Energy-consistent modeling and simulation of
stents in arterial tissues

Francesco Bonaldi
LAMPS, Université de Perpignan Via Domitia
https://fbonaldi.github.io

from joint works with:

M. Barboteu, S. Dumont, F. Jourdan,
R. Mansour, V.A.T. Nguyen, and T.H. Nguyen

Journées annuelles OcciMath
Montpellier, May 27, 2026

Lm an r agence nationale

Université de la recherche
Perpignan AU SERVICE DE LA SCIEN
Via Domitia

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026



https://fbonaldi.github.io

ANR JCIC Project “MaNStarT” (2025-2029)

MaNStarT: Mathematical, mechanical, and Numerical modeling of Stents in arterial Tissues

Members

« Mikaél BARBOTEU (PR, Université de Perpignan) : modeling, simulation, domain decomposition techniques
« Francesco BONALDI (MCF HDR, PI, Université de Perpignan) : modeling, 3D simulations

« Serge DUMONT (PR, Université de Perpignan) : modeling, 3D simulations

* Mircea SOFONEA (PR, Université de Perpignan) : theoretical analysis, existence, uniqueness

« Rawane MANSOUR (PhD student, since Jan 2025) : adhesion, plasticity, 2D/3D simulations

* Vo Anh Thuong NGUYEN (Post-doc, since Feb 2026) : active set method, domain decomposition, HPC

External collaborators

« Sophie BRUGE (R&D Director, Sim&Cure, Montpellier) — Validation of numerical results
« Christophe CHNAFA (Strategy Officer, Sim&Cure, Montpellier) — Validation of numerical results
« Franck JOURDAN (Professeur, LMGC, Université de Montpellier) — Validation of numerical results

anr d{.,i.l]tt nationale Lm E (J
de la recherche Université

Sim&Cure

SECURE YOUR TREATMENT
Perpignan
Via Domitia

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 1/41




Project “MAPHAS” (2024-2027)

MAPHAS : Un Modéle de contact avec Adhésion/décollement pour des
Problémes Hyperélastiques en dynamique : Application au déploiement d’'un Stent en

contact avec un tissu artériel
PhD thesis of Thach-Hoang NGUYEN

Advisors

« Mikaél BARBOTEU (PR, PI, Univ. Perpignan)

« Francesco BONALDI (MCF HDR, Univ. Perpignan)
« Serge DUMONT (PR, Univ. Perpignan)

« Franck JOURDAN (PR, Univ. Montpellier)

External collaborators

« Beatrice BISIGHINI (CIS Saint Etienne — numerical aspects)
« Miquel AGUIRRE FONT (UPC Barcelona — numerical aspects)

e ks © (22

LaRégion f ité
Sedianc Perpignan
Via Domitia

Hopitaux
Universitaires
Geneéve

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 2/41




Modeling of stents in arterial tissues

Context and goals
P sz

Goals

« Devise a digital twin of a stent-artery system

» Develop numerical schemes consistent with the energy of the system

Timeline

* Mechanical modeling of elastic continua undergoing large strains
« Application to stents and to soft biological tissues
» Validation of numerical results (LMGC and Sim&Cure, Montpellier)

Scientific challenges

« Strong ities (vi lasticity in large strains, superelasticity)

+ Strong non-smoothness (frictional contact, adhesion, plasticity)

« Numerical simulations in 3D (HPC techniques)
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Stents

m Must be capable of being squeezed into wire-like structures
m Recover original shape depending on the material they are made of

m Hyperelastic (stainless steel, silicone) or superelastic (nitinol)

& [Auricchio & Taylor, '97; Auricchio et al.,’ 14]
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Soft biological tissues

O Elsstic Hyperelastic

m Mechanical properties determined by collagen and elastin proteins
= Can be stretched up to 15% without damage

m Typically characterized by a hyper-viscoelastic behavior

& [Pioletti & Rakotomanana, ’00; Hu & Desai, ’04; Destrade et al.,’14]
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Outline

