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Abstract

Aims/Objectives: In this work, we deal an elasticity model in 2D and 3D dimension for
deformation under constraint by taking into account the deformation displacement orientation.
This mathematical model can be used, for example, to describe the heart deformation taking
into account the orientation of the fibers for estimating global and regional parameters of the left
ventricular function.

Place and Duration of Study: Department of Mathematics and Computer Science, Faculty
of Sciences An Chok, University HassanlI-Casablanca and C. Jordan UMR CNRS 5208 Institut-
INSA Lyon, from June 2012 to July 2015.

Methodology: In first, we start by studying a model of Poisson problem under constraint on
a domain Q C R™ (n=2 or 3), considering a constraint on a part K of this domain. Secondly,
we consider the proposed 2D and 3D elasticity model of deformation under constraint by taking
into account the displacement orientation in the deformation. We treat only the case where the
orientation of displacement is a given constant vector. The eigenvalues case is being finalized.
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A major difficulty for those problems is to find a demonstration of existence and uniqueness of
solution, which are given in both 2D and 3D dimension.

A numerical approach of the solution using finite element method and its convergence is studied.
Numerical simulations are performed with Free Fem software. Simulations results and comments
are given in the end.

Results: Existence and uniqueness results are established in Sobolev spaces for the proposed
models. Convergence of the FEM approached solution is given and numerical simulations are
performed with success.

Conclusion: This work has been devoted to study a problem of elasticity under constraint in
order to take account the orientation of structure displacement. Both analytical and numerical
study of the proposed problem are realized. The numerical simulations give good results.

Keywords: FElasticity; orientation; deformation; simulation; existence; uniqueness; convergence.

1 Introduction

The heart is a vital organ whose eventual malfunctions can have fatal consequences, especially
cardiovascular disease and ischemic diseases are among the most deadly in industrialized countries.
Detection and prevention of such diseases is therefore a major challenge for modern medicine [1].

Actually, the patient’s prognosis with myocardial infarction is dependent not only on the location
and size of the infarction but also on the precise evaluation of the residual myocardial viability
which ideally allow to define a therapeutic strategy well suited.

Imaging modalities (scintigraphy, echocardiography, X-ray computed tomography, magnetic resonance
imaging (MRI) and ultrasonic imaging) were specified for acquiring images of the heart in motion
in two or three spatial dimensions.

The diagnostic medical imaging is mainly based on a visual analysis of segmental contractile function
and manual segmentation or semiautomatic for estimating global and regional parameters of the
left ventricular function [2].

This segmentation remains a time-consuming task, and of course subject to considerable variability
within and between operators. Research in the field of medical image processing aimed at making
the process of analyzing specific images faster and more automatic to reduce subjectivity and time
required for implementation of the algorithms [3],[4].

A semi-automatic, or automatic, segmentation process requires a good mathematical model for
expressing the deformation of the tissues. In that context, it is known, that a wrong stress
deformation model leads to a bad heart segmentation, in term of contours definition [5]. The
heart tissues are made of fibers which impose privileged directions in which the deformations take
place [6].

At the moment, mathematical models failed to represent the fibers of the heart tissues, therefore,
we propose to introduce a constraint on the feasible direction for the stress deformation in order to
mimic the fiber orientation.

The aim of this work is twofold: first to propose, a mathematical elastic model in 2D and 3D subject
to a stress deformation constraint which mimics the fiber orientation in the left ventricular of the
heart. And second to prove this model has one solution which can be approximated with a finite
element method.
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In order to keep the presentation as clear as possible, the first section is dedicated to a simplified
situation where a diffusion model is substituted to an elastic model. Thus, the displacement u solves
a Poisson problem subject to a constraint for its gradient. Then a mixed formulation is given for
the Poisson problem subject to a constraint and an existence and uniqueness result is discussed for
that formulation.

In the second section, we consider that the displacement u satisfies a linear elastic model subject
to a constraint which is enforced by the stress fiber orientation. For this mathematical model, the
heart is considered as an orthotropic environment [6],[5][7],[8].

