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Figure 11. Distribution of hydrostatic pressure and Donnan osmotic pressure varying with time in
0.15M NaCl solution: (a) hydrostatic pressure; and (b) Donnan osmotic pressure.

pressure is similar to that of the FCD (Figure 7 distribution 1), and decreases with time due
to the dilution of molarity inside the tissue. Finally, the Donnan osmotic pressure reaches the
same equilibrium value as the hydrostatic pressure (at 8000s shown in Figure 11(a)). Variation
in the difference between the Donnan osmotic and the hydrostatic pressures also indicates that
most of the swelling and curling oecurred within 1000 s after the tissue was submerged in
the solution. ,

In order to investigate the effects of mesh size on the numerical results, by contrast with
the original model with 216 elements and 4800 degrees of freedom, two refined finite element
models are generated with 1000 and 1728 hexahedral elements, and 18 632 and 30756 degrees
of freedom, respectively (Figure 12). Variations with time of the displacement at point A in the
z-axis direction and the hydrostatic pressure distribution in the depth direction at the transverse
mid-plane of the cartilage strip at time 8000 s are used as the indicators. The results shown in
Figure 13(a) indicate that a good agreement in the displacements by all of these three models
is obtained with deviations of almost less than 1.0%. Figure 13(b) shows that the hydrostatic
pressure distributions obtained by these three models are also very close. Therefore, it can be
concluded that no obvious mesh dependency of the numerical results are found in this example.

5. CONCLUSION

To overcome the difficulty of defining a common reference configuration in triphasic theory for
hydrated soft tissue under large deformation, in this paper, an imaginary reference configura-
tion has been established for utilizing the approaches used in single-phase continuum mechan-
ics. Tissues under large deformation are mapped to the imaginary reference configuration by
tracing the deformation of the solid matrix while preserving the kinematics of the fluid and ionic
phases via a Piola transformation of the relative velocities. The governing equations of triphasic
theory have been reformulated in the imaginary reference configuration. Based on the reformu-
lated governing equations, a non-linear finite element formulation has been developed using the
weighted residual method with solid displacement, fluid flow, ionic flows, hydrostatic pressure,
and electrical potential as the unknown nodal variables. After verifying the proposed finite
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Figure 12. Refined finite element models of the 1 cartilage strip (Model 1: 1000 elements, 2386

nodes, 18 632 degrees of freedom, Model 2: 1728 éements, 4003 nodes, 30756 degrees of freedom).

element formulation using a linear-confined compression problem, the effects of non-linearities
in the porosity and FCD on the behaviours of soft tissues have been investigated. The results
show that local finite deformation cannot usually be ignored, although global deformation may
be relatively small. Moreover, in this study, numerical simulation of articular cartilage under-
going large deformation has been carried out for a three-dimensional free-swelling problem
including the deformation-dependent permeability and non-uniform distributions of FCD and
solidity. The numerical results are in agreement with those obtained by experiment. Also, the
deformation-dependent permeability and non-linear distribution of FCD induce strong non-
linearities that can significantly affect the behaviours of soft tissues. Therefore, the proposed
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Figure 13. Effects of the mesh size on the numerical results with the displacement history and
hydrostatic pressure distribution as indicators in a 0.15M NaCl solution: (a) displacement histories;
and (b) hydrostatic pressure distributions.

formulation in this paper is considered to provide, in practice, an effective approach for the
analysis of hydrated soft tissue. In addition, although the validity and effectiveness were as-
sessed by numerical examples of isotropic materials, if the anisotropic constitutive relation for
the solid phase and anisotropic permeability and diffusion coefficient tensors are introduced,
the formulation in this work can be applied to anisotropic materials.

APPENDIX A

Although the diffusion coefficients D™ and D~ and the permeability K are usually
deformation dependent, for the sake of simplicity, they are omitted in the linearization proce-
dure. Since the chemical potentials are functions of the ionic concentrations, and thus depend
on the deformation of the tissue, their differentiation results in the asymmetric part of the
stiffness matrix.

The following gives definitions of the submatrices and vectors in Equation (68):

8/0X; O 0  9/6X, O  8/0Xs
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285, xLT, Rz, 35R20) 2 HHHMEHARL LTSI
VaRKERBEEHEATS L, UTORBEREES.

SWR= = 8Wy+sWot [ A(2)Cilx : bv, i)l

+ /; SAz)Cr(x 2 v, @)dls + § Cldv, 64)
+8'Ci(v,u) =190 ‘ (21)

ZZCH I RHNEETE DAL S HRUTO LS KER TR 3.



[149]

VOL.16 NO.2 JUNE 2006 43
AR ~ | 1, 1 e 2 € Dy ¢
ﬂqu)ﬁupwm+ﬁwwHanm}
=~ [ Vo 00dQ2—F [ n ovdl+F [ nc-suares
— 1 . 1_. <, — Ay c
= L F7Ver d0d s — [ fne+(60— o)l 22)

PP, RO ECHELELD, TOMORKERTEY D L RIRARTD
3. RED LY, M ITRYLIIIVY2RERR S W) QLT
D—BEERT I OOEERBICZ>Tw3 I titbh s, ZREBVLTR,
FETo2@BET s REREC, BEOBECHUT ' B MEFTHEYT
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(a) (b) (¢)
M5 XERIal—Yaralkdnivia
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BT FENY bLERROEHONT
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OYRARBHAL T2 L S0BTF. ©REBEREU-EROBTE
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