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) 4.4 The Huxley Model

schematic diagram of the crossbridge model:

. v >0is contraction crossbridge can be only in
s P one of two states:
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n(x,t) ... the fraction of crossbridges with displacement x that are bound

on on
— V() —=QA-n7(x)-ng(x)
ot 2 total force exerted by the muscle:
steady state, v = const: 400
on p =p_[r(x) n(x,t)ax

—v—=QA-m7(x)-ng(x)
ax
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/ 4.4 The Huxley Model
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|| 4.4 The Huxley Mode

force-velocity equation calculated from the Huxley model:

_ Pk, I {1—';(1—exp(—¢/v))(1+;(’H%J V]}
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=N OUTLOOK:
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5 Bone _
Why studying bone?

MEDICAL ISSUES

aging and bone diseases (like osteoporosis) lead to a

 |oss in bone volume
» deterioration of the bone architecture
o deterioration of the bone material properties
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) 5 Bone

MATERIAL ISSUES

 hierarchical structured
e living

e intelligent/adaptive

e self-healing

Why studying bone?
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Fratzl, Weinkamer, Progress in Materials Science 52 (2007)

Department of Biomaterials

100

<




5.1 Bone — hierarchical structure

short plate-like

|O N g Fratzl, Weinkamer,

Progress in Materials Science 52 (2007)
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5.1 Bone — hierarchical structure

human femur (cross-section): trabecular (cancellous)
) i bone

b
1 L] - o
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compact (cortical) AL

bone
Fratzl, Weinkamer, &
Progress in Materials Science 52 (2007)

Department of Biomaterials



5.1 Bone — hierarchical structure

compact (cortical) trabecular (cancellous)
bone bone

Fratzl, Weinkamer,
Progress in Materials Science 52 (2007)
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mineralized collagen fibril lamellar arrangement

Fratzl, Weinkamer, Prog Mat Sci 52 (2007)

SEM images courtesy of Paul Roschger, LBIO, Vienna;o.
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5.1 Bone — hierarchical structure

nano-composite:

calcium-phosphate collagen molecules
particles with (triple-helices)
thickness = 2 — 4 nm 300 nm long

adapted from Landis et al., =
Microsc Res Tech 33 (1996) & &
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human vertebra

different motifs:

e cellular structure
e fiber structure

e nano-composite

5.1 Bone —

trabecular bone

nano-composite:
collagen fibrils +

mineral crystals
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©./ | mechanics: elasticity theory

uniaxial tension test:

relation between ,forces” and , deformations*

(uniaxial) stress, i.e., dimensionless strain reflecting
an internal force £ per unit area the relative elongation
. F o = (/ o /o)
Ty = Z 11 = T

- generalization to multi-axial loading
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=N
72\ L . L .
47 ) isolating a parallelepiped with dimensions a@x x ay x dz

it

stress tensor:
r.(X) (X)) r(x)

T(X) =| 7,(X)  7(X)  7p(X)
Ti3(X)  Tp(X)  75(X) o)
f —

dy dz

=76, +t7,6,+7,,6;, =7-6;

I-(X) _

In_general: traction vector ¢,
I.e. the force per unit area acting on t=1-n o in the figure corresponds

a facet with unit normal »n to the stress 7
(+) 52‘ dX
Tox =Ty T A
ox 2

1 : 1
szr—g(trr)/ l.e., S,J-ET,]-—g(Tmm)é',j

deviatoric stress tensor s (traceless)

orT;

v _

equilibrium _ |
(without volume forces) Y 7=0 or divr=0 e, Py 0 0‘
J

Department of Biomaterials




strain (infinitesimal case)

X)=—=|Vu(x)+Vu(x e. == Ly
#(%) 2[ CO+Vue)] el g 2{5)(. ax,}

strain tensor: e1(X)  &,(X)  &5(X)
e(X) =| (X)) &xp(X) &x3(X)

