L(ep();uy, (1) < Cllup @]y
and therefore, there exists M > 0, independent of w, such that

<M Vu>0.

Ju. ],

Hence, there exists a subsequence of (u,(t)) denoted by (u,, (¢)) which is weakly convergent to an element %(t)
belonging to V (since V is a closed space). Let us prove that u(t) € U, i.e. we shall verify that u, (1) = u(t) - v <0
on Pc.

Using again properties (1) it follows that c(ey, (¢); wy, (t), uy, (t)) > 0, and thus we have

J (00 (1), 1 (1) < Ly (0); 1, (1)) < Cllugy (0| y SCM,

where C is a positive constant independent of ¢, y, u and e.
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Taking limits it follows that

lim S /[(“uk (f))v]+(“uk (1)), da < CM = constant,

and, by Fatou’s lemma, we have

Oé/ﬂlkigo{[(uw(t))u] (0 (1), }da < hm/ w, (1), ], (), da =0,

Ic

since u,,, (t) converges strongly to #(t) on Ic (the trace operator from V into [L2(I'o) is compact). Thus, we find
that ch [@,(t)]+uy(t) da =0, which implies that i, (f) < 0 on I'c. Therefore we have proved that u(¢) € U.

Keeping in mind that V is compactly embedded in H (Rellich—Kondrachov theorem) and that the trace operator is
also compact from V into [L2(I'y)]¢, the subsequence (u, (1)) is also strongly convergent to z(¢) in H and its trace
is strongly convergent to the trace of #(¢) in [L2(I'y)]%. Moreover, since uy,, (t) —u(t) in V, taking v(t) = u(t) in
(15) we have

lc(e(®); wt), a(t) — ”uk(’))|]/2 —0 asug— 0,
and taking again v(¢) = u(¢) in (15) we conclude that
oK {Jlu@) —u @], +[e@) — e ]} =0 as ux — 0. (16)

Finally, for any other subsequence (u,,, (1)) of (u,(¢)) weakly convergent to another element #(t) € V we can repeat
these arguments and we again obtain that #(r) € U, so the limits are equal to zero, as in (16). Thus we can conclude
that (16) is verified for all the sequence (u,(t)). O

2. Numerical results with a fully discrete scheme

In this section, we introduce a finite element algorithm for approximating solutions of both variational Problems
VP and VP, and present some results, involving test examples in one and two dimensions, which demonstrate nu-
merically the convergence behaviour stated in Theorem 5.

2.1. Numerical algorithm

The discretization of the two variational problems is done in two steps. First, we consider the finite element spaces
V" c V and B" c L®(£2) C Y given by

V= {w" e [C(s_z)]d; w! e [Pl(Tr)] TreT", w'=0on Ip),
B = {gh e L®(2); %-lTr € Py(Tr), Tr e Th},

where £2 is a polyhedral domain, 7" denotes a triangulation of 2 compatible with the partition of the boundary
I' =98 into I'p, I'y and I'c, and P, (Tr), g =0, 1, represents the space of polynomials of global degree less or
equal to ¢ in Tr. Here, h > 0 denotes the spatial discretization parameter. Moreover, we define the discrete admissible
mechanical displacement convex set U" = U N V"; that is,

th{w e vh: wﬁ’:wh-véshonl};},

where s is an appropriate approximation of the gap function s.

Secondly, the time derivatives are discretized by using a uniform partition of the time interval [0, T'], denoted by
0=t <t <---<ty =T, and let k be the time step size, k = T /N. Moreover, for a continuous function f(¢) we

denote f,, = f(t,).
Using the forward Euler scheme, the fully discrete approximations of Problems VP and VP, are as follows.

Problem VP"k, Find a discrete dlsplacement field u"* = {uhk}n o CU h and a discrete bone remodeling function
ek = {ehk}N 0 C B such that eO = eo andforn=1,..., N,



J.R. Ferndndez et al. / J. Math. Anal. Appl. 343 (2008) 951-964 959

Wk, hk . h Dk Bk, h o hk ho_ gk
clensuy v" —uy) = Ly v" —uy) Vo' eU”,

ok _ gk

DI (el )+ AR (),

where eg is an appropriate approximation of the initial condition ep and ugk is defined as the solution to the following
problem

hk _ 1k h. hk . h o hk hooh ok ho_ ik
ug* € U",  c(eg;ug , v" —ug®) = L(eg; v" —ug*) V" eU".

