MINI-COURSE
Mechanical modeling

of soft biological tissues

LESSON 2

Multiscale modeling of aorta mechanics
and damage mechanisms

Michele Marino

DICAr, Pavia, Italy
December 12t 2013




Mechanical modeling of soft biological tissues — LESSON 2 MICHELE MARINO

L
L

plomechanice? L

“Biomechanics is the study of the structure
and function of biological systems by means
of the methods of mechanics”

Herbert Hatze, University of Vienna, 1974

Models to predict the mechanics:
» of biological structures ™=
“am in biological structures ¢
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Imaging techniques
Histological parameter identification

Stress/strain at cellular scale

Patient

Constitutive
models

<

Inelastic
mechanisms

Diagnosis S
Clinical treatment

Remodelling
laws
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Computer-Aided Diagnosis

The example of aneurysmal care
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From Biomechanics and Pathobiology of Aortic Aneurysms
by J.A. Phillippi, S. Pasta and D.A. Vorp

The puzzle:

“Our understanding of aortic diseases continues to advance as new

partnerships between surgeons, biologists, engineers and
mathematicians [...].”
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Computer-Aided Diagnosis

The example of aneurysmal care

The missing pieces:

“I...] developing the enabling non-invasive
technologies to measure wall stress and strain,
refinement of the mathematical models and
establishing links between the clinical
manifestations and the biological mechanisms
inciting them.”

For an effective patient-specific simulation:
Constitutive modeling of biological tissues explicitly depending on
actual histology, biological features and biochemical environment
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Medial Lamellar Unit

MLU

ELASTIN

CELLS
ELASTIN
COLLAGEN

M.K. O’Connell et al., The Three-dimensional Micro- and Nanostructure of the Aortic Medial
Lamellar Unit Measured Using 3D Confocal and Electron Microscopy Imaging. Matrix Biol. 27, 2008
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AORTIC MEDIA:
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M.K. O’Connell et al., The Three-dimensional Micro- and Nanostructure of the Aortic Medial
Lamellar Unit Measured Using 3D Confocal and Electron Microscopy Imaging. Matrix Biol. 27, 2008
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Protective mechanism High collagen
to prevent overdilation stiffness

2004 == Experimental data (Hallock, 1937)

175 A

150 -
Pressure physiological

125 - ]
typical range

O

100 A

Uniform internal
pressure p

p (mmHg)

75 4

High deformability
related with elastin

T — T T T 1 I_I 1
6,0 ) 70 75 80 85 90 95 {,'a,o 10,5

To promote energy storage
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Elastin stiffness
NANO

MICRO Collagen content

EVIDENCE REFERENCE
/’ Bruel, 1997
Cross-link density V4 Bailey, 2001
Elastin content \ Bruel, 1997
\ Bruel, 1997
Fiber straightening /’ Astrand, 2001
V4 Astrand, 2008
Media thickness /’ Astrand, 2008

Diameter at p=0
MACRO

... corresponding to relevant
alterations in arterial mechanics

Correlation also between aortic
dilation, aneurysm, rupture risk, etc.

etc. and histo-chemical alterations
(Bruel et al., 1998; Carmo et al., 2002;

Lindeman et al. 2010)

Age-dependent
histological alterations

200 J A Yo.ung (exp.) O),K /A
{1 =O= Middle (exp.) ]
175__ == 0ld (exp.) | !
150 - @) %A
= 125- ;é' /
E 100_- ,Ab /
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Q 1 / .
207 ,A P X
227 - 0 . X
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STATE OF THE ART

Two main approaches:
1) Phenomenological laws (Fung, 1973; Yin and Elliott, 2004)

2) Structural models: incorporate structure-based parameters
(Comninou and Yannas, 1976; Lanir, 1979; Freed and Doehring, 2005; Holzapfel et al., 2000, 2002)

VI, I, Is) = Uo(1)) + Vi(Iy, Is)

_ Cc - — k
Vo=, (h =3 Wil T = 5= 3 {expffa
i=4.6

Ai=MeM Ab=MM
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STATE OF THE ART

Two main approaches:
1) Phenomenological laws (Fung, 1973; Yin and Elliott, 2004)

2) Structural models: incorporate structure-based parameters
(Comninou and Yannas, 1976; Lanir, 1979; Freed and Doehring, 2005; Holzapfel et al., 2000, 2002)