. . E3(X)  Ex3(X)  &55(X)
interpretation:
diagonal strain components: &1, &555E33
relative length variation in the directions of the coordinate system
non-diagonal strain components — shear strain: €12 €131 53
angle variation o
é,, e, transforms onto €/,6, ) &) = Eel 16
- av - dv,
Ir ¢ measures the variation of the volume: ¢ = av,

deviatoric strain tensor e (traceless)

E’EE—%(ITE)/ ie. eﬁzg,].—%(gmm)@j
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local formulation of the elastic problem:

boundary conditions: (well posed)
u, =U, on oN,
;1N ; = F, on @N/_-
equilibrium:
87,]-

&@

=0 in NV
infinitesimal strains:

Ej =5 T =Ui.
2\ ox; 0x, ’

~constitutive equations*
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./ |constitutive equations: linear elasticity

7(x) = C(x) :e(x) o T = Ciu Ex
N
e(x)=C(x):r(x) C(x)=CIPx)+C,1?(x)

stiffness tensor C, (Hooke”s operator)

T = Ciw En C js  fourth-order tensor

. d* =3* =81 components
symmetries:

reduction to
Cio = Ci = Cise = Cpy components

strain energy density function v :
1 1

ou @
r. = > UZET,]-%-ZE‘?/(/CW%ZO 0

=
/ O¢;
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“/ |stiffness tensor Cjy, (Hookes operator)

(£} Ch G, G Gy G Cill&
£ Co Cp Cp Gy Cpx Cx||&
T3 | _ Cis Cp Gy Gy O Gy || &
(2 Ciu Co Ca Cy Cus Chpl| &y
Ts Cis Cp Cp Cp Cos Cyo || &

| 76 1Cis Co Ca Cus Cse Cos | %6

T) = Ty1s Ty = Tppy T3 =T33, Ty = Tp35 15 = 143, Tg = Tgp
E) = &1y &) = Epyy E3 = Eg5y £, = 28,3, E5 = 28,5, &g = 26,
replacing the subscripts // by p using the following rules:

111,22 2,33 3,13 0r 315,23 0r 32 4,12 or 21 6

‘ further reduction of independent components due to symmetrieso.
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./ |isotropic elasticity

C, C, C, 0 0 0
C, C, C, 0 0 0
C, C, Ci 0 0 0
1
c=/0 0 O E((:11—612) 0 0
0 0 O 0 %(Cﬂ—c}z) 0
0O 0 O 0 0 %(cﬂ—cﬁ)

only twc_) constants:
1
Lamé coefficients hand u: A =C,,, i = E(C‘11 -C,) (CL=4+2u)

z-:/l(['/’g)l-|—21u5 or T/]-:/ﬂtgkk5l]- +2,ue,]-
A 1 A 1

E=— trr)l +—r & = — 5. 4 — @
2ﬂ(3z+2y)( ) 24 O T ouBA2u) Y Zyo

Department of Biomaterials




W/ |isotropic elasticity

only two constants: A ... Lamé coefficient
u ... Lame coefficient

E .. Young's modulus g _ #(34+2u) Lo A
v ... Poisson's ratio A+ u 2(A+ u)
Ev E Ev E
= Iy / _.— 5 "
(1+v)(1—2v)(r8) Tyt O T Ty e % T
1+V 1% 1+v
K ... bulk modulus K- E c-_ £ _
G ... shear modulus 3(1-2v) 2(1+v)

<
Department of Biomaterials




local formulation

of the elastic problem

unknowns:
e stress (6)
e strain (6)
e displacements (3)
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boundary conditions: (well posed)
u, =U, on oN,
T, = F, on 8/V/_-
equilibrium:
87,]-

8)(/.

=0

in NV

Infinitesimal strains:

Ej =5 T =Ui.
2\ ox; 0x, ’

constitutive equations*

T = C/]'k/ €
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&/ Navier equations
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