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Biomechanics?

“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

JOH. ALPHONSI BORELLI
Nesgeveani Matbufst Profifse

M O W
1U

Giovanni Alfonso Borelli
Napoli, 1608-1679




Mechanical modeling of soft biological tissues — LESSON 1 MICHELE MARINO

X
-

Biomechanics? ... hot exclusively!
“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 Ippocrate
460-370 a.c.

Treatment for back pain:

the patient is tied to a sort of scale
and the force of gravity is exploited
to relieve the pressure on
intervertebral discs

Scamnum: treatment of vertebral fractures
and dislocations
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Models to predict the mechanics:

Biomechanics?
» of biological structures ™
“w= in biological structures
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MUSCLE-TENDON UNIT
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MUSCLE-TENDON UNIT

Is muscle mechanics affected by tendinous non-linearities?
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F. Maceri, M. Marino, G. Vairo (2012) An Insight on Multiscale Tendon Modelling in 0,00 0,25 . 050 0.75 1,00
Time (sec)

Muscle-Tendon Integrated Behaviour, Biom Model Mechanobiol 11

Muscular compliance not reproduced

Muscular force is clearly altered
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Double homogenization step

micro macro
CURVILINEAR FIBER CLASSICAL THEORY OF

HOMOGENIZATION FIBER-REINFORCED COMPOSITES
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WHY MULTISCALE?

STRUCTURE ™ MECHANICS

The need of a constitutive relationship at the MACROSCALE:

The mechanical performance of locomotor system highly depend on tendinous mechanics

BUT

CAUSE AT THE MICROSCALE —> MACROSCOPIC EFFECT

Alteration of fiber crimp (e.g., scars)

Alteration of volumetric fraction |:> Stiffening/laxity and higher rupture risks

(e.g., Ehlers-Danlos syndrome)
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MICRO MECHANICS

- Beam theories
Frish-Fay, Flexible Bars, Butterworths 1962.

- Asymptotic expansion homogenization methods

M. Potier-Ferry, L. Said, “Geometrical homogenization of a corrugated beam”,
Comptes Rendus de ’Académie des Sciences 314, 1992.

- Energetic approach f(x)=Hsin(2rtx/L,)
M. Marino, G. Vairo, “Equivalent Stiffness and Compliance of Curvilinear Elastic
Fibers”, In: Mechanics, Models and Methods in Civil Engineering 61, 2012.
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MICRO MECHANICS
Transversely isotropic fiber:
|:> Ep (€r) = Ey(&r), Epr=Ey,
| L Verr = Ve = Vi, Grr = EM/[2(1 + VM)]7
T
CURVILINEAR FIBER
HOMOGENIZATION
Collagen volume fraction: V;
S — —
Er,1Em
Er(ep) = ViEr (er)+ (1 =V))Ey,  Er= ’ :
Linearly elastic ler) = Ve 1(er) + (1= V1) Ew " Enr(1-V) + EnVy
isotropic matrix _ ( Vy I—Vf>_1 _ ( Vr 'l—Vf)_1
Grr = Grr =
Evp Vi . GF, Lr " Gum o GF 11 " Gum ’
Ey

Vir = VyVE 1 + VinVu,
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MACRO MECHANICS

- TRANSVERSELY ISOTROPIC MATERIAL IN LOCAL FRAME

1

[]L] — 5 ETI./LT(]. + I/TT) ET(I - %V%T) ET (I'ITT + %"’%T)

T,,2

l EL(1—vjyg) Ervir(1+vrr)  Erver(l+vrr)
Ervpr(1+vrr) Er(vrr +5-vir) Er(l - g—LuLT)

Ey 0 0
2(14vrT) 9 Er ,
[M] = 0 Gir O D=1-vir—-2(1+ VTT)E_V,;T
'L

‘ | 0 0 Grr
<_T L e = l L] [0 ]

T 0] (M)

X 4=1
In the global coordinate system: [C] = [’ﬂ‘o] [c*] [TC.]
4 4

Stress and strain transformation matrices
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MICRO-MACRO MODEL
Few parameters, experimentally measurable .
.\ ‘
A-Aﬁ | A
W
MECHANICAL PARAMETERS: £,, - E,
GEOMETRIC PARAMETERS: Tendon Ref.
Lo 240 um Hansen et al., 2002
Ho 10.8 pm Maceri et al., 2009
rf 4.0 Km Kannus,2000
Vf 50% Silver et al., 2001
v, 0.49 Lavagnino et al., 2008
EM 1 MPa Lavagnino et al., 2008

E.: 0.1-40 GPa (Fratzl, 2008)
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MICRO-MACRO MODEL: RESULTS

Non-constant collagen elastic modulus?
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FROM MACRO TO NANO STRUCTURE

macro micro Nnano

COLLAGEN FIBER

el
COLLAGEN FIBRIL
é CROSS-LINK
BLECULAR
. KINKS
&

Nmm Nmm Nhllll
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FROM MACRO TO NANO MECHANICS

“TOE REGION”: microscopic crimp removal
A Toe

HEEL

LINEAR

STRESS

2% 5% STRAIN
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FROM MACRO TO NANO MECHANICS

“TOE REGION”: microscopic crimp removal

!