As previously, the problem is expressed in a mixed context, leading to a problem more intricated
than the one given in the first section. An existence and uniqueness result in 2D and 3D dimension
are given. The main difficulty for those problems is to find an equivalent problem which leads to a
mixed formulation and permits thanks to a saddle point problem to prove existence and uniqueness
result.

The proposed models are studied numerically and an a priori error estimate is established. The
paper is ended with numerical simulations, which are performed with Free Fem software [9]. The
effects of the constraint is assessed with these numerical simulations.

2 A Poisson Problem Under Constraint of Strain

Neglecting the elastic nature of the heart tissues, the displacement of a slice of the left ventricle
of the heart, denoted by 2, is denoted by u. Let w be a privileged direction for the displacement
gradient, then u solves a Poisson problem subject to the constraint Vu.w = 0 [10].

In the sequel, 2 is an open bounded domain of R™ (n=2 or 3), whose boundary is denoted by I

2.1 The mathematical model

We denote by u the vector describing the displacement of a material point = in €2, f expresses the
exerted pressure on €2, wherein the constraint is verified.

The simplified model taking into account the constraint of gradient leads to the following equations:

—Au=f inQ,
u=20 on 09, (2.1)
Vuw =0 on 2.

where w is a given displacement vector direction such that w = ,and (ai,.....,a,) € R™.
Qan

In what follows, basically, a mixed formulation for the Poisson problem consists in dealing with two
unknowns, the displacement and the gradient of the displacement.

2.2 Weak mixed formulation

Let V = (L*(Q))"*" and W = {v € (H())"/Vuw =0 on Q}. Then W equipped with the
inner product (., '>(Hé(Q))" is a non empty closed vector subspace in (H$(Q))". We set 0 = —Vu,
and we consider the following problem:
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Find (o,u) € V x W verifying:

c+Vu=0 in Q,
dive = f in Q, (2.2)
u=20 on 0.
u the displacement vector, f the exerted pressure on €2, o is the variation of w.
Remark 2.1. The problem (2.1) is equivalent to (2.2).
Let 7 € V and v € W two test functions, then
/JXTda:—l—/VuXTd:E—O VeV,
Q (2.3)
/dwavd:p*/fvdm Yv e W.
with x is the matrix product in My xn,(R).
Using Green formula in the second equation and adding to the first one, we obtain
/JXTd:E+/VUXTd$+/JXV'Ude*/f.vd{L' Vr€Vand veW. (2.4)
Q Q Q Q

For (o,7,v) € V XV x W, we put

a(o,7) = /axm—/ Za”ﬂ,dx

i,j=1

and

b(o,v) :/a X Vvda::/ Z Tij 5= 61)] dx
Q

i,)=1

Proposition 2.1. a(.,.) is a bilinear, symmetric and continuous form on V- x V, and b(.,.) is a
bilinear and continuous form on V- x W. Moreover a(.,.) is coercive.

Proof. We know that a(.,.) is a bilinear and symetric form. On the other hand we have,

a(o,7) = /JXde—/ Za”n]dx

i,j=1

thanks to Hlder and Minkowski inequalities [11], we obtain:

(o,7)] < (le / |oij] d:c) (;1 / |75 dr)

la(o, T)| <|lollv]lrllv

then

so a(.,.)is a bilinear, symmetric and continuous form. Since

a(o,0) = / o x odz = ||o||}.
Q
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We demonstrate that a(.,.) is a bilinear, symmetric, continuous and coercive form on V x V.
Using the same steps for the demonstration of continuity of the bilinear form a(.,.), we have:

[b(a, v)[ < [lollv[[Vollv < loflv[[o|lw

so b(.,.) is a bilinear and continuous form on V x W. O

In order to put the problem (2.2) in the context of a mixed formulation, we consider the following
system

find o € V verifying : (2.5)
a(o,7) =0 V1 e V. '
and satisfying the additional constraints
b(r,v) = / fwdx for all veW. (2.6)
Q

since V and W are Hilbert spaces and thanks to the proposition (2.1) ,this problem is equivalent
to find o € V such that:

J(o) = min{J(T)/T €V and b(r,v) = —/Qf.vd:v,Vv € W}

where

J(r) = %a(T, T);VT € V.