1. Model: dynamic hyperelasticity with viscosity and contact
2. Energy-consistent discretization

3. Numerical experiments

e Benchmark test case
e Real-life application: stent in an arterial tissue

4. Extension to superelasticity/plasticity
e Main features of the model

e Stent—artery simulation with plasticity

5. Conclusions and perspectives
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Mechanical model

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 7/41



Mechanical model 1

(0
~ (0]
3.
Idy|
2,00 '
509(!)
=0 e (-,1) >0

-1
x*® = arg _min HlP“)(X“).f)—(P(Z)(X(z),f)”=((Pm) )

x50
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Mechanical model |

(0
/—,
a(g(l)
0(9(2)
t=0 e (1)

x*® = arg _min ”‘p“)(x“’,t) _ (pm(x(z)’t)” - (tp(z')_‘ (0@ 1)
x50
Normal distance (gap):
dy = v (P xD,1) - (3, 1))
Normal and tangential relative velocities:
dy=v- (¢<1>(x<1>,z) —o® (Xuz),,))
de = 1=y o) (V1,1 - @ (x*@, 1))
& [Curnier & Pietrzak,’99, ...]
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Mechanical model 11

g(l)

(=0 t>0
o _ o /L,-
dy >0 dr = lldelI735y
Contact law: {4, <0 Friction law: {||A;|| + udy, <0
Aydy =0 e[ ([l + pdy) = 0

Persistence condition: A, d, =0
& [Moreau, ’99; Laursen, *03]
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Mechanical model 111

Let @ (x,1) = x+ud(x,7) and F®) = V@ =T+ Vu® be the deformation gradient.

Find the displacement field u = (u'),_ , s.t.

pii — DivII(F,F) = f

M — T1¢ ) 7
Momentum balance, | 1(F:¥) = I°(F) + II°(F. F)

constitutive law, u=0
BC and IC:

Mv=g
u(0) = ug, u(0) =y

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier

in Q9D % (0,7),
in QD % (0,7),
on  8,QY x(0,7),
on 9,21 x(0,T),
in Q(i);
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Mechanical model 111

Let @ (x,1) = x+ud(x,7) and F®) = V@ =T+ Vu® be the deformation gradient.
Find the displacement field u = (u'),_ , s.t.

pii — DivII(F,¥) =f in Q9D % (0,7),
N\ _ Yy ) " : (i)
Momentum balance, | (E-¥) = I°(F) + I°(F. ) in Q )% (0,7),
constitutive law, u=0 on Q" x (0,7),
BCand IC: Mv=g on Q% x(0,7),
u(0) = ug, a(0) =u; in Q.

d; >0, ,=0

o o on 0.Qx(0,7T);
d;, =0; dy>0, 1, <0, 4,dy =0

Persistent contact: {
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Mechanical model 111

Let @ (x,1) = x+ud(x,7) and F®) = V@ =T+ Vu® be the deformation gradient.
Find the displacement field u = (u'),_ , s.t.
pii — DivII(F,¥) =f in Q9D % (0,7),
N\ _ Yy ) v : (i)
Momentum balance, I(F,F) =0°F) + I°(F,F) in Q ' x (0,7),
constitutive law, u=0 on Q" x (0,7),
BCand IC: Mv=g on Q% x(0,7),
u(0) =ug, u(0) =u; in QD

d; >0, ,=0

o o on 0.Qx(0,7T);
d;, =0; dy>0, 1, <0, 4,dy =0

Persistent contact: {
dr = llde Il =y
Friction: |- + pd, <0, on 0.Qx(0,7T);
lld- (A |] + pdy) = 0
where
m II(F,F) = Piola—Kirchhoff stress tensor
m I1¢(F) = gpWe(F) = elastic stress, II°(F,F) = ;W (F,F) = viscous stress
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Mechanical model IV

Let Q= QD uQ® v = (y) ¢ g1(QD) . v() =0 on §,QD}, V := VD) x v 2,
Fort € (0,T),findu eV, A, € H2(5.Q), and A, € H'2(9.Q)4 ! s.t.

ini-vdx+JH:Vvdx+P(.+f(u,v):If-vdx+J g-vda, VvelV,
Q Q Q 2,Q

Peip(u,v) = J (Ay ddy + A7 - dd;) da,

e

with

od, =v- (v“) —vl(z)),

ad; =(I-vev) (v(l) —v“z))
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Energy-consistent discretization
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Time integration scheme I

Letu;y = %(uiﬂ —-u;) —u; and C; = F/F;. Find w;;; € Vst forallveV,
p(u,+1 w) - vdx +J Ha]go Vv dx+LH’,’ L2 Vv dx

—J i+1de J -1Vda

l+2
+J (/ly 1 i+l+), T,~+1)d“=0
0. 2 2

c

At

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 13/41



Time integration scheme I

Letu;y = %(uiﬂ —-u;) —u; and C; = F/F;. Find w;;; € Vst forallveV,

1 v
o p(u,+1 ) - de+J Ha]go Vv dx+LH, L Vv dx

—J i+1de J -1Vda

i+5
+J (/ly 1 i+l+), T,~+1)d“=0
8.9 2 p

c

Gonzalez discrete elastic stress

e _
Halgo - Fi+%zalg°

oW e ey W ) AG
Ea]go—z (C 1)+2(W ((J,+|)*‘V ((J,)*TC((JH_%)A(J, m

with AC; = Ci;1 — C;