The microscale is the lowest scale explicitly modeled only in terms of collagen orientation

- _ k _
Vi(Ls, Is) = 2—,22 3 {explha(T; — 1?1 — 1}
i=4,6

- To date, nanomechanics is predicted by molecular dynamical simulations (MDS)
(Buehler, 2008; Deriu et al., 2010)

Computational efforts of MDS make them completely useless at the macroscale
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STATE OF THE ART
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TENDON STRUCTURAL MULTISCALE MODEL
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nano micro macro
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-g NANO
$ MODEL CLASSICAL THEORY OF
FIBER-REINFORCED COMPOSITES
= CURVILINEAR FIBERS

HOMOGENIZATION
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MULTISCALE APPROACH
. 1 Am -l _/V\'
Ef(gf) =H [Em(gm) T Akdgm,o] Compatibility solved by the differential problem
. . ErE)
ﬁ /77? " HEn(en)

collection of fibrils

MATERIAL NON-LINEARITIES

GEOMETRIC NON-LINEARITIES

L

-1

Eeq(€r) = Eylp (cos a) [Ir {cos® &) + A { f(x,€r)*)] with E, = E(e,)

M. Marino, G. Vairo, “Multiscale Elastic Models of Collagen Bio-structures: From Cross-Linked Molecules to Soft Tissues”, In: Multiscale
Computer Modeling in Biomechanics and Biomedical Engineering, Springer 2013.
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AORTIC MODEL: MULTISCALE STRUCTURAL APPROACH

7.

- Multi-layered thick cyinder
- Each layeris a MLU
- Each MLU is a laminate

- Nano-micro-macro homogenization
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Helically-Arranged-Fiber-Reinforced-Composite-Materials: HFC
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AORTIC MODEL: MULTISCALE STRUCTURAL APPROACH
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CURVILINEAR FIBERS
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LAMINATE THEORY
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AO | O 1 Geometry:
RT c M DE Value Reference
_ . Sy | 1.42 um | Astrand, 2008
Human aorta (media) — middle age N 60 | Wolinsky, 1967
(HaIIock, 1937) fo=o | 6:2mm | Astrand, 2008

| ,
b f
'
/é
Nanoscale parameters: Microscale parameters:
Value Reference Value Reference
(. | 285nm | Sun, 2002 L, | 3.4um | O’ Connell, 2008
¢, | 145n0m | sun, 2002 H,/L,|] 0.3 |0’ Connell, 2008
bl 220m | Graham, 2004 re 100 nm | O Connell, 2008
£ | 80 GPa | Buehler, 2008
M, 10 -

Boundary conditions:

Free estremities

Loading:

Uniform internal pressure

Material properties:

Multiscale model

Macroscale parameters:

Value Reference
V¢ 30% Behmoaras, 2005
E, | 24kpPa Astrand, 2008
F(8)) O’ Connell, 2008
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AORTIC MODEL: RESULTS

2004 =O= Experimental data (Hallock, 1937)
Model results

175 4
150 A
125 4

100 -

p (mmHg)

O T I ' I ' I ' I ' I ' I ' I ' I ' 1
6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5 10,0 10,5

r (mm)

F. Maceri, M. Marino, G. Vairo, “A unified multiscale mechanical model for soft collagenous tissues with regular fiber arrangement”,
Journal of Biomechanics 43, 2010.
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AORTIC MODEL: APPLICATIONS
EVIDENCE REFERENCE
Elastin stiffness ﬂ Bruel, 1997
. NANO Cross-link density V4 Bailey, 2001
Age-related remodeling :
Elastin content \ Bruel, 1997
MICRO Collagen content \ Bruel, 1997
Fiber straightening /’ Astrand, 2001
{ Diameter at p=0 / Astrand, 2008
MACRO
Media thickness / Astrand, 2008
Quantitative and qualitative indications from experimental data:
Age | Ak, |HJ/L,| L, Ve | E. | @, | Sy | Il
[yrs.] [[pN/nm] [-] | [um] | [%] | [kPa] | [[] | [mm] | [mm]
20-23 5 0,4 2,6 40 60 0,0 0,6 5,6
36-42 10 0,3 3,4 30 80 -0,3 0,6 6,2
71-78 100 0,2 3,7 20 100 | -0,6 0,7 7,4
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AORTIC MODEL: APPLICATIONS

