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Articular cartilage is a three-dimensional biphasic, fiber-reinforced composite material in which fiber
orientation changes along the depth. The fibers have key asset in tolerating the applied stresses to
cartilage by reinforcing the proteoglycan matrix of articular cartilage. This study is aimed to establish
an innovative model based on microstructure of articular cartilage for stress distribution anticipation
in cartilage constituents. To do this, articular cartilage is modeled as a laminated composite with ran-
domly oriented fibers with depth dependent fiber volume fraction in superficial zone. Furthermore,
the nonlinear strain dependent permeability model is used for all zones. Finite element simulation
is carried out for further study on articular cartilage behavior under confined compression loading.
The reaction force, time, and depth dependent stress distribution of our presented model are com-
pared to classic isotropic model. Although isotropic model has been basically used to characterize
the mechanical behavior of articular cartilage under different loading directions, our results reveal
that it fails to calculate the mechanical behavior of articular cartilage tissue thoroughly. In addition,
comparing the reaction force in confined compression of CSM model with the experimental results
indicate the importance of collagen fibers’ role in reducing the stresses applied to proteoglycan
matrix in all cartilage depth. The findings of this study may have implications not only for developing
progressive damage model of articular cartilage but also of potential ability to predict osteoarthritic
cartilage behavior in different cartilage-related diseases.

Keywords: Articular Cartilage, Random Oriented Structures, Laminated Composite Model,
Nonlinear Strain Dependent Permeability, Finite Element Analysis.

1. INTRODUCTION
Articular cartilage which covers the articulating ends of
diarthrodial joints, plays an important role in the per-
formance of the musculoskeletal system by providing a
frictionless motion between the articular surfaces of a
diarthrodial joint.1�2 In addition, it helps to distribute
the applied loads over a large contact area, consequently
diminishing the contact stress, and dissipating the energy
related with any type of dynamic loads.3

Cartilage contains a large amount of interstitial fluid
(70–90 w%) surrounded in a porous solid media.4 The
solid media is consisted of a progressive structure, includ-
ing collagen type II fibers (10–20 w%) and negatively

∗Author to whom correspondence should be addressed.

charged proteoglycans (5–10 w%).5 The Collagen fibers
are the fundamental structural elements and constitute a
three dimensional network that is adjusted to the mechan-
ical loading of the joint and their orientation varies
with depth.6�7 Since collagen fibers in the solid phase
have different and distinctly directional material proper-
ties, articular cartilage is considered as a composite with
anisotropic material properties.8–10 An intricate structure
of the fibers is being active just under tensile loading,
therefore, it invokes an inhomogeneous material with an
anisotropic time-dependent behavior.11�12

Since the most important role of articular cartilage is
load bearing, it is of vital importance to understand its
mechanical behavior. The most common experimental tests
for observing the mechanical behavior of articular cartilage
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under compression conditions are confined, unconfined
compression, and indentation tests.13 These experiments
test can provide us with a comprehensive understand-
ing of the cartilage mechanical behavior and an initial
step for the growth of computational and mathematical
models.14

There have been introduced many material models to
characterize the mechanical behavior of articular carti-
lage. These models introduced from relatively simple ones,
including the biphasic nature of the articular cartilage,
to models that consist descriptions of all main specific
components of cartilage. In order to take into account
the time-dependent mechanical behavior of articular car-
tilage, a viscoelastic formulation has been introduced,15

following by a biphasic/poroelastic material model to
define the loads haring among solid and fluid phases
of the tissue.16 These models were able to address the
confined compression mechanical behavior of the carti-
lage, but there is still a need for further improvement in
biomechanical models to capture the mechanical response
in unconfined compression. Models consisting of poroe-
lastic media reinforced by discrete spring elements,17–20

continuum fiber reinforced biphasic media,21–23 a trans-
versely isotropic model24 as well as a bimodular model.25

have been developed. Attaining a suitable cartilage model
which is able to address the structural mechanical com-
ponents of the cartilage would help us to predict stress
distribution and progressive damage modeling of cartilage
constituents.7

In this study, according to collagen fibers orientation in
articular cartilage, a novel laminated composite model with
continuous random oriented fibers and depth dependent
fiber volume fraction in superficial zone (CSM model) is
established. Moreover, in this model a void ratio dependent
permeability is defined for further accurate analysis. CSM
model is able to precisely calculate the reaction force of
confined compression test of articular cartilage and can
predict the depth dependent stress distribution of cartilage
comprehensively.

2. METHODS
2.1. Continuous Strand Mat Composite (CSM) model
Confined test of a cylindrical bovine cartilage was sim-
ulated based on previous experimental results.13 In this
study, an innovative random oriented continuous strand
mat (CSM) model was established to address a reinforce-
ment property of collagen fibers in superficial zone of
cartilage. In the CSM model, superficial zone of articu-
lar cartilage was assumed to be randomly oriented con-
tinuous strand mat composite. A layer of composite with
randomly oriented fibers can be considered as a laminate
with a huge amount of thin unidirectional layers, each with
a different orientation from 0 �C to 180 �C.26 Superficial
zone of articular cartilage can be model as a transversely

isotropic material. Mechanical properties in fiber plane can
be obtained as

ECSM

= E2
L+4ELET +8VLT ETGLT

�−4V 2
LT E

2
T +4ETGLT �+E2

T

��3EL+2VLT ET +3ET +4GLT��
(1)