& [Gonzalez, "00]
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Dynamic hyperelasticity without contact

Gonzalez scheme vs Midpoint rule
Mechanical energy at t = t;

1
E; ZZ—J pﬁi'ﬁidx+J We(Cl-)dx
2 Q Q

—=— Gonzalez

e Energy vs. Time —*= Midpoint rule Vertical displacement: Gonzalez vs Midpoint
—=— Gonzalez 15
—— Midpoint rule
72 1.0
5
7.0 £ 05
g
> kS
% a oo
Ges s
3
g -0.5
6.6 >
-1.0
64 -15
] 2 a 6 8 10 0 2 4 8 10
Time Time
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Time integration scheme II

dy, ~d
Let dLeapfmg = d,, + AL 2=l and define the discrete contact velocities

2 At
5
° L —dy.
6d _ Vi+] i ,
Vivd At
53 d:,,, —d
Ti+% - At

Contact & Friction: Midpoint with Leapfrog procedure

if dy ™™ >0: A, , =0, 4 , =0
Vi-d 2

2

if dy*™=0: od, >0, A

2

<0, A& ,6dy , =0;
i+5 i+

2

1
Tt e,y I+ pds, ) <0,
2

lode, , (U, I + s, ) =0
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Space-time discretization

m P;—Finite Elements

b= (V" e [C(@Q)]9: vk € Pr(K)¢ VK € T", v = 0 on 8,Q}

s Find u"*" = {u 0 C Vi Ak = (ah " C (VM*, and
PUSIERPLE 0 C (Vh)* s.t,foralli=0,...,n,
~ p(um—uh) \4 dx+JH : Vv

—J fi+l V dx — J .+1'Vh da
Q 2

+J uh 8dh +/1h 8dh ) da =0, w'evh,
0-Q 2

+1
2 *3

N\

with I, 4l =1II;, +1IIV | and frictional contact conditions
g0 i+5
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Space discretization of persistent contact conditions

Let p € S ¢ 9.Q" be a mesh boundary node. Then:
if d, ,>0: Ayp =0, 4, =0;
it dy,=0: dy,20,
/ly’p S 0,

o
/lv, p dv, p= 0,
along with the discrete friction conditions:

I . .
R TP Tk
P

e pll + pdy,p <0,
lde,p I Az pll + pdy,p) =0
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Complementarity functions

Let ¢,, ¢+ > 0. Persistent contact and friction conditions can be recast as

Rf(éy,p,/lv,p) =—Ay,p —max(0,-4, , — ¢, é}v,,,) =0,
R (de.p. Ay, ps Ar p) = Max(~pidy.p Az p + Cr depl)Ar.p
+ 1dy (e + Cr dep) =0
~> Primal-Dual Active Set method

& [Hintermuller et al., 03, Wohlmuth et al.,’08]

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 18/41



Primal-Dual Active Set method
Let k£ € N be an iteration index. Define

o (k)
y{"f“ ={pesS: /l‘(,klz +¢y dy,, <0} = {contact nodes},

k+1 (k) o (k)
I ={peS: Lptevd, , = 0} = {gap nodes},

K+l K+l . p1 (k) o (k) () -
A ={p e A" |47, + cr dg |l + pd, ), 2 0} = {sliding nodes},

: o (k)
I = (p e Ak ||/1£,k,l +ord, |l + y/lif‘,), < 0} = {sticking nodes},
and solve the following nonlinear system at each time step:

R"(u, ) =Mii+A(w,u) + A, + A, —f-¢g

R(u, ) = R;}(u’ ) =4, p —max(0, -2, — ¢y Colv,p) =0

R-;-l(ua )= max(_ﬂ/lv,py ”/Lr,p +Cr d‘r,p”)/Lr,p + pdy p (/Lr,p +Cr d‘r,p)

F. Bonaldi (LAMPS, Univ. Perpignan)
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Numerical experiments
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Hyper-viscoelastic ring on rigid a foundation I

Ciarlet—-Geymonat hyperelastic energy (compressible material):
We(C) =C (I] - 3) + C2(12 - 3) + D(I3 - 1) - (C] +2Cy + D) In I3,

(r(C))* - u(C?)

