Bone as a microcontinuunt
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How to treat the microstructure?
e homogenization
e theory of mixtures, of composites

e Mmicrocontinuum theories
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e Continuum "points" can translate, but alsdateanddeform
— micromorphic continuum

o Position within a particle given by =z + &,y =y + 1.

e Special types:
— microstretch continuunrotation + volume change,
— micropolar continuumrotation only.
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Figufe 1 Coordinates within particles.



General balance equations

The balance of forces and balance of stress moments equations:
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e Mmicrostretch continuum — 7 degrees of freedom
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e micropolar continuum — 6 degrees of freedom
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Micropolar continuum - the boundary value problem

e Basic equations:

tkl,k +pfi=0, mkl,k + et +pli =0, (5)
i (9\1! 8yk_ Rl 3\11 E)yk_
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e For theisotropic continuunholds (denotingy;; = ¢, , " = (%i e Bi it g )

ti = Aelop + (1 + K)er + perk My = Y, 0k + Byt + vk - (6)
U, tunk =1,
e The boundary conditions™* — ¥ on o<, , gttt on o), .
br = Qbk mgn” = ny



Variational formulation

The solution is thestationary poinbf the potential (sef])
H(u,$) =5 f [AG*e™ 4+ (u+ k)M + peM] epda
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The weak solution of the problem page 5satisfies (we omit loading terms here)
H(g, ?; 5@) =)= /Tk15u€k5d9 e 0, (7)
I(u,¢;0¢0) =0 — / (Thi0gErr + Mpdp@r i) d2 = 0. (8)



FE discretization

Denote:1 = [1, 1, 1]0,0,0(0,0,0]%, J ... apermutation matrixz, v strain operators.

Faiss g)\llT + (M -+ /-{,)l + MJl[G‘i“V]de it Dlee7 meé — gallT s 6‘-] R ,ylzG—i—gbe b DQG+¢6.

D1 D>

Discrete balance equations for one element:

U = D, G IW] e = >, [GTTDIBIW | | - d° = [A4,,BcJd* =0, (—Eq.7)
de = Do, |+ CT M)W |0 =37, [V DiBIW] |¢ - d°
+3°, G DG I W | |eo - ¢° = [C,, De]d® + E¢° = 0. («+ Eq. 8)

= Linear system withndefinitematrix:

A B, O S T e
[Ce D6+Ee] [ab] = [gel ' ®)



The analytical solution is known in some cases [8f, results taken fron8]) , e.g.:

a plane with a hole loaded in tension,

compute the stress concentration factor on the boundary of the hole.
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Figure 2 Plane with a hole.



Analytical verification Il

R = radius of the hole (macroscopic characteristic lengfin)

0
|

K = stress concentration factor

Stress concetration tactor
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Figure 3 Stress concentratior{/c ).

= characteristic length of the microstructure [m|

Theory:

e linear elasticity: red curvel{ = 3)
e Mmicropolar elasticity: green curve

Numerical values:

e linear elasticity: magenta curve

e micropolar elasticity: blue curve

e adjusted (shifted by LE numerie LE
theory): cyan curve
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Figure 4 “."-Ex'a_r'nplé of a fixation of a bone.
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Femur bone with naill — material data

set A [Pa] p [Pa] K [Pa] a[N] | SIN] | ~[N]

MP1 | 1.8-10 | —1.468-10° | 3.837-10%Y —120 120 240
MP2 | 1.8-10 | —1.468-10° | 3.837-10° | —12000 | 12000 | 24000
LE FEb Y TR == e 2tk ik

Table 1 Material data.

e Equivalent LE set was obtained using = Ay, pup = par + K£/2
(— E =1.26-10" [Pa],v = 0.4).
e Material data of the steel naiFf = 2.1 - 10 [Pa], v = 0.3.
e Characteristic lengths of the microstructure:
— MP1: ¢ = 0.1283 [mm]
— MP2: ¢ = 1.283 [mm]
e Characteristic length of the macrostructure = radius of the hole.
e LE set was used in PAM-Crash code for verification of our solver — the results
are denoted as "PC".
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e Two kinds of loading: bending and torsion.
e Observed micropolar effect: decrease of stress on the femur—nail interface
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Figure 5 Original (whité) + deformed femur mesh (magnified displace-
ments), LE set used for the bone.
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The nail was considered to be fixed to the
bone — no movement between the two ma-
1w vﬁ?:%?uv¢'¢;¢;§*;f§;f;}?‘ X terials was allowed. The stress was evalu-
- MRS ‘#"#ﬁg%}:gﬁa_;" ated along these lines on the surface of the
ORI RN : :
. “‘m “""' ‘f::,:,:m: o hole drilled into the bone:
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ﬂhuuuv&vnﬂﬂrm A @ ! .
L ] 5 T_—sr__1|o_ _g3p —20 -1a fl'c'nt

e WAV A TAVAY Z AVAY A" -

Figure 6 toy [KPa], torsion case.
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e Bending load: different behaviour (tension-compression) of middle and "non-
middle" rows of elements; separate plots.
e Torsion load: no such phenomenon.

-05

E &8 B E
[ S N

B 8 B ¢

t33 [KPa] (bendi_ng) too [KPa] (torsion)

Figure 7 Stress along the lines, MP2 set used for the bone.
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e \We plot "averaged" stress along the front and back lines of Figyrags 13
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The "averaging" = the least squares fitting of stress in the elemehtgute 7).
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Fig'ufe 8 t33 along the lines, bending.
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The bending case — fitting with the second order polynomial.
The torsion case — fitting with the third order polynomial.
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Figure 9 Averaging example + torsion case results.




Femur bone with nail — example lla

Dependence of stress enl; varied inrange0.2, 2) [mm] while keeping the other
parameters constant. This resulted wariation in range0.1283, 1.283) [mm].

Stress was evaluated fnselected elements (“left” end of the hole (the lowest
coordinate), sekigure 7, Table 2.

Note the difference between middle and non-middle elements in the bending case.

element| 5786 | 4236 | 4351 @ 6103 6050 6123

line front front front back back back

row upper | middle | lower | upper | middle | lower

Table 2 Selected elements.
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Figure 10 Dependence onin the selected elements.
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Figure 11 Dependence on in element 4236.
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e Linear micropolar elasticity was introduced.

e Presented examples showed a striorfigience of the microstructural parameters
on the stress.

e Further work:
— micropolar anisotropic continuum
— micromorphic continuum

— material parameter identification
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