= Soft biological tissues: many challenges
for continuum mechanics
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Hyperelasticity

Treolar’s tests on rubber (1944)
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Pseudo-hyperelasticity:
Irreversible effects are neglected...
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Strain energy density

Stored energy per unit volume
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first invariant?
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Deformation mapping in 3D

Yi =X +U; (%, X2, X3,1)

Deformation Gradient

Vy=V(x+u(x))=F

or ayi = 0 (Xi +Ui)=§ij +%= Fij
OX;  OX; OX ;i
J J J Original Deformed
1 Cor?figuration Configuration
e
dy =F-dx 3
dy; = Fj dx
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Green Lagrange strain
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Stress measures

True / Cauchy
G
. . . Original Def d
Nominal/ 15t Piola-Kirchhoff €1 Configuration an(l)‘irgr;]rtljeration

S=JF'.6 S;=JF oy

Material/2" Piola-Kirchhoff

T =JF'6-F' m=JR'ogF"
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Hyperelasticity

Stored energy per unit volume

fS: Fdt = _[T[: Edt = Y(E)

=F/A, (MPa)
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_ compressible hyperelastic behaviour

o = JF.

oY
T
MTF

Incompressible hyperelastic behaviour (J=1)

—FaLIJ FT + cI
[ = .aE. C

Strain energy density:
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Y(E) = Y11, 12, ))

Polynomials of the first invariant

Y1y, 15, ]) =ZCiO(I_1—3) _|_ZDi( J _1)2i

Initial shear modulus My = 2C10
2
D1

Initial compressibility modulus kO —
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Y(E) = Y11, 12, ))

Polynomials of the first invariant
e N (T a) e L )
V(I1, B.J) = 3 Coll, -3) + X -1)
=1

=1 i

Particular case 1: Neo-Hookean behaviour (N=1)

w(i,.1,.3)=C1, —3)+Di(Je,—1)2

1
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Y(E) = Yy, I2,])

Polynomials of the first invariant

Y1y, 15, ]) =ZCiO(I_1—3) _|_ZDi( J _1)2i

Particular case 2: Yeoh behaviour (N=3)

#(1.1219)- iCio(l_l —3)i +ii@e. -1y




Y(E) = Y11, 12, ))

Other functions of the first invariant L .
Statistical mechanics

Gaussian chains

ARRUDA-BOYCE pow:Nkeﬁ{mW ﬁ,n[sing Bﬂ
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Y(E) = Y11, 12, ))

Forms written with the principal stretches

OGDEN
_ 1
ﬂl,ﬂ«z,ﬂg Principal stretches A4 =J 34

LP(I:EJ): ZN;Z—L'“[?_H“‘ + ™+ g™ —3]+ZN1: S (J, —1

N=2;, o,=2;, a,=—2; = Mooney—RWMIin

N=1 o,=2 = Neo—Hookean
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I Anisotropy induced by collagen fibers

Hierarchical structure of vascular tissue

Clark & Glagov (1985)

Intima
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I ~nisotropy induced by collagen fibers
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Anisotropic strain energy density

Ye(ly, I) =

2 fexpliy (U~ 1?1~ 1,

1=4,6

2k,

(Holzapfel et al., 2000)
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. = Micro-fiber approach

z/2 m/2 e -
o= % / / p(¢.0)c(A)dev(im&@m)cos ¢dodo + pl
0=06=0
o) (l) Cauchy stress of a bundle of collagen fibrils

p(¢.0) oOrientation density function (Bingham)
m = FM/|FM| spatial fiber bundle direction
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B Layer-specific constitutive model

Strain-energy function based on the constrained mixture theory
W= of (W"(I7) + U(Ja)) + ) _ o W (IyY) + o W™(IT)
j=1

elastica interna

endothelial cells

Deposition stretch of each constituent: Lumen

Elastin {1 — firoblast
, ;
|

: ! ] intima
Collagen E—T—— — — — > 1
E : Load —
SMC I e 0. ‘ adventitia
i

Humphrey & Rajagopal, Math Models Methods Appl Sci. (2002) ; Bellini et al, ABME (2014), Mousavi & Avril, BMMB (2017)%
/
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D Damage and plasticity

Collagen fiber stress (2"d Piola-Kirchhoff)

Damage due to slide-
apart glycan duplex

d =1~ exp[{af A/ Ato — 1)?] —©
P—
Damage \

St'. - (]' o @@A//\at _ 1>

Cf Elastic fiber stiffness
A Total fiber stretch

Y =)+

Plastic deformation o

Plastic sliding of the
glycan duplex

Gasser, Acta Biomat (2011)
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Abaqgus finite-element
—t Implementation and verification

v FE software ABAQUS coupled with UMAT
v' Hexahedral and tetrahedral elements

v' Structural mesh (r, 9, z)

v" Two different layers (media and adventitia)

(Avg: 75%)

0.017
0.015
0.014

0.012
0.011
0.009

0.008
0.006
0.005
0.003
0.002
0.000
-0.001

Mousavi et al, IINMBE, 2018
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Time dependent material properties:

I cifferent approaches

Short-range
motion
/ viscoelasticity
N
Long-range
motion &

poroelasticity
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