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Abstract. The fibril reinforced poroelastic models have been found successful in describing some mechanical behaviors of
articular cartilage in unconfined compression that were not understood previously, including the strong and nonlinear transient
response, the strain-magnitude and strain-rate dependent cartilage stiffness and the depth-varying stresses and strains. It has
been demonstrated that a better description for the mechanical behavior of cartilage is obtained by introducing a fibrillar matrix
into a poroelastic model, in addition to the nonfibrillar matrix and water. This paper reports the development of the nonlinear
fibril reinforced homogeneous and nonhomogeneous models and further explores the potentials of the models for investigation
of cartilage mechanical response. Some comments are made in regard to further applications of the models and improved
accuracy of the material representation.
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1. Introduction

An adequate knowledge of cartilage mechanical behavior is essential for researchers to understand
cartilage diseases and mechanical damages in order to propose efficient preventive and treatment mea-
sures. Experimental and model studies on cartilage mechanics have been successful to different extents
in various aspects of cartilage behavior. For example, model studies have experienced difficulties in ex-
plaining the transient response of cartilage observed in experiments. In an effort to develop an alternative
model for a better description of mechanical behavior of cartilage, we have been exploring the conse-
quence of constitutive differences of the proteoglycan matrix and the collagen network, as reported in
the literature [2,8,9,14,15]. A linear model [12] was initially proposed by adding a fibril network that
did not support compressive stress [11] in the biphasic model. This fibril network reinforced model is
justified for cases with very small deformation when the fibril nonlinearity does not have large impact on
the mechanical behavior. In the meantime, it was recognized that the fibrils exhibit nonlinear constitutive
behavior even at a low strain. Thus, the full nonlinear models were proposed based on fibril reinforce-
ment [4–7]. The fibril nonlinearity was formulated; the large deformation theory was adopted and the
dependence of permeability on the solid dilatation was also considered. The zonal differences were ad-
dressed in the nonhomogeneous model [4]. Consequently, these nonlinear fibril reinforced models have
been found successful in describing certain mechanical behaviors that other models find difficulty with.
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Fig. 1. Finite element mesh for the axisymmetric problem, showing the connection of the poroelastic continuum elements and
the elastic springs. Vertical springs are omitted since they are not subjected to any loadings. The boundary conditions are also
specified. For clarity of the figure, a very coarse mesh (7× 4) is shown. The actual mesh is 14× 4 for the homogeneous model
(which is identical to 14×8 since half of the thickness is taken) and 18×12 for the nonhomogeneous model. The disk radiusR
and thicknessh are taken to be 1.5 mm and 1.0 mm, respectively.

2. Model description

Cartilage is modeled as a composite consisting of three phases, a fibrillar matrix representing the
collagen network, a nonfibrillar matrix mainly representing the proteoglycans (or the solid excluding
collagen) and a fluid. Considering a cartilage disk with radiusR and thicknessh (Fig. 1), the depth-
dependent elastic properties of the nonfibrillar matrix are represented by

Em = Êm(1 + αEz/h), νm = ν̂m(1 + ανz/h), (1)

whereαE andαν are constants referring to the depth dependence;Êm andν̂m are the Young’s modulus
and Poisson’s ratio at the articular surface. This equation results in an aggregate modulusHA matching
the test data [10], that has also been adopted in studying effects of inhomogeneity for confined compres-
sion recently [13].

The fibrillar matrix is described by a strain dependent Young’s modulus. For the horizontal direction

Ef = ω(z,h)
(
E0

f + Eε
f εf

)
, (2)

whereE0
f is the initial modulus (whenεf = 0) at the articular surface (whereω = 1); ω accounts for the

relative content distribution of horizontal collagen fibrils [4]. In particular,ω = 0 atz = h due to the
vertical orientation of the fibrils there. It is often more convenient to determineω by conducting tensile
tests than by measuring the collagen content.

The permeability representation is extended from Lai and Mow [3] by multiplyingψ, a function re-
flecting the distribution of initial permeability over the depth

k = k̂ψ(z,h) exp(Mε), (3)
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where k̂ is the initial permeability at the articular surface. In this paperψ is taken to be 1 that has
been found to be sufficient for the cases considered. Even so, Eq. (3) still defines a depth dependent
permeability due to the depth varying dilatationε.

The initial void ratio is required for calculating the dilatation; it is taken to decrease linearly with the
depth, compatible with the water content

e = ê(1− αez/h). (4)

Hereαe < 1 andê is the initial void ratio at the surface.
This model description obviously defines the homogeneous model as a special case.

3. Model verifications

Numerical solutions have been extracted by using the commercial finite element software ABAQUS.
The water-saturated nonfibrillar matrix is discretized into porous continuum elements, reinforced with
an elastic spring system representing the fibrillar matrix (Fig. 1). The boundary conditions are briefly
specified on the boundaries shown in this figure.