Then the problem (2.5) under constraints (2.6) has been transformed into a minimization problem
under constraints.

We introduce now the following Lagrangian:
L(r,v) = J(1) + b(1,v) — G(v)
with
G) = f/ fovdz.
Q

Notice that

6—L(a u),7) =ua(o,7)+b(r,u) =0

87_ ’ ’ v - ) ) -

and

<%(g, u),v>W — b(o,v) — G(v) = 0.

(-,-)y and (.,.)};, are respectively the inner product in V and W. So a weak mixed formulation of
the problem (2.2) is given by the following system [10]:

find(o,u) € V x Werifying :
a(o,7) +b(r,u) =0 vrev, (2.7)
b(r,v) = G(v) Yv e W.
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2.3 Existence and uniqueness theorem

We give in this paragraph, a result of existence and uniqueness based on Brezzi’s theorem [10],[12]
for the solution of the Poisson model under a constraint of deformation.

Theorem 2.1. If the bilinear form af(.,.) is symmetric, continuous and coercive on V XV, and the
bilinear form b(.,.) is continuous on V x W, then if there exist a real v > 0 satisfying the following
condition ”infsup” :
b
sup ( inf _b(nv)
rev veW [[vlly, (7]l

the problem (2.7) admits unique solution.

) >

Proof. Thanks to proposition (2.1), we know that the bilinear form a(.,.) is symmetric and
continuous on V' x V, and the bilinear form b(.,.) is continuous on V x W. Moreover a(.,.) is
coercive. On the other hand, let choosing 7 = Vv for a given v € W, then

bro) /QT x Voudz - /QVU X Voudzx - HVUH%/ -
lollw 17l ol 7l ol 7l Dol V2l
So
sup ( inf b(r, v) )>1

rev veW [|vfly [I7lly,

and we deduce that the problem (2.7) is well posed, consequently the Poisson problem undgn
constraint of strain (2.1) admits a unique solution.

3 An Elasticity Model with Stress Fiber Orientation

In this section, we focus on the case where the displacement u is described by a model of elasticity
in both cases 2D and 3D dimension, taking into account the orientation of the fibers in the heart
deformation. Let n € {2,3} and © an open bounded domain in R".

3.1 The mathematical model

We recall that the strain tensor and the stress tensor are defined as follows:

all(u) Elz(u) Eln(u)
621(’&) EQQ(U) 62n(u)

e(u) = . . .
en1(u) en2(u) ... enn(u)

where €;;(u) = % (gz; + gz)

(J’11(’U,) Ulz(u) O’ln(u)
ooa1(u)  oa2(u) ... oon(u)

o(u) = . . .
Unl.(u) Unzl(u) Um;(u)

Given 6 € R and w € €2, the proposed mathematical model is defined as follows:
—divo(u) = f inQ,
ce(uwyw=0w in K CQ, (3.1)
u=0 inI.
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K is the part of , wherein the constraint is verified and w is a given vector orienting the
ai

displacement such that w = : and (a1, .....,an) € R™.
Qn

Before studying this model, we introduce some properties of matrix.

Definition 3.1. Let T a matrix n?2 x n? and A a matrix n X n, such that

1111 T1112 - T111n 1121 1122 oo 1120 coevrerenieniananen t1in1 t11n2 ... tiinn
t1211 t1212 ... t121n 1221 t1222 ... T1227 coeviriieeinininens t12n1 t12n2 ... ti2nn
tin11 t1n12 - tinin t1n21 t1n22 oo T1n2n coveveveiieniinene. tinnl tinn2 - tinnn
ti111 ti112 - Tit1n ti121 Ti122 oo iton coeeeiiiiieenn titnl titn2 .- tilnn
tio11 ti212 ... tioin ti221 ti222 ... ti22m coveeiiiiiiins tion1 tion2 ... tionn
T — (3.2)
tinll tile tinln tin21 tin22 tinQn ~~~~~~~~~~~~~~~~~~~~ tinnl tinnZ tinnn
tn111 thi112 - tniin thi2l Thi122 oo Tnion coveveveiiininene. tninl thin2 ... tninn
tn211 tho12 -.. thoin th221 1222 .. £1n29m ceveiiiiieiinn, tnonl thon2 ... thonn
trnil nni2 - tnnin tnn2l tnn22 o tnn2n coovevvnnenenann, trnnl thnn2 too. thnnn

One can also write T' = (tijr) 1<i<n -
1<jsn
1<k<n
1<12n

Then, we define the following matrix product 7' : A = Z tijkiQkl-

ijkl=1

Remark 3.1. 1. Idg,24n2 : B = B for all B in My xn(R).

