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Finite element analysis on yield surfaces of trabecular bone
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Abstract

Trabecular bone has cellular microstructure and behaves the asymmetry yielding in tension and compression. In our study, we adopted the Voronoi honeycomb to be the microstructure of the trabecular bone and used the
generalized Hill yield function in finite element analysis. To study the yield surface evolution of trabecular bone, the mesh size, the cell number and the size of the representative block in finite element analysis 1s

investigated and selected based on the analysis of the mesh convergence, the boundary effect, and the size effect. We designed the probing paths and pre-loading paths to detect the initial yield surface and subsequent
yield surfaces with different pre-loading paths. According to the observation of the yield surface evolution, the Bauschinger effect and the hardening behavior (isotropic, kinematic, rotation, distortional) of the trabecular
bone can be recognized. The finite element simulation shows that the variation of yield surface area and the aspect ratio under different pre-loading paths. In addition, the Bauschinger effect appears under certain

monotonic pre-loading paths.
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Fig. 1: Certain bones (or parts of bones), Fig. 2: Voronoi diagram of a model of vertebral
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trabecular bone, note that 1: t =3.5: 2.33 . [2]
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Boundary effect analysis

head, are filled with spongy structure
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Table 1: Material constants of vertebra trabecular bone. [3] [4]
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Fig. 4:

(a) Voronoi diagram of trabecular bone

(area= 300 x 300 mm?2).
(b) Mesh in thickness direction.

Pre-loading paths
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Fig. 3: Finite element analysis with
(a) mesh convergence of different cell counts,
(b) boundary effect analysis of different cell counts and
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(a) Probing paths of trabecular bone.
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(b) Pre-loading paths of trabecular bone.

(c) size effect of different representative block area (cell counts = 300).

Shear Shear yield surface

0.08

0.05 0.1 0.15

Axial Shear yield surface
T T T

______

Shear Axial yield surface N\ (0,u,) - e (0,1,)
0.05} / ux
L e st
004f ®—— e Sy T
= el g = = . 0.02f
%E. 0.02} . - ”‘ ( u'Y' uX) (ﬁy' ﬁX) %
S 0.02F
. . . ‘kl,ly
0.02 's
%2 o 005 o0 0.05 0 0.1 \ / 0.1 0
o (MPa)
(uy, ) = (0,0) (1y,0) WV (4, 0)

T (MPa)

Initial yield surface

Axial yield surface

0.05
o (MPa)

Axial Axial yield surface

0.04

-0.02

0.04F

7 (MPa)

0.04F

-0.02F

0.04F

r(MPa)

-0.05

{ 0
o (MPa)

Fig. 6: Yield surface evolution of "axial-tension and shear" pre-loading paths.
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Fig. 7: Yield surface evolution of "axial-compression and shear" pre-loading paths.

0.1

0.05 0 0.05
o (MPa)

0
o (MPa)

(a) 100

80

)

[=2]
o
T

Area ratio (%
S
o

20

| . |
sub -AS sub-AA sub-A Initial subA subAA subAS

(a)

(o) ~ el
T T

o
T T

Aspect ratio
'S

o - N w
T T T

T
7.2434

4.8332.

3.5067

4.7741

L
sub -AS sub-AA  sub-A

L
Initial sub A

sub AA

sub AS

(b)

sub SS

sub SA

sub -SS sub S

Fig. 8: Area ratio of (a) axial first and
(b) shear first pre-loadings.
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Fig. 9: Aspect ratio of (a) axial first and
(b) shear first pre-loadings.
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Fig. 10: Yield surfaces and stress-strain curve to analysis Bauschinger effect.
(a) Bauschinger effect Bauschinger effect
pre-loading A-path V pre-loading S-path v
pre-loading AA-path Vv pre-loading SS-path V
pre-loading -A-path X pre-loading -S-path N
pre-loading -AA-path X pre-loading -SS-path Vv

Table 2: Bauschinger effect determination with (a) axial first and (b) shear first yield surface evolution.

Conclusion
We established the Voronoi diagram with 300 cells and 300 mm? area for trabecular bone and modeled it by using the generalized Hill yield function and referring the material constants of vertebra part.
The finite element analysis shows same tendency for variation of yield surface area under axial-tension and axial-compression pre-loading paths and exhibits the minor area decrease of yield surface under
positive and negative shear pre-loading paths. On the other hand, the aspect ratio of the yield surface increases when the axial pre-loading paths are applied but opposite trend is observed for the yield

surface under shear-first pre-loading paths. Furthermore, the Bauschinger effect appears in the monotonic pre-loadings except two axial-compression pre-loading paths.
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