Unconfined ramp compression response has been extensively investigated. First the time varying load
data from a sequence of 10 or 20-step ramp compression/relaxation tests were simulated with the homo-
geneous model [7]. The results demonstrated the ability of the model to capture: (1) the strong relaxation
behavior with no theoretical limit to the ratio of the peak load over the equilibrium load; and (2) the
strain-dependent stiffening of the transient response where the maximum load increment in a step is
larger if the step begins at an equilibrium state with larger previously imposed compression. The model
also revealed stress and strain patterns that were different from that determined by other models. The
same model was also employed to investigate the strain-magnitude and strain-rate dependence of carti-
lage stiffness [5]. The compressive axial strain considered was up to 20% and the strain rates involved
were 0, 0.05%, 0.5%, 5% and∞ axial strain per second. The results were found reasonable as compared
with test data (not available for the infinite strain rate). In all these cases, the strain dependent fibril stiff-
ening was found to be the major factor that accounts for the strong nonlinear transient behavior. If the
fibrils lost their nonlinearity, even in presence of nonlinear permeability, the strong nonlinear transient
response of the tissue would be basically wiped out. On the contrary, if only the nonlinear permeability
were lost, the tissue would still exhibit quite strong nonlinear behavior.

Employing the nonhomogeneous model can also yield results in agreement with the load data [4]. The
depth-dependent radial strain was found to be consistent with measured data [1]. The axial strain also
matched the pattern reported in the literature. However, the strains predicted by the model were more
complicated than what expected according to available experiments. For example, ther-dependence was
generally observed even for equilibrium. Subsequent studies have determined the depth dependence of
stress or strain on individual material properties [6].

4. Example results

Examples are given here to demonstrate some unique features of the models. We first consider the
impact of the material inhomogeneity (Figs 2 and 3) on the response. The radial displacement increases
with the depthz and radiusr with the maximum value occurring atz = h and r = R (Fig. 2). It
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Fig. 2. Displacement field in a cartilage disk (inr–z plane) with 4% nominal axial strain applied at a speed of 0.2% per
second, followed by relaxation. (a) Spatial distribution of the displacement vector for the time just before relaxation (t = 20 s);
(b) Radial displacement at various positions specified in (a). The nonhomogeneous model is employed. The material parameters
for the nonfibrillar matrix areEm = 0.2 MPa,νm = 0.13 ande = 3.6 at the surface; andEm = 0.8 MPa,νm = 0.455
ande = 2.88 at the bottom; linear variations along the depth for these three parameters are assumed. For the permeability,
k = 0.003 exp(15× dilatation) mm4/N s which is initially depth independent. The fibrillar modulus isEf = (3 + 4000εf ) at
the surface and null at the bottom.

also shows that the increase in the radial displacement slows down with time when ramp compression
continues (Fig. 2b, before relaxation). The fluid flow is also two-dimensional, with the highest relative
velocity at the positions near to the periphery (Fig. 3a). The fluid flow in the inner part does not occur
immediately after compression begins (Fig. 3b). This results in a relatively stiffer disk at the beginning of
compression. The velocity pattern is more complicated than that of the displacement. The time varying
velocity follows different patterns at different positions (Fig. 3b); it does not change much in 40 seconds
at Position 4 (fromt = 20 tot = 60).

Employing the nonhomogeneous model [4] is not always necessary, if only the integrated load and
average quantities over the cartilage thickness are desired. The stiffness of cartilage disk has been deter-
mined using the homogeneous model. Here the disk stiffness is defined as the ratio of the total nominal
axial stress over the averaged nominal axial strain. During the transient period, the stresses are not uni-
form in the radial direction and the nominal axial stress is calculated using the total load and the initial
cross-sectional area of the disk. The instantaneous stiffness, determined mainly by the fibrillar modulus,
is largely dependent of the axial strain (Fig. 4). It identifies the maximum stiffness a cartilage disk with
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Fig. 3. Effective fluid velocity in a cartilage disk (inr–z plane) determined by employing the nonhomogeneous model, for the
same case as considered in Fig. 2. (a) Spatial distribution of the velocity vector shown at the integral points of elements (not
shown for all elements for the sake of clarity of the figure); (b) fluid velocity amplitude at various positions specified in (a).

the given material properties can provide. The transient stiffness predicted by the model can be 10 or 20
times as high as the equilibrium stiffness, depending on the strain magnitude, strain rate and the fibrillar
modulus (Fig. 5). It also depends on the loading history (not shown) due to its influence on the fluid
flow and pressure. We have found that the aggregate modulus (confinedHA), rather thanEm andνm

individually, can be used as an independent parameter that has an impact on the stiffness for the current
problem withunconfined geometry.

5. Discussion

The proposed fibril reinforced models have been found to be effective in describing data for unconfined
compression and could be further employed to explore the mechanism of cartilage behavior under other
boundary conditions. Future work should focus on refining the representation of the depth and strain
dependent fibrillar modulus. For example, it might be more accurate ifEf is taken as a nonlinear function
of the fibril strain when compression is rather large (dEf/dεf > 0 but d2Ef/dε2

f < 0). In addition, the
fibril viscoelasticity likely needs to be incorporated into the models particularly in tension where the
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Fig. 4. Instantaneous stiffness of cartilage versus nominal axial strain. Homogenous material is assumed;Em = 0.36 MPa and
νm = 0.38 orHA = 0.67 MPa. The fibrillar modulus is given in the legend.

Fig. 5. Transient stiffness of cartilage at three different axial strain rates, 0.05%, 0.5% and 5% nominal axial strain per second.
Homogenous material is assumed;Ef = (3+1200εf ) MPa,νm = 0.38,k = 0.003 exp(10×dilatation) mm4/N s, and the initial
void ratioe = 3.5. Em is assigned with two values, 0.36 and 2.14 MPa, respectively (orHA = 0.67 and 4.0 MPa).

tensile fibril strain is much higher than that in compression. The electromechanical interaction should
also be examined by the models. Further measurements are needed for the continuous validation and
improvements in the models.
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