2. (A+T):B=A:B+T:Bforall Aand T in M,2,,2(R), and B in M,x»(R).

3. At (T:B)=(AxT):Bforall Aand T in M, 2,,2(R), and B in M, x»(R).
To more simplify the model 3.1, we consider the following system:

—divo(u) = f inQ,
e(u) =0Idpn in K CQ, (3.3)
u=0 inT.

Remark 3.2. If u is a solution of (3.3), then w is solution of (3.1).
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Since the heart is an orthotropic medium [13],[14],[15],[16] the stress tensor can be written as follows:
o(u) = C : e(u).
C is the elastic stiffness. C is a n? rank tensor which can be writen as (3.2) [11].

Knowing that o(u) = C : £(u), and that D is the C inverse matrix, witch named the elastic
complaisance [17],[18] then the problem (3.3) is equivalent to the following system:

—dive(u) = f inQ,
o(u)=C:0Idgn in K CQ, (3.4)
u=0 inT.

Thanks to remark (3.1), the problem (3.4) is equivalent to the following problem:
—dive(u) = f inQ,
o(u) +e(u) = (C + Idgnxn) : 0Idgn in K C 9, (3.5)
u=0 inT.
We introduce the spaces
V _ L2 (Q)nxn
and

W = {v e (Hy(2)"/30 € R" suchas o(v)+e(v) = (C + Idgnxn) : 0Idgn on K}

n

W equipped with the inner product (., '>(H(§(Q))n is a non empty closed vector subspace in (Hg(Q))",
consequently V and W are Hilbert spaces. We consider the following problem

find (o,u) € V x W verifying :

o(u) +e(u) = (C + Idgnxn) : 0Idgn in Q,
—div(o) = f in Q,

u=0 on ON.

(3.6)

Notice that a solution of the problem (3.6) is also a solution of the problem (3.1). Now let 7 € V
and v € W two test functions, then:

/JXTd:c+/E(u) Xde:/(C—i—Ianxn):Glan X Tdx vreV
Q Q Q

(3.7)
—/ div(o).vdx:/f.vdx Yve W
Q Q

Using Green formula and adding those two equations, we obtain:

/U><Tdm+/s(u) ><de+/a><a(v)dm:/ f.vd:r+0/(C’+Ian,Xn):GIan x Tdx (3.8)
Q Q Q K Q

‘We consider
a(o,T) :/ oxr7dzx, V(o,7)€V XV,
K

b(r,v) = / T xe()dz, V(r,v) eV xW,
K

() = /(C+Ianx”) :0ldgn x rdx, VT €V,
Q

Gv) = /Kf.vdx, Yv € W.
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Proposition 3.1. a(.,.) is a bilinear, symmetric, continuous and coercive form on V x V, and
b(.,.) is a bilinear and continuous form on V x W.

Proof. We know that a(.,.) is a bilinear and symmetric form. On the other hand we have,

a(o,7) = / o X Tdx
Q
Thanks to Hlder and Minkowski inequalities [11], we obtain:
la(o,7)| < Mllo||v|T]lv.
So a(.,.) is a bilinear, symmetric and continuous form. Since

a(o,0) = / o X odr
Q

then:
2
a(o,0) = |lo]|v.

so a(.,.) is a bilinear, symmetric, continuous and coercive form on V x V. For the bilinearity of
b(.,.) is easily verified, let demonstrate that it’s continuous.

i,j=1
thanks to Hlder and Minkowski inequalities, we obtain:

[b(,v)| < <Z /an|2dx> (Z /eri(v)Fda:)

<AIrllvlle@)llv < lIllvilvllw

[b(7,v)| =

So b(.,.) is a bilinear and continuous form on V' x W. O

We consider the following problem:

{ find o € V verifying : (3.9)

a(o, ) =1(T) vreV
under the additional constraints b(r,v) = G(v) for all v € W.