C=F'F, I = tr(C), L= 2 )

I3 = det(C)
Curnier’s viscous power density:

W (C) = gtr(Cz)

S
7\
( : hyperviscoelastic ring
U/

e

7 7777777,
s // 222,
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Hyper-viscoelastic ring on a rigid foundation II

=—a Specific penalized method

v—v EMM method

+—e Scheme 2 steps with Signorini and persistence conditions
0.062 +—o Leapfrog Scheme with persistence conditions

\
0.060 \

Energy

vy oy
0.058 \

0.056 &\v—v—v—v—v—v—v—‘

1.0 1.5

2.0 2.5

3.0
time (s)

Discrete energy behavior of selected time integration schemes during impact (77 = 0)
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Hyper-viscoelastic ring on a rigid foundation III

=—a Leapfrog Scheme with persistence conditions and without viscosity (1 = 0)

v—v Leapfrog Scheme with persistence conditions and with viscosity (n = 0.00001)
+—e Leapfrog Scheme with persistence conditions and with viscosity (n = 0.00002)
+—e Leapfrog Scheme with persistence conditions and with viscosity (1 = 0.00004)

0.060 - 1
A
4
23 0.056
St
Q
(=1
5|
0.052
004§ 5 15 2.0 25 3.0
time (s)

Discrete energy behavior with the PDAS-Leapfrog scheme with frictionless persistence and
viscosity (77) conditions

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 23/41




Hyper-viscoelastic ring on a rigid foundation IV

=—a [eapfrog Scheme with persistence conditions and without friction (1 = 0)
v—v Leapfrog Scheme with persistence conditions and with friction (u = 0.1)
+—e Leapfrog Scheme with persistence conditions and with friction (1 = 0.2)
+—e Leapfrog Scheme with persistence conditions and with friction (u = 0.4)

0.060

0.056

Energy

0.052

0'04%.0 1.5 2.0 2.5 3.0
time (s)

Discrete energy behavior with the PDAS-Leapfrog scheme with persistence and friction (zt)
conditions without viscosity
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Hyper-viscoelastic ring on a rigid foundation V

=—a Leapfrog Scheme (Nn=0;u=0)
v—v Leapfrog Scheme with viscosity and friction (n = 0.0001 ; u = 0.1)
+—e Leapfrog Scheme with viscosity and friction (n =0.0004 ; u =0.1)

1 1 1
1.0 1.5 2.0 2.5 3.0
time (s)

Discrete energy behavior with the PDAS—Leapfrog scheme with persistence, friction (x) and
viscosity (77) conditions
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Hyperelastic ring in 3D on a rigid foundation

Simulation: Torus 3D

Velocity Magnitude
2 0.0e+00 1 2.4e+00
X = .

Credits: V.A.T. Nguyen (postdoc at LAMPS)
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Hyperelastic ring in 2D on a deformable foundation

Velocity Magnitude
0.0e+00 0.2 04 0.6 08 1 1.2 1.5e+00

Credits: V.A.T. Nguyen (postdoc at LAMPS)
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Stent in an arterial tissue |
Ciarlet—-Geymonat hyperelastic energy (compressible material):
We(C) = C](I] - 3) + CQ(IQ - 3) + D(I3 — 1) - (C] + 2C2 + D) 1[1]3,
Curnier’s viscous power density:

Wwo(C) = gtr(Cz)

Z
e p = 1000kg/m®, Ar=Ls
: "™ =05MPa, )" =0.5-10"2MPa,
H C3ent = 2. 10> MPa,  CStn = 2 MPa,
I DY = 0.35MPa, DS = 140 MPa,
| Y % ¢, = 10000MN-m/s, c¢; = 100 MN-m/s

Initial stent—artery assembly mesh
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Stent in an arterial tissue II

Step O: Insertion of the balloon  Step 1: Inflation of the balloon Step 2: Extraction of the balloon

. )

Distorted meshes of the stent—artery assembly
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Stent in an arterial tissue II1

1
E; = —J. ou; - u; dx+I We(Ci)dx
2 Jo Q

»—a PDAS-Leapfrog Scheme without viscosity (n =0.)
v—v PDAS-Leapfrog Scheme with viscosity (n = 0.5)
4—a PDAS-Leapfrog Scheme with viscosity (n = 1.)
+—e PDAS-Leapfrog Scheme with viscosity (n = 1.5)
e—e PDAS-Leapfrog Scheme with viscosity (n = 2.)

