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INTRODUCTION

The microstructure of articular cartilage could be divided into
four distinct zones: the superficial zone, middle zone, deep zone,
and calcified cartilage zone. It is believed that the superficial
zone of articular cartilage has a lower permeability, which may
be related to the close packing of the collagen fibrils resulting in
a system of much narrow channels which offer a greater
resistance to flow [1]. This parametric study investigated the
influence of permeability of the superficial zone on the behavior
of cartilage stress relaxation and creep of human ankle joint
using a 2D biphasic poroelastic finite element model (FEM) that
was created from a living human ankle joint.

METHODS

The 2D geometry of the tibial cartilage and talar cartilage
layers was digitized from a MR image of a living subject’s ankle
joint and then imported into ABAQUS finite element software
(ABAQUS, Inc., Providence, RI) to create a plane-strain mesh
model. The top 0.1mm of the cartilage was defined as the
superficial zone [2]. The articular cartilage was modeled as
being attached to a cortical bone of approximate 6 mm
thickness. Elastic material properties were used for the bone
with Young’s modulus as 2GPa and Poisson’s ratio as 0.2 [3].
Poroelastic material properties were used for the superficial zone
and the other zones of the cartilage. The articular surface was
assumed perfectly permeable. The Young’s modulus and the
Poisson’s ratio were E=0.4667 MPa and » = 0.1667 throughout
the cartilage. The permeability of the cartilage except the
superficial zone was k=7.5x10""m*/N-s [4]. The
permeability k' of the cartilage surface layer was assigned to be
0.2k, 0.4k, 0.6k, 0.8k and k, respectively. The cartilage contact

was assumed to be frictionless. The bottom of the talus cortical
bone was fixed all the time for all the cases.

/lelal Cartilage

—

|
|

[e]

Talar

A (B)
Fig.1 (A) MR image of the ankle joint; (B) cartilage model of the ankle
joint created from (A).

1. Stress Relaxation

A total vertical displacement of 0.15 mm (corresponding to an
approximate 5% compression ratio) was completed on the top of
tibia within a ramp time t;=1s. The tibia was kept in equilibrium
for a further 500s. The reaction force on the contact surface was
predicted as a function of time.
2. Creep

A vertical 5SN/mm load was evenly applied to the top of tibia
within a ramp time ty=1s. The load was kept constant for 500s.
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The displacement of the tibia was predicted as a function of
time.

RESULTS

1. Stress Relaxation

The peak reaction force (at time ty=1s) were 6.08, 5.85, 5.63,
5.45, 528N/mm for k'=0.2k , 0.4k, 0.6k, 0.8k and Kk,
respectively (Fig. 2(A)).  The reaction force increased
monotonically while the surface layer permeability decreased.
When the surface layer permeability was reduced to 20% of the
cartilage permeability, the reaction force increased by 62% at
50s relaxation.

2. Creep

The tibia displacement at time t;=1s were 0.179, 0.183, 0.187,
0.190, 0.194mm for k'=0.2k , 0.4 k , 0.6k, 0.8k and Kk,
respectively  (Fig. 2(B)). The displacement decreased
monotonically while the surface layer permeability decreased.
When the surface layer permeability was reduced to 20% of the
cartilage permeability, the tibia creep displacement decreased by
8% at time t=51s.

e 020
Ts — 0.2k -

E E g5

E Eo

Z4 = —_— 0.2k
§ % - 0.4k
e3 § 0 0.6k
52 g — 0.8k
T i 2 0.05 - — 1.0k
g o

4

-

l}n 100 200 300 400 500 0 100 200 300 400 500
Time (s) Time (s)
(A) (B)

Fig. 2 (A) reaction force curves for different surface layer permeability
during stress relaxation; (B) displacement curves for different surface
layer permeability during creep.

DISCUSSION

Although it is well known that articular cartilage is a
heterogeneous material due to its microstructure, people usually
simplify it as a homogeneous material with uniform
permeability throughout the cartilage layers for finite element
analysis of anatomic joint contact problems [3, 5]. This study
showed that the variation of the permeability of the surface
cartilage layer could cause significant differences of the joint
contact problems, such as stress relaxation and creep. Further
experimental investigation of the permeability variation in the
intact joints might be helpful to facilitate the finite element
analysis of joint contact problems. In the future, a 3D FEM
calculation will be performed to investigate the effect of
permeability change of cartilage superficial zone on the joint
contact deformation.
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