CT
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v
( ,1992)
(1) . Cowin et al.(1985), Carter et al.(1989),
Huiskes et al. (1987), Hart (1990)
(2) . Cowin et al.(1992), Sadegh et al.(1993),

Mullender et al. (1994), Tanaka & Adachi (1998)
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(2)

(1)
(2) uCT Voxel

(3) Large-Scale FEM
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Trabecular Surface Remodeling Model
Surface Movement Due to Remodeling

' Lining Cells )
m . Rate of Surface \ Osteoclasts (Parfitt, 1994)
Movement Marrow \ . Osteoblasts
—Qmescence
> 0: Formation —Activation - .
< 0: Resorption Resorption —\ 5~ Formation—
—Trabecula /
) ~ Mineralization
m< 0 Reversal Osteoid
Time

Rate Equation Based on Uniform Stress Hypothesis

(Adachi et al. 1998)
S: Surface  Representative Stress

51 o, =[ wil)o,ds / | wiyas

( ] Driving Force MA Formation

LC =
Xeoe In(c.loy)

: . i

Trabecula Marrow Resorption M i
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Microstructural FE Model of Cancellous Bone

Direct Evaluation of Trabecular-Level Mechanical State (Hollister
et al. 1994, van Rietbergen et al. 1995, Odgaard et al. 1997 )

(1) Voxel Model Generated by Digital Image
— Direct Modeling of Trabecular Microstructure

(2) Large-Scale FEM Using EBE-PCG Method =
— Saving Both CPU Time and Memory Storage l

Microstructural FE Model for Remodeling Simulation

Trabecular-Level
Mechanical Morphological
Stimulus Change
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Simulation Model for Trabecular Surface Remodeling

uCT Image-Based Cancellous Bone Model

Dimension of Cube: a = 5Smm
Dimension of Voxel Element: 50 um
Applied Force: Fz -

Displacement: Uz
5 B Apparent Stress: Oz =Fz/a*=1.24MPa TfabeCUIar

Ap arent Strain: €z = Uza Elements

] |
M > 0 (Formation)

X-Z Section
Iterative Algorithm for Trabecular Bone Remodeling

M <0 (Resorption)

No
Stress Analysis by | | CSL%J:)E:S[;?%O]‘ | Surface
EBE-PCG FEM ! J ' Movement
Driving Force /° Yes

End
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3D Trabecular Remodeling for Cancellous Bone

Initial 8th step 30th step
3D Image

B B
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Changes in Structural & Mechanical Parameters

0.3 —— SN0
. \ g k
=02 . =100 | =
Sa] _ E: i |
0.1 ' - - - 50_-----_----
0 10 20 step 30 40 50 0 10 20 step 30 40 50
(a) Bone Volume Fraction: BVF (b) Trabecular Plate Thickness: TPT
2.5 — T T T 2500
- | ] ,_\2400:
g | - £
520- - 22300 |
=20F . & I
& i | g
B~ _ ] 612200:
2100
o 10 20 30 40 50 M0010 20 30 40 50
step step
(c) Trabecular Plate Number: TPN (d) Apparent Stiffness: oz/&z

Volume Fraction: BVF \

Apparent Stiffness: 0z/&:./ Functional Adaptation
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Structural Properties: Fabric Tensor (Cowin, 1986)

gth (MIL) MIL Tensor M

///, Test Line 1

@ [ntercept Point
KTYYXAFEET

s fxf_;_a .“r.rsz .;f )_J L (n)

B 0 +2(Myymny + Mygmng + M ysnyny

_ 2 2 2
=Myn; +M,,n, + M33n3

'l "&.'I.I / r' ! y ,}z_.-‘:_,ff -':ff -.'r‘; . :'Jlr:’._! * n - [nl n2 n:

= o e
L ,.&

MIL: L(n) =L [n My M, M,
n: Number of Intercept Point,
L"”"“" Total Length of Test Line

Fabric Tensor H \Tﬂ

H = M2 L

Principal Value : H, (H, >H, > H,)
Principal Direction: n ¥

== Structural Anisotropy |

| PR et bl S
__Fabric Ellipsoid |




No. 5
Mechanical Properties: Effective Stiffness Tensor
o (van Rietbergen et al., 1996)
Homogenization Theory (Hollister & Kikuchi, 1992)

Macro(X) Micro(Y) Effective Stiffness Tensor C
Y =X/g, ¢: Scale Ratio
Y -Periodic , Unit Cell Cljkl ——j Cijpm LpmiadV,

Ly = (5 8y +06,8,)-5)
j cypmg,, WY& (u)dy = j g (V)oi¥ (U)dV

Orthotroplc Abproxmatlon 3000

24101 7552 6755 432 -1030 -330.2] \_e%\ |

7552 21230 6972 353 16.7 —289.2
6755 6972 18680 -19.2 -87.7 6.1
43.2 353 =192 7050 =950 —26.7
—103.0 16.7 -87.7 -95.0 707.6 8.4
—339.2 —289.2 6.1 —26.7 84 7999

O
I

059 0.64 0501 —orr _
R=|-0.78 0.61 0.14 Cl]kl :RipquerRlstqrs
—-0.21 0.47 0.86

(2088.1 666.6 7159 59 -195  0.1] .. —ORT (ORT - ORT - RORT
666.6 19590 6064 _ 65 63 55 Coefficient: Cj;;; C“%%ﬁofszjﬁﬁnﬁe%%%}
CORT _| 7159 6064 17309 208 39.1 104 . o LS
T|_=59 65 298 5243 34 -55 Principal Direction : N
—195 -63 391 34 7326 -07 . :
| 01 -55 104 -55 -07 8167 ==p Nechanical Anisotropy




3D Trabecular Remodeling for Cancellous Bone

3D Image

X, -X; Section

10th step

(X)

Compression
~ Direction

No. 6

50th step

:

e
AR

50th step
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Changes of Structural & Mechanical Properties (1)

"‘-.

Compression

~Direction(X;

T — — _,—-l i — —
f | T T |
|
| . |
| | |

Compression
—— Direction(X5)

3000 W

 10thstep " 20thstep -
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(1) EBE-PCG
(van Rietbergen et al. 1995)
(2) uCT (Guldberg et al.1997)
(3)
(1) —

(2)
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Voxel Micro FE