Elastin stiffness yd Bruel, 1997
NANO :
Bailey, 2001

Cross-link density

Age-related remodeling

Elastin content Bruel, 1997

Astrand, 2001
Astrand, 2008
Astrand, 2008

Fiber straightening

/1
N
MICRO Collagen content \ Bruel, 1997
/1
/1
/1

Diameter at p=0
MACRO
Media thickness

200 J A Young (exp.)

1 O Middle (exp.)
7571 % oid(exp.)
150 1 Young (model)
125 | = Middle (model)
100_‘ = 0ld (model)

75

p (mmHg)

50 Experimental data

25 = . . H " H

| (Ha”OCk’ 1937) F. Maceri, M. Marino, G. Vairo, “Age-dependent arterial
04 . . . — mechanics via a multiscale elastic approach”, International
5 6 7 8 9 10 11 12 Journal for Computational Methods in Engineering Science

r (mm) and Mechanics 14, 2013.
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AORTIC MODEL: APPLICATIONS
- Aortic dilation
Cross-links reduction » - Rupture risk
(Bruel et al., 1998)
140 : 0,24
Ak =0.5pN/nm . - == Jk,=1pN/nm 0
| =, =1pN/nm . 0'23__ —— k=10 pN/nm "

1209 _ Ak =10pN/nm 0221 = = J_ =100 pN/nm
= | A, =100pN/nm ‘
T 1004 -links
£
Q.

80 - .
- ‘/
/7
60 T ‘l‘/ T T T T T 1 T 1
7,5 8,0 8,5 9,0 95 100 105 9,0 9,3 9,6 9,9 10,2 10,5
r (mm) © (mm)

F. Maceri, M. Marino, G. Vairo, “Age-dependent arterial mechanics via a multiscale elastic approach”, International Journal for
Computational Methods in Engineering Science and Mechanics 14, 2013.
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TISSUE DEFECT

Cross-links density defect: z — )\kcl

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

¥ ’ 2(X) = zo — Az 9(X) °

b,/2

M. Marino, G. Vairo, “Stress and strain localization in stretched collagenous tissues via a multiscale modelling approach”, Computer
Methods in Biomechanics and Biomedical Engineering, published online since 2012.
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TISSUE DEFECT

|- O- - experimental data
10 4 === uniform cross-links (UCL)
" 3 ' smooth cross-link defect (SMD)

b,/2

W
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5 =0.5% £ =2.0%
0.068 0.46
0.067 0.455
Xn 0.066 0.45
0.065 0.445
bO
0.064 0.44
0.063 0.435
0.43
0 02 04 06 08 1 G o 02 04 06 08 1
X /b ¢ X /b
c 1) C [

i 0,00 025 0.50 0,75 1,00
'B X/b . X/b

n o
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TISSUE DEFECT L 4n
V%

20.0
15.5

12.5
12
11.5

11.0

6.5 X H
n 10.5

10

Jk_[pN/nm] b, 3-5

2.0 85

(; 0;2 0;4 Oj6 0f8 1
X, /b,
£.(70)
Fiber equivalent along-the-chord Distribution of the macroscale
tangent modulus vs. the fiber tissue tangent stiffness C_... (MPa)

along-the-chord nominal strain
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TISSUE DEFECT

g =2.0%
T T T T T
1
0.8
0.6
e
0.4 -
0.2
0

1 1 1 1
0O 02 04 06 08 1

€ =2.5%

0

1 1 1
0.2 04 06 038 1

144
142
140
138
136
134
132
130
128

0

I 1 I
02 04 06 0.8

Distribution of the macroscale tissue tangent stiffness C_...(MPa)

A nanoscale alteration
(reduction in cross-links)
seems to couple with some
other mechanism

1,251

25

0,00 g/ (%) 0,01

1
1

550
500
450
400
350
300
250
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TISSUE DEFECT

40
301
20
10
0-
-104
2204
2304
40
2504
-60-
o9
0,00 0,25 0,50 0,75 1,00
X, (mm)

a

A (%)

Fibers straightening try to compensates
reduction in cross-links

Multiscale modeling allows the
understanding of coupling effects
between different biological structures
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REMODELING
SUBMODELING TECHNIQUE