Problem VPZk. Find a discrete displacement field uﬁk = {(uﬂ)ﬁk},llvzo C V" and a discrete function e* =

{(eu)f’,k},’,\’:O C B" such that (eu)gk = eg andforn=1,..., N, :
c((ewns @' o) + (@ o) = Lyt ") v e V!
(e’ = (ewpt
k
where eg is an appropriate approximation of the initial condition ey (which we assumed, as in the previous section,
equal to the initial condition for the Signorini’s problem) and (u #)gk is the solution to the following problem,

=a((ent ) + At ) (@it ),

@ eV c((ew: gt ") + (@t v") = L(ef: v") vt e VI

From the properties (1), using classical results on nonlinear variational equations and nonlinear variational inequalities
(see [8]), it is straightforward to obtain the existence and uniqueness of solution to both fully discrete problems (see
also [4] for theoretical results dealing with the approximation of an asymptotic bone remodeling rod model without
contact).

Remark 7. The numerical analysis of the fully discrete Problem VPZ]‘ was done in the recent paper [3]. There, we
proved the following error estimates under suitable regularity conditions on the continuous solution,

nggN{ ” () — (uu)zk ”V + || (ep)n — (eu)zk “Y} <Ch+h.

where C is a positive constant independent of w, 4 and k.
Proceeding in a similar way, we can also prove the following error estimates,

[en —en[ly} < (A2 +K).

s (Jn — ], +

Therefore, combining the previous estimates and keeping into account Theorem 5 we can easily conclude that

max {lun’ — @[y + [en” = @y}

0<n<N
< o max {laon = @iy + [ewn = ot [y} + max {lun = @onlly + Jen = €y}

s o=l +en =¥} >0 as sk —0,

We notice that the above fully discrete problems were solved by using a penalty-duality algorithm introduced in
[1] and already applied to the solution of other contact problems. The numerical schemes were implemented on a
3.2 GHz PC using MATLAB.

2.2. Numerical results for a one-dimensional example

As a first example, we consider a one-dimensional setting. A bar which occupies the domain 2 = (0, 6) is assumed
to be in contact with an obstacle (deformable or rigid) on its right corner, so s = 0 m. A positive compression force is
then applied on its left end, which enforces the body to maintain the contact with the obstacle (see Fig. 2).

The following data have been employed in the numerical simulations (polynomial approximations as in [10] for
C(e), a(e) and A(e) are used):
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Fig. 2. Example 1D: A bar in contact with an obstacle.
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Fig. 3. Convergence of the solution when p — 0.

1
I'p=%, T =100 days, C(e):g—+(Co+Cle), a(e) = ag + ae + are?,
0o+e

A(e) = Ao+ Are, Ag=—216 (100 days)~!, A; =216 (100 days) ",
£0=0.892, y=1740kg/m>, f=0N/m’, g=8x10"2GPa, s=0m,
Co=125.69 GPa, C;=252.08GPa, ag=—1296 x 10~* (100 days)~",

ar = —1296 x 1072 (100 days) ™', a» =216 x 1072 (100 days) ™.

Moreover, we assume that the initial bone remodeling function is given by

eo(x) =0 Vx e (0,6).

0.02

Our aim here is to show the numerical convergence of the solution when the deformability coefficient u tends to
zero as stated in Theorem 5. Therefore, two fine uniform partitions of both the time interval and the domain have been
considered with the discretization parameters & = k = 0.001.

In Fig. 3 we plot the evolution in time of the mechanical displacement of the contact point x = 6 for several values
of u (left-hand side) and the evolution, with respect to u, of the mechanical displacement of this node at final time
T = 100 days (right-hand side). As can be seen, the convergence to the Signorini case (1(6, ) = 0 for all t € [0, 100])
is shown. Moreover, we notice that a similar behaviour can be reported for the respective discrete bone remodeling
functions.

The errors, given by

= s (ot — i, + en =l )
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Fig. 5. Example 2D: A rectangle in contact with an obstacle.

and obtained for different values of u, are shown in Fig. 4. We notice that the convergence of the solution when  — 0
is clearly observed (in fact, it seems that a linear behaviour is achieved).

2.3. Numerical results for a two-dimensional problem (d =2)

As a two-dimensional example, we consider the rectangular domain §2 = (0, 6) x (0, 1.2) which is clamped on the
boundary part I'p = {0} x [0, 1.2]. No volume forces are supposed to act in the body, a linearly increasing surface
force acts on the boundary part [0, 6] x {1.2} and, finally, the body is supposed to be in contact with a deformable
obstacle on the contact boundary I'c = [0, 6] x {0} (see Fig. 5).