“HEEL REGION”: molecular kinks
straightening (entropic mechanisms)

A ToE

LINEAR

STRESS

2% 5% STRAIN
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FROM MACRO TO NANO MECHANICS

“TOE REGION”: microscopic crimp removal

!

“HEEL REGION”: molecular kinks
straightening (entropic mechanisms)

!

“LINEAR REGION”: molecular and cross-
links straightening

LINEAR

A ToE

STRESS

2% 5% STRAIN
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WHY MULTISCALE?

STRUCTURE » MECHANICS

The need of a constitutive relationship at the MACROSCALE:

The mechanical performance of locomotor system highly depend on tendinous mechanics

BUT
NON MACRO CAUSE —> MACROSCOPIC EFFECT
MICROSCALE:
Histological alteration I:> Altered mechanical response
NANOSCALE:
Genetic defects |:> Laxity (articular hyper-extensibility)

Decrease of cross-links I:> Higher rupture risks

Analysis and modeling of tissue mechanics at different length scales
allow to understand a number of physio-pathological processes
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WHY MULTISCALE?

The need of a constitutivd

The mechanical performa echanics

NON MACRO CA

MICROSCALE:

Histological alteration

NANOSCALE:

Genetic defects

Decrease of cross-links I:> Higher rupture risks

Analysis and modeling of tissue mechanics at different length scales
allow to understand a number of physio-pathological processes
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NANO-MICRO HOMOGENIZATION

nano micro

é NANO

MODEL
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NANO STRUCTURE

1D

FIBRIL Af

E Z2 = B E E§ F i

P g>s = ¢ SCF = 1 Ny=4.14,
< gf > ACzO7Af

$
L

Z : material symmetry
axis for fibril

N, : number of molecules

n; : number of cross-links acting upon the ith molecule

Nm
A= E 1 n /(2N ): average covalent-bonds occurrence
1=

N_.=AN,, : total number of covalent bonds
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NANO MECHANICS

KINEMATICS: Two deformation mechanisms

- Molecular straightening: —A- =3 N —

- Cross-links straightening: " [ V o) _/V\/_/V\‘

CONSTITUTIVE RESPONSE

— ,|,\_|_/V\_

Non-linearly elastic (E,) Linearly elastic (k,;)
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NANO MECHANICS: COLLAGEN

Atomic Force Microscopy: <£ _/V\_ i>
< P\ p
z -~
A | |
F | =—Experimental data II
“PN | = = Entropic elasticity | "I
I
= = Energetic elasticity
‘ Unrolling of triple helices
and covalent bonds
stretching
[\/ Bozec (2005)
i S Bozec (2005)
z Maceri, Marino, Vairo (2012)
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NANO MECHANICS: COLLAGEN
(en) = =
v o e =
& 5 2 L awiewine D .

Entropic  Energetic
mechanism  mechanism

F | = Experimental data l:
“PN | = = Entropic elasticity I ,"
| I

= = Energetic elasticity N

Z~nm
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NANO MECHANICS: COLLAGEN
On(En) = o
o, o ) =7
& ™~ 2 & amiewine S o
Em = g;n + gm
Entropic  Energetic
mechanism  mechanism

Tangent elastic modulus in entropic elasticty:

s _ 0 re
" A, 21— (1 + )

Tangent elastic modulus in energetic elasticity

‘ + Eo/r‘g

h /. hy\ __
Elm(E'm) — 1+ e_k(wré.g{,}n_gg)

3 +7“e} »

Recovery of the classical

Worm-like chain formulation
(Marko and Siggia, 1995) le

O from MDS
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012)

» 60 -
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NANO MECHANICS: COLLAGEN
(e0) = =
o, O, OS] =g
& ~L 2 L oamiewie S

Entropic  Energetic
mechanism  mechanism

1000+ present

B, (e) = —EmEn) Enlen)
T B (e3,) + ER(eh)

m

F (pN)