Since V' and W are Hilbert spaces, and thanks to proposition (3.1), this problem is equivalent to
finding o € V such that:

J(o) = min {J(T),T €V and b(1,v) = / fvdx, Yv € W} .
K
Where: )
J(1) = 5@(7’7 T)=Il(r) VreV
We introduce now the following Lagrangian:
L(r,v) = J(1) + b(1,v) — G(v)

then
OL

<E(O’“)’T>V =a(o,7) +b(r,u) — (1) =0
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<%(g, u),v>W — b(o,v) — G(v) = 0.

(-,-)y and (.,.)y, are respectively the inner product in V' and W.
So the weak formulation of the modified problem (3.6) is given by the following mixed problem [10]:
find(o,u) € V x Werifying :

a(o,7) + b(r,u) = (1) VreV (3.10)
b(r,v) = G(v) Yu e W

3.2 Existence and uniqueness of solution

As like as the section (2.3), we deal to demonstrate the existence and uniqueness of solution for the
proposed elasticity model under constraint of deformation. We will use for this Brezzi’s theorem
[10],[12].
Theorem 3.1. If the bilinear form a(.,.) is symmetric, continuous and coercive on V XV, and the
bilinear form b(.,.) is continuous on V. x W, then if there exist a real v > 0 satisfying the following
condition 7infsup” :
b

sup( inf _brv)

rev veW [[olly, [I7lly,
the problem (8.10) admits unique solution (1, ).

) >

Proof. Thanks to proposition 3.1, we know that the bilinear form a(.,.) is symmetric and continuous
on V x V, and that bilinear form b(.,.) is continuous on V' x W. Moreover a(.,.) is coercive. On
the other hand, if we choose 7 = ¢(v) for given v € W, then

b(r, ) _ /QT x e(v)dz _ /Qa(v) x g(v)dz - ||€(v)||%/ L

[ollw Il vl 7l ol 7l ol lle@)lly

and

sup( inf _b(rv)
rev veW [lly lI7lly

We deduce that the Elasticity problem (3.1) under constraint of strain admits unique solution.

)> 1.

3.3 The a priori error estimate

This part is devoted to establish an a priori error estimate for solution to the problem (3.1). For
doing that we use the results proven in [10] since the constraint is linear which allows us to express
it in form of a kernel of a linear operator B.

Taking advantage of saddle point formulation, the error estimate for the variable u is handled thanks
to some properties satisfied by the kernel of B and the kernel of its projection into the finite element
space.

Define M = W and X = V, and consider the two Hilbert spaces X;, C X and M) C M given by
the finite element approximation. The approached problem of (3.10) can be written as follows:

Find (on,un) € Xpn X M}, which satisfy :
a(Vn, ) + blon,vn) = U(1h) V7, € Xh (3.11)
b(Th,’Uh) = G(’Uh) Yon, € Mp

where a(.,.), b(.,.), I(.) and G(.) are defined in the section (3.1).

10
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The norms considered respectively on X} and M), are those introduced respectively on X and M.

Theorem 3.2. If the bi-linear form a(.,.) is continuous and coercive on X5, X Xy, and if there
ezist a real yp, > 0 satisfying the following condition "infsup":

b
inf (sup — (T UR)
vhE€Mn 1 e Xy, HThHXh ||Uh||M,L

then the problem (8.11) is well posed.

) > (3.12)

Proof. X, C X and M C M,Thanks to proposition 3.1, then the bilinear form a(.,.) is coersive
and continuous on X} X Xp, and b(.,.) is a bilinear and continuous form in X5 x M;. We choose
7hn = €(vp) for given v, € Mp, then

X € d € X € d 2
o)y e [ e xsode e,
= = = =1 V’Uh S Mh

Imellx, lvnllag, — llonlly, Imellx, [onllar, el x, lvnllag, lle(r)llx,
and there exists 7, = 1 such that

. b(7h,

inf ( sup M) > Yh. (3.13)

vhEMn T, eX), ”ThHXh thHMh

Thus the problem (3.11) is well posed. O

Let B : X — M’ the operator introduced by b(.,.) on X and defined by the relation:
< Bt,v >=b(1,v)
and
N(B)={re€V/ b(r,v) =0, Yve M}
the Kernel of B.

