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Abstract :

Design of functionally gradient composite was carried out as a basic study to develop

a bio-mimetic composite material. A cross-ply laminate structure, [0/90/0/core],, was considered
for a functionally gradient bio-mimetic composite structure that could prevent stress concentration
caused by the difference between the elastic moduli of the cortical bone and the artificial hip joint.
A cross-ply laminate plate with rectangular cross-section and a beam with circular cross-section
were studied before a functionally gradient composite of the actual shape was investigated. Four
point bending test was conducted with the wet and dry bovine femur specimens to examine
mechanical properties of the cortical bone. The wet bone showed a non-linear stress-strain rela-
tion but the dry bone showed a linear stress-strain relation. Mechanical properties of the proposed
functionally gradient composites were calculated as a function of the layer thickness and carbon
fiber volume fraction in each layer based on the Halpin-Tsai equation, CLPT(classical laminate
plate theory), rule of mixture, and beam theory.
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Figure 2. Structure of a functionally gradient cross-ply
laminate composite.
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Input of matrix data and density

}

| Variation of volume fraction in outer layer l

| Variation of thickness of each layer Jd——

Caiculation of properties in each layer
by Halpin-Tsai equation

! o

Calculation of properties in entire laminte
by CLPT

omparison of elastic modulus and density
between bone and laminate?

r Decision of thickness ratio of each layer !

Figure 3. Flow chart for numerical calculation of
mechanical properties and layer thickness in the case
of the functionally gradient composite with rectangular
Cross-section.
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Figure 4. Proposed structure of a functionally gradient
composite with circular cross-section.
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Figure 5. Flow chart for numerical calculation of
mechanical properties and layer thickness in the case of
the functionally gradient composite with circular cross-
section.
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Figure 6. Stress-strain relation of the wet bovine femur.
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Figure 7. Stress-strain relation of the dry bovine femur,
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Table 1. Mechanical properties of the materials used
for evaluation

Cortical human PAN-based

bone carbon fiber PEEK PS

E(GPa) E,=25, E;=12
Young's modulus (average=17.6) 228 36 248
A 0.3 02 042 037

Poisson's ratio
X.(MPa) 81.5(wet bone)
Tensile strength 105.5(dry bone)

3
%(gg’sri“ty) 1.8~2.0 176

3200 92 75

132 1.25
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cross-ply HE#el 7iAH EAL dZ8 Aot cmlold 114 giem’®] 3t zh=d cortical boned]
Figure 82 598 @A AS B\, By, Gp3 BN R 9 HgAos 1.8~20 glem’®] g8 7B Figure
°Jth. cortical bone ¢ HWAHOE E, =25GPa, 29 7 A9 Btdle EA 5 glee @ 4
E,=12GPa®] 3 et o] g5 9% 29 g2 ok Figure 112 A A& 547} 1cm2 &
Af R Ego] tiE 30%9 20%Y W SFE 3 Ao dzm w3 7 W 24 (bending stiffness
S8 7t 39 A 288 B 58] TAY YA matrix components)E =X Zlolth, o§7)M D=t

e AFYE S UG EW Gk A% B Dyt w39 wa 48 Hul 2g wsie] W
o Ga dg R0 $eodsel WA A Yol BT Dust Dl A AT WA 2o o
7]'77}'1?.‘ e 9 Figure 9= aﬂ‘::i% 31—';0}*% H] Vi3, T 99]\1_4'

BHET)
Vs EAIT ZolTh A71A vk v 006014 0.15 oY ARSS FuE wWe vy Ao Hme
Abole] 2h& Zh=dl cortical bone®] 7S FFHow  mrp= 2= B8 A9 AAsln. a8 sk

=032 gks THIBE Figure 29 12 47A9) 7% carbon fiber/PEEKS} carbon fiber/PS 223ke] 73
AT WA P URE &+ AU Fgor 106 WSt SR E = 25GPa, E, = 12GPadl g 2
58 & WslE TAG Aol drHE 103y

1.16

g

Py

N
"

-
e
nN

40 A

g €
2 g 1104
Gs 30 4 2
&
2 @ 1.08
"N 20 8
w
w4 106 1
0 — e 1.04
r : . . . . . 102 T . . - T T T
10 20 30 40 50 80 70 80 %0 10 20 0 40 50 60 70 80 -]

Carbon fiber volume fraction in the outer layer (%)

Figure 8. Elastic moduli of the carbon/PEEK

composite as a function of carbon fiber volume fraction
in the outer layer.

Carbon fiber volume fraction in the outer layer (%)

Figure 10. Density variation of the carbon/PEEK
composite as a function of carbon fiber volume fraction
in the outer layer.
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Figure 9. _POiSSOﬂS ratio of the carbon/PEEKpomposite Figure 11. Bending stiffness matrix components of the
as a function of carbon fiber volume fraction in the

carbon/PEEK composite as a function of carbon fiber
outer layer. volume fraction in the outer layer.
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Figure 12. Thickness ratio of each lamina for desired

properties of the carbon/PEEK composite when carbon
fiber volume fraction of the inner layer is 10%.
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Figure 13. Thickness ratio of each lamina for desired
properties of the carbon/PS composite when carbon
fiber volume fraction of the inner layer is 10%.

on oMo MY & sl HEye W}
we] Wro] 60%S) 1.14 glem®7t HE2 AAS )
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7 B7F 01824 Ao A e HelFo) o]
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S5 dASH.

WA rel 9% wHe] 24 B4 RdE(he
moment of inertia)x= 4] (3)3 7<) UrEPé A=
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Table 2. Carbon fiber volume fraction and thickness of each layer for desired properties of carbon/PEEK composites

Carbon fiber volume fraction (%) Thickness of each section (mm) Density
a-section b-section c-section a-section b-section c-section (g/em’)
22.6 20.4 18.3 0.429 2.93 5.64 0.865
239 20.9 18.0 0.369 2.86 5.77 0.888
25.3 215 17.7 0.312 2.78 5.90 0.914
27.0 22.2 174 0.255 2.70 6.05 0.946
34.2 25.3 16.5 0.101 237 6.53 "1.09
353 25.8 164 0.0844 232 6.59 112
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Table 3. Carbon fiber volume fraction and thickness of each layer for desired properties of carbon/PS composites

Carbon fiber volume fraction (%) Thickness of each section (mm) Density
a-section b-section c-section a-section b-section c-section (g/cm®)
23.6 215 19.5 0.5636 3.04 5.42 0.879
25.9 22.4 18.9 0.429 2.93 5.64 0.918
28.9 236 18.3 0.324 2.78 5.89 0.973
40.6 28.7 16.9 0.103 2.29 6.61 1.22
46.4 314 16.5 0.0465 2.09 6.86 1.35
50.1 33.2 16.3 0.0195 1.98 7.00 1.44
= N . mez asien mechanical 542 o &332 CLPT(classical laminate
we] A= wigke] w4 A4rt E, = 25 GPac|B2 =2 plate theory)E #-8-3} macro-mechanical 5732 ¢l
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~112g/em’e] Zh& B FHUth A Table 32
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