The following data were employed in this example:

T =100days, f=0 N/m3, g(x,y,t)=(0,—5x) MPa,
1
Eote
s=0m, a(e)=ag+aie+are®, ag=—1296x 10~* (100 days)~!,

a; = —1296 x 1072 (100 days) ™!, a» =216 x 1072 (100 days) ',

Cle) = (C+Cle), A =A"+Ale, §=0892, y=1740kg/m’,
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Fig. 7. Example 2D: Contact boundary depending on 1.

where the fourth-order tensors C? = (C?jkl)i ikt and cl = (Ciljkl)l?‘j) v1—1 and the second-order tensors A° =
(A?j),-z,jzl and A! = (Ailj)iz,jzl have the following components:

€Y, =25.69GPa, (Y, =11.67GPa, C3,, =25.69GPa,

€Y =Cpy=0GPa, CV,,=7GPa, C}; =252.08GPa,

Clry =114.58 GPa, Cl,,, =252.08 GPa,

Chyiy = Chyy =0GPa,  Cjyy =68.75 GPa,

A} =216 (100 days) ™!, A9, = —216 (100 days)™!, A%, =43 =0,

Al =216 (100 days)™!, A}, =216 (100 days)~!, A9, =AY, =o0.
Moreover, we assume that the initial bone remodeling function is given by

eo(x,y) =0 V(x,y)€(0,6) x (0,1.2).

Taking k = 0.01, as the time discretization parameter, the mechanical displacement field (multiplied by 20) at final
time together with the reference configuration are plotted in Fig. 6 for a deformable obstacle (left) and for a rigid one
(right). We notice that, if we assume that the obstacle is deformable, a clear penetration is produced, but if the obstacle
is rigid, then no penetration is obtained.

The transverse mechanical displacement of the contact boundary is plotted in Fig. 7 at final time T for different

values of p. As can be seen, the displacement converges to zero when p — 0 since we assume that the body was in
contact with the obstacle.
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Fig. 8. Example 2D: Bone remodeling function after contact with a deformable obstacle (left) and with a rigid one (right).

0.04 . , : : :
0.03f
0.02}
~~
()
O  ooft
-
o
X o
=
o)
001} ]
——y=2x107*
404
002 w10
—— p=2x10"
— signorini
008 . ‘ . . ;
0 1 2 3 4 5 6

Fig. 9. Example 2D: Bone remodeling function, on the contact boundary, depending on 1.

Finally, the results concerning the bone remodeling function are presented in Figs. 8 and 9. This function is plotted,
at final time, in Fig. 8 for the deformable obstacle (left) and for the rigid one (right). As can be seen, if the obstacle
is assumed deformable, then the bone remodeling function has large negative values around the left lower corner
while on the right part it has positive values. However, if the obstacle is rigid, the bone remodeling function is again
negative on the left part (with smaller values) and positive on the right one, but it seems that it is constant through
the transverse direction of the rectangle. This is shown clearly in Fig. 9, where we depict the convergence of the bone
remodeling function, assuming contact with a deformable obstacle, at final time and on the contact boundary, to the
bone remodeling function of the Signorini contact problem, at the same time and on the contact boundary.

3. Conclusions

This paper deals with the approximation of the solution to the contact problem with a rigid obstacle by the solution
to the contact problem with a deformable obstacle, when its stiffness tends to infinity. The bone remodeling of the
material was also taken into account. A convergence result, Theorem 5, was proved by using a priori estimates of
both the displacements and the bone remodeling function, Gronwall’s inequality and Fatou’s lemma. Then, some
numerical examples were performed in one and two dimensions to demonstrate, from the numerical point of view,
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such convergence behaviour. First, a simple one-dimensional example was considered, from which the numerical
convergence of the solution to the normal compliance problem to the solution to the Signorini’s problem was clearly
observed, when the deformability coefficient p tends to zero, either pointwise (see Fig. 3) or either in the energy
norm for the displacements and in the L2(§2)-norm for the bone remodeling function (see Fig. 4). We noticed that
a linear convergence with respect to the parameter p seemed to be achieved, but it was not theoretically proved yet.
Secondly, a two-dimensional example was presented. The numerical results shown in Figs. 6 and 8 demonstrated that
different solutions were obtained for each problem (for instance, a clear penetration into the obstacle was produced if
the obstacle was assumed deformable and different bone remodeling functions were obtained). In order to show the
convergence behaviour numerically, in Figs. 7 and 9 we depicted the displacement fields and the bone remodeling
functions, respectively, at final time and on the contact boundary for some deformability coefficients. Again, the
convergence to the solution to the contact problem with Signorini’s conditions was shown.
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