We denote by By, : X;, — Mj, the operator introduced by b(.,.) on X} and defined by the relation:
< BrTh,vp >= b(Th,Uh)
and
N(Br) = {mn € X/ b(Th,vn) =0, Yo, € My}
the Kernel of By, [10].

The bi-linear form a(.,.) is continuous and coercive on X} X X, then we have
a(on,on) = ||Uh|\§(h ., Yon € N(By)
and
a(on,on)
llonl%,

=1, , Von € N(By). (3.14)

Let o, € N(Bn), so

sup M) >1 (3.15)
SR Tl Tonlx,
and one can write that:
a(on, ™)

Jap, >0 / inf sup @ T——t—
o NP Tl onlx,

> ay (3.16)

In the following we denote by (o, u) the solution of the problem (3.10) given by the theorem 3.1
and by (on,un) the solution of the discretized problem (3.10) given by the theorem 3.2 thus one
can announce the following error estimates.

11
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Lemma 3.3. Under the hypothesis (3.12) and (3.16), the solution (on,un) of the problem (8.11)
satisfies the following estimates:

llo —onllx < Cin_inf (Jlo —mallx) + Con inf (|lu—va||nm)
ThEXH vp EMp,

llu —unllar < Can_inf ([l = 7al[x) + Con_inf ([lu—val|ar)
ThEXH vp €My,

with

Con = % if N(By) ¢ N(B) and Cap, = 0 if N(By) C N(B),

moreover

Cip = (1 + M)(1 + M)7 Csn = Cth and Cyp, = (1 + M) + C’th~
ap, Yh Yh Yh Yh

ap, 1s the coercivity constant of a(.,.) and v, is the infsup condition constant.
Proof. See [10]. O

Proposition 3.2. Under the assumptions of theorems 3.1 and 3.2, and supposing that there is a
interpolation constant ¢; > 0 which verifies:

Vh € R} ,Y(1,v) € X x M,
i (I — 7hllx + [Jo — vnllar) < esh(]]7]x + |[v]lar) (3.17)

inf
(ThsvR)E(Xp X Mp)
then the error estimate for the finite element method applied to the problem (3.10) is given by:
llo = onllx < Crh(llollx + [[ul|m)
and
|lw = unllnm < Coh(||of|x + [|ullar)-

Proof. Thanks to (3.3) lemma, we have

llo —onllx <Cin _inf (llo = mllx) + C2n inf (|lu —vallm)
ThEXh vp €My,

and:

llu —un|lm < Ca_inf (||l — 7al|lx) + Can inf (|[u— val|m)-
ThEX}, vp EMp

Let Clmaz = maxz(Cin, Con) and C2pmee = maz(Csp, Can) So:

llo = onllx < Clmas inf (llo = 7allx + [lu — val|a) (3.18)
(Th,vp)E(Xn X Mp)

and:

o= unllar < C2maw inf (o = 7allx + i — vnllar): (3.19)
(Th,vn)E(Xp X Mp,)

Taking 7 = 0 and v = w in (3.17), one can conclude that

inf (llo — mlx + [Ju = vallar) < esh(llol|x + [Jullar) (3-20)

{ Vh e R, (o,u) € X x M,
(Th,vn) €(Xp X Mp,)

We replace (3.20) in (3.18) (3.19), then there exists ¢; > 0 that:

12
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llo = onllx < Clmas[eih(llo]|x + [|ullam)]

and:
llu —un|lm < C2maz[cih(||o]|x + [[ul[ar)]-
So:
llo = onllx < Cih(||o||x + [|ul|am)
and:

llu = unl[sr < Coh(llof|x + [[ullar)-

with C1 = Clyaeci and Cs = C2masCi.
Remark 3.3. This error estimate is also verified for the Poisson problem under constraint.