0.2 - - - -
m 0.0
I -0.2F 1

041 g

=E

-0.61
-0.8+ N

Energy AE
s

|
o
=0

0.2 0.4 0.6 0.8 1.0
time

Behavior of the discrete energy difference between the times #;41 and ¢; for the PDAS-Leapfrog
scheme with contact conditions, without friction and with viscosity (77)
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Stent in an arterial tissue IV

1
E; = —J. ou; - u; dx+I We(Ci)dx
2 Jo Q

»—a PDAS-Leapfrog Scheme with viscosity and without friction (n = 1. ; 0 =0.)
v—v PDAS-Leapfrog Scheme with viscosity and friction (n = 1. ; u=0.1)
+—a PDAS-Leapfrog Scheme with viscosity and friction (N =1.; u=0.2)
+— PDAS-Leapfrog Scheme with viscosity and friction (n = 1. ; 0 = 0.3)
e—e PDAS-Leapfrog Scheme with viscosity and friction (n =1. ; L =0.4)

0.0

1

TS
P o
= =

&
=)

Energy AE

0.0 02 04 0.6 038 1.0
time

]
o
T

Discrete energy difference between the times #;4; and #; for the PDAS-Leapfrog scheme with
conditions of contact, friction (u), and viscosity (77)
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Extension to superelasticity/plasticity
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Large-strain kinematics for plasticity

Q /\
HHH )

\\\\ /(

F=Vp=1+Vu,

m F¢ = elastic deformation gradient

m F" = inelastic/plastic deformation gradient

m Inelastic strain spatial velocity gradient:
Ltr — FtrFtr—l — Dtr + Wtr
symLT  skwL¥

m For isotropic transformations (no kinematic hardening), W' = 0
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Mandel’s tensor

To analyze the evolution of stress in the intermediate configuration Q,
we introduce Mandel’s tensor:

owe

M = 2C¢
0Ce

(€%,
satisfying the dissipation condition

M: D" > 0.
It allows to express the transformation condition as

S M) =VM :H:M-Y" = [M||g - Y" <0,

3 1
H := 3 (]I - §I ® I) = Hill’s tensor

& [Popp et al.,’15]
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Plastic flow rule

Let Mgey = M — £ (tr ML then ||| = 1/%Mdev : Mgey.

The plastic flow rule is

. ofv 3 M
Dtr — Ftl‘Ftr—l — ,y -f_ — ,y E ~ dev =vn
oM ”Mdevll

Once Ay = [™*'y dt is known, the update rule for F is
tn

FI  =F;exp(Ayn)
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Primal-Dual Active Set method for plasticity |

Idea: Express the Karush—-Kuhn—Tucker conditions
fr<0, 920, ffy=0

as the roots of a suitable complementarity function.

Let g € G be a Gauss quadrature node, and

M) =M, +c"H™': AD], " >0,

® Gauss point @ Node

3 1\_/[dev

. . A
with AD; = §A7”M” and Y41 = ﬁ(')’nﬂ —Yn) = A_Zl
H
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Primal-Dual Active Set method for plasticity 11

For any Gauss node g € G, the condition

Cl(u, AD) = max (¥, [IVI5]|:s) M, - Y"M( = 0

is equivalent to the following set of discrete KKT conditions:

tr
f <0, Ay>0, f"Ay=0, where M, = Y;A—Dtrq
|ADg [

We have G = 1" U A, with
1= {g €6 NG - v <0},

AL ={qeG: IMIK|lg-1" > 0}.

F. Bonaldi (LAMPS, Univ. Perpignan) Journées OcciMath, Montpellier May 27, 2026 37/41



Stent—artery simulation with plasticity I

Material model:

m Hyperelasticity:
(e Ciarlet-Geymonat energy

sy (e e ) m Viscosity: quadratic potential

i w*(C) = gtr(Cz)

m Inelastic transformation with Y
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Stent—artery simulation with plasticity II

. 5:/lcon

) ]

Balloon extraction
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Stent—artery simulation with plasticity III

Y =001

Y controls transformation activity

m Small Y = strong inelastic effects

m Large Y = quasi-hyperelastic
response

YU
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Summary and perspectives

Highlights
m Hyper-viscoelastic frictional contact model with persistence condition
m Energy-consistent time integration scheme: midpoint-leapfrog
m Active Set/Semi-smooth Newton scheme with persistence condition
m Comparison with other methods in terms of energy consistency
m Real-life scenario simulation of a stent—artery system

m Enrichment of the model to account for inelastic behaviors

Perspectives
m Extension to a 3D framework, complex stent—artery scenarios
m Domain decomposition methods & HPC techniques for 3D problems
m Validation by comparison with experiments

m Probability of stent failure, uncertainty quantification
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