0 100 200 300 400

¢ (nm)

F. Maceri, M. Marino, G. Vairo “Elasto-damage modeling of biopolymer molecules response”, Computer Modeling in
Engineering and Sciences 87, 2012
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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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TENDON MODEL

micro

=

macro

CLASSICAL THEORY OF

nano
o
s
g'_sl' NANO
él MODEL
L <

CURVILINEAR FIBERS
HOMOGENIZATION

FIBER-REINFORCED COMPOSITES
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TENDON MODEL
Few parameters, experimentally measurable
Iy
Vi L, Ak,
EM Ho Molecular parameters
MACRO NANO
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TENDON MODEL: VALIDATION

— — — = Experimental data ——  Model

101

3
¢ (%)

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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Experimental data on 6 different subjects obtained by means of ultrasonic
non-invasive techniques
P.M.H. Rack, D.R. Westbury, “Elastic properties of the cat soleus tendon and their K , A
functional importance”, J. Physiol 347, 1984. ’*“&‘ \
&
Non-invasive Predictive 30 -
techniques model _ V.=35% ¥ 7,=3.0 um
25{ = = V,=65% = r,=3.5um o
‘ ' L o.° .
lin (@] (o] Q0
204 Kk 90 -~
. 9 -

Inverse approach

Stiffness (N/mm)

v

DIAGNOSIS

TERAPEUTIC INDICATIONS o 2 4 6 8 10
Force (N)

o Exp. data
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TENDON MODEL: APPLICATION

L

Disorder in collagen metabolism
(e.g., Ehlers-Danlos Syndrome)

Reduction of collagen content
(Mao et al., 2002)

MODEL >

Tissue hyper-extensibility
(Mao and Bristow, 2001)

104 ]
| ——V,=25% (diseased) 304, 0 o=1MPa
84 oo V=50 % (healthy) 25 PR —*—0, =3 MPa
. -O\i\ --0--0 =6 MPa
4‘ O \\%\\
. "o \\Q
21 O
O T T T T l\'\)?
0 1 30 35 40 45 50
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After the validation of the elastic behavior, viscous properties are
defined by means of experimental results on the hysteresis cycle

0,4 -
(a) —m, =2 Ns/m
] ----m,=6Ns/m y
0,3 - o
. 7
~~~ ’, //
< 2
Q—‘ // e
2 0,2 A Py i
N—" // //
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s 7
0,1 1 = ol
O)O Z "’/I T T T T T 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0

Hysteresis
physiological
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RESULTS

n 4
1
> , MUSCLE + TENDON
Ot
1 1 71 1
i 3
— 1 ; o —»
F(o) DM Lo | F()
§ ww— o PTT
i< PM >< > Two approaches for tendon
I(7) x(7) | elastic modeling:
< > - Linear approach

L, - Multiscale model
(non-linear)
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Muscular compliance is correctly «— 7] «'|N ro .
reproduced only if coupled with a refined F(1) a mo Fo| _—:k R FQ)
non-linear tendon modeling el F ko
| k(D T |
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Training
Cross-link density alteration
Fiber crimp reduction MODEL Tendon stiffening
(Miles et al. 1992; Buchanan and Marsh (Maganaris et al., 2004)
2002; Reeves et al. 2003a)
1 800 - ,
(a) 4000 {Post-training upper bound (b) 17777 p=0 )
3500 700 ’ —==:p= O.Sp2 ,
‘E 3000 - 600 1 ——P=p, //
= A e _ /
g 2500 ‘| Pre-training upper bound \% 500 ] )
% 2000 - Q400 K
2 1500 S 300 2
= 1000 A 200 - 7
500 100 et
0 A - T T T T T 1 0 i J | T 1
0 500 1000 1500 2000 2500 48 49 50 51 52
Force (N) Length (mm)
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Biological Effects on Effects on muscular
alterations MODEL MODEL _ )
tendon functionality
’ e 5
CE DT
«— ¢ 1} : > —>
‘\K, ‘ F(9) DM | F()
b " E wmww— i PT
" 4 i PM 5
@) 10- A p: allenamento (b) 15 1
...... n ; ----Tendon Muscle
¢ 10 1
0,8 1 ——FJF |  _--o--\8---o
e o] HTESGK S TN
S 0,6 - SR p:aIIenamen?é'ix*
LL§ g 0+
N -
= 041 S5
0.2 - _10_'
070 i T T T T T = 20 H an '15 T v T T T v T T T T T
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0

Time (sec) Time (sec)
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Lesson 2 Multiscale modeling of aorta mechanics and damage mechanisms
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