4 Numerical Results

We used the Free Fem software for numerical simulations for the two presented models: Poisson
and elastic one subject to constraint. A simple geometry, a unit square in 2D and a unit cube in
3D have been choosen for € [9],[19],[20].

We give in what follows a graphic representation of the mesh and Level lines of the deformation
according to the boundary condition and constraint choice.

4.1 The Poisson model under constraint simulations
The following simulations are performed with zero Dirichlet boundary conditions for two different

. . 1 . S
orientations, w = ( (1) ) and w = ( 0 ) Moreover the deformation follow the y-direction.

Comment: In the Fig. 1, the chosen orientation w follows the deformation direction y-axis, then
we have a great deformation which follows the y-direction. In the second figure, the orientation w
follows the x-axis, so we observe that we have a low deformation.

2
2 1.5
1
1.5 0.5
2 0
0.5
0 -0.5
-0.5 =1
-1 =15

-1.5

Fig. 1. Poisson model under constraint, with Vuw =0 and w = (0;1)
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: T 1
. W raral 05
e 0
ol B R 0.5
-1 F -l'
-1‘5 3
15

X : z
= 0.2 y

Fig. 2. Poisson model under constraint, with Vuw = 0 and w = (1;0)

We conclude that when the chosen orientation w follows the deformation direction, we have a great
deformation.

4.2 The elasticity model under constraint simulations: 2D dimension
In the case of the elasticity model, simulations are performed under mixed boundary conditions for

two different orientations, w = < ? ) and w = ( (1) >

0.1
o,
0.06 :
0.04 0.06
>
.g'gi guz
-0.06 -0.04
-0.08 -0.06
-0.08
0
Fig. 3. = (1;0)
15
1
1.? { 0.5
0.5 = 0
0 -0.5
-0.5 -1
-1 -1.5
-1.5
1
7]
0
0.2 X
0.4 4y
0.6 2
s 0.8
10

Fig. 4. Elasticity model under constraint (u)w = 3w with w = (0;1)
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Comment: As like as the proposed Poisson model, in the Fig. 4, the chosen orientation w follows
the deformation direction y-axis, then we have a great deformation which follows the y-direction.
In the Fig. 3, the orientation w follows the x-axis, so we observe that we have a low deformation.

We conclude that when the chosen orientation w follows the deformation direction, we have a great
deformation.

4.3 The elasticity model under constraint simulations: 3D dimension

We present in this section the simulations performed for the elasticity model under constraint taking
into account mixed boundary conditions for different orientations. The chosen deformation direction
follows the y-axis, then follows the xy-plane.

Comment: In the Fig. 5, the chosen orientation w follows the deformation direction xy-plane,
specially the y-direction, so we remark that we have a great deformation, more then the deformation
recorded in the Fig. 6 because the chosen orientation w follows the deformation direction x-axis in
xy-plane. When the orientation w follows z-axis, we observe a low deformation. Moreover, when
the orientation w follows x-axis, y-axis and z-axis in the same time, we remark a low deformation.
We conclude that when the orientation follows the deformation direction.

e
/JDS

T Ads Y
A
T — 5

Axis X R&\\(
1

Fig. 6. Elasticity model under constraint (u)w = 3w with w = (1;0;0)
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Fig. 8. Elasticity model under constraint (u)w = 3w with w = (1;1;1)

5 Conclusions

As a conclusion, this work has been devoted to study an elasticity problem under deformation
constraint. In first section, we started by studying the Poisson model under constraint for more
understand the saddle point problems [10]. The second section was dedicated to study the elasticity
problem under deformation constraint. We demonstrate the existence and uniqueness of solution
for this problem, and we make an error estimation of solution.

To illustrate numerically what we did in the two section before, we integrated some numerical
simulations in the third section.

The results of this study will be useful for proper extraction of characteristic information in a cardiac
image. The numerical results will be applied to a cardiac image to detect the contours of the left
ventricle under deformation constraint.

In what follows this project, we are in the phase of studying the case of eigenvalues and his
simulations, and after that, we will apply these simulations on an image of the heart, to make
a correction of the cardiac images segmentation.
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