The submodeling procedure

» consists in finding the local

displacement field associated with
a’af, dyf and de,
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REMODELING
SUBMODELING TECHNIQUE

AX AX

uo ro

A,

E = %],0
AZ,
: : . I Vi-og" =0
A series of linearly elastic equilibrium , " ,
. € = V*u* in AQ,

problems at the microscale:

. 3k ~x (de ~x (d .k d€n
e a(x) =a " @ 7t on Ay
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REMODELING
SUBMODELING TECHNIQUE

} &+ fE /“ f(¢ d = (sag0)) _?<£'f(€)>

ACf(0) A Q)
ol R At el eosale)

a,(§) = —a& + /05 [sa@) -
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REMODELING
SUBMODELING TECHNIQUE

i (dvy)

ﬁ* (dey)

L

on AZT
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REMODELING

SUBMODELING TECHNIQUE

- ——
~ —

An, | &, |

KLE,
u(x)=a (des) +a (@) +1i (&) on AXip
r ds(dgf)<£n+1) + An[denn* 4+ d’)"fc*] on AEU
o nldenn* + dy,c”] on A
W)=
dr ds(("f)(gl) on AZb
. N|denn* 4+ dry,c*] + kL ds,c” on AY,
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REMODELING
SUBMODELING TECHNIQUE

b,/2

|- O- - experimental data
mm o]obal model
{— 0= submodel (RVE)

Matrix: Linearly elastic e®

B ribers: Non-linearly elastic
(homogeneization at the nanoscale)
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REMODELING
SUBMODELING TECHNIQUE
(MPa)
SIS g, e

-1

v -5944 v -9301 v -1.087x10*
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INELASTIC MECHANISMS
A
% High %
g cross-links E
L
MULTISCALE crosolints RESIDUAL

DEPENDENCE > STRAIN >
STRAIN STRAIN
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INELASTIC MECHANISMS

L [ ] 00006000

weak-bonds induced covalent-bonds induced
interstrand delamination

From: Buehler, Theoretical and computational hierarchical nanomechanics of
protein materials, Progress in Materials Science 53, 2008
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INELASTIC MECHANISMS
(k=1,2) Ny = A7 + 0Py
N — (G =1,2,3) ow,  Ow,
Equilibrium k= —df - ) oT; 0D Constitutive
equations h;’ —b; = ay i 38, + 5, laws
GOVERNING 0¥y 0%y
EQUATIONS hj = AR
qfr = af = 0 Q J 6.7
Ny = Fy atzzo,ff
hj=0at z=0,0f '

Ff = BnAe{om(E) + En(E5) (1 — an)l™dw /lm.o — a1kmés,]}
Fy = No{Ae(kebp + kel™ fo(y)dwh) + kS6E, + k™ (1 — ag)dwh}

0 € cmbBm + [T (28 |~ |wm|+ af + OLjg 11 (Bm) + O™ (B)

0 e CCBC + ﬁ —I— ar+ 31[0,1] (Be) + 01 (60)
kuw(9,)°
2

0 e chw+

—wy|+ af + Il 11(Bw)
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INELASTIC MECHANISMS

model MDS

MECHANISMS

Softening/brittle failure

Dependence on nanoscale
quantities

Svensson RB, Mulder H, Magnusson SP
(2013) Fracture mechanics of collagen
fibrils: influence of natural cross-links.

Biophysical Journal 104:2476-2484 ' ' . - . - T - . - :
0.0 0.1 0.2 0.3 0.4 0.5

O v * Uzel S, Buehler MJ (2011) Molecular structure, mechanical behavior and failure mechanism of the C-terminal cross-link
domain in type | collagen. Journal of the Mechanical Behavior of Biomedical Materials 4:153-161



Mechanical modeling of soft biological tissues — LESSON 2

-
i
INELASTIC MECHANISMS

1) N
L1 J

}

model
2.0

=
[l
4 @)
107
0.5
00 Residual strain
0.0 0.1 0.2 0.3 0.4 0.5

& [-]
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Contacts: Michele MARINO, PhD, MSc

Department of Civil Engineering and Computer Science
University of Rome “Tor Vergata”

E-mail: m.marino@ing.uniromaz2.it
Tel: +39 06 7259 7016