GCSM = EL+2VLT ET +ET +4GLT�

8�
(2)

�CSM = EL+6VLT ET +ET −4GLT�

3EL+2VLT ET +3ET +4GLT�
(3)

where �=1−�LT �TL, EL and ET are the longitudinal and
transverse moduli of fictitious unidirectional layer having
the fiber same volume fraction as a continuous strand mat
composite.
To obtain the longitudinal and transverse moduli, in

plane shear moduli and Poisson’s ratio of unidirectional
layer and rule of mixture was used.27–29 Mechanical prop-
erties of collagen fibers and proteoglycan matrix are listed
in Table I.30–32 Mechanical properties normal to fiber plane
direction was assumed as proteoglycan matrix properties.
Since collagen fibers are under compression due to their

orientation in the transition and radial zone, fibers just have
the ability to withstand the tensile stresses and, as a result,
mechanical properties of these zones were set to proteogly-
can matrix. Thickness of the superficial zone was assumed
as 1/3 of the total cartilage thickness. The superficial zone
was divided to five layers. Fiber volume fraction decreases
linearly in these layers from cartilage surface to transition
zone by the following equation.33

Cf =0�3� (4)

where � equals to 1 in the cartilage surface and 0 at the end
of the superficial zone. By this equation, mechanical prop-
erties of superficial layers are listed in Table II. Moreover,
mechanical properties of an isotropic model with average
elastic properties of a proposed model (CSM model) was
calculated and shown in Table II.
The biphasic media was supposed to be fully satu-

rated, initial fluid volume fraction was also defined as 0.8,4

and a nonlinear fluid volume fraction dependent perme-
ability was used for cartilage described in the following
equation.34

k=k0

(
e

e0

)K

exp
(
M

2

[(
1+e

1+e0

)
−1

])
(5)

Table I. Elastic properties of collagen fiber and proteoglycan matrix.

Young’s modulus (MPa) Poisson ratio

Collagen fiber 10 0�30
Proteoglycan matrix 0.20 0�05

2 J. Biomater. Tissue Eng. 4, 1–6, 2014
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Table II. The mechanical properties of different layers of the CSM
model and average mechanical properties of isotropic model.

Err Grz

(MPa) Ezz E�� �rz �r� Nz� (MPa) Gr� Gz�

Layer1 1�14 0�27 1�14 0�22 0�28 0�05 0�13 0�45 0�13
Layer2 0�93 0�25 0�93 0�20 0�27 0�05 0�12 0�37 0�12
Layer3 0�72 0�23 0�72 0�18 0�26 0�05 0�11 0�29 0�11
Layer4 0�51 0�22 0�52 0�14 0�23 0�05 0�10 0�21 0�10
Layer5 0�31 0�21 0�31 0�09 0�15 0�06 0�10 0�13 0�10
Isotropic 0�80 0�80 0�80 0�22 0�22 0�22 0�33 0�33 0�33

where k0 and e0 are initial permeability and initial fluid
volume fraction at zero strain, respectively. e is fluid vol-
ume fraction and M and k are material parameters.
The FEM simulation of an articular cartilage confined

compression test was carried out in ABAQUS 6.12 (SIMU-
LIA Corporation, providence, RI, United States) based on
the CSM model. An axisymmetric mode (Fig. 1) was cre-
ated in which cylindrical cartilage plugs with 1.15 mm
height and 3.7 mm diameter were simulated. A rigid inden-
tor will compress the cartilage in 4 steps. The model is
subjected to a displacement based on the experiments of
Korhonen et al.13 (each step 5% of uncompressed carti-
lage thickness at a velocity of 1 mm/s) up to at most 20%
strain. Thereafter, a relaxation test in each step for both the
confined compression was carried out. In order to model a
confined compression procedure, model was subjected to
a free draining boundary condition to its upper surface and
the radial displacements of the symmetry line and right
edge were fully constrained. In addition, all the displace-
ment degrees of the bottom layer were set to zero. By
fitting the modeling results to the mechanical response of
the experimental measurements, the permeability material
constants (k0, K, M) were computed for following con-
fined compression simulation.

Fig. 1. The finite element composite structure of articular cartilage.

Isotropic and CSM models with both same mechanical
properties and same boundary conditions were established
to compare their mechanical behavior.

3. RESULTS AND DISCUSSION
By fitting overall behavior of the model in a confined
compression simulation to experimental data, the mate-
rial parameters were calculated as k0=10×10−15 m4/N·s,
M=34 and K=0�0848 respectively. The finite element
(FE) model of the articular cartilage is presented in
Figure 1. The calculated reaction force by the FE simula-
tion of the CSM model, an isotropic model is compared
and indicated in Figure 2. The reaction force predicted in
isotropic model is higher than that of the CSM model.
Relative maximum differences in predicting reaction force
when displacement of each step reaches to its maximum
value at 5%,10%, 15% and 20% strain are 14%, 18%, 23%
and 31%, respectively.
Since the axial stiffness (Ezz) of the superficial layers

of the CSM model is lower than that of the isotropic one,
the deformation in superficial zone of the CSM model is
higher. For example, while the Young‘s modulus of the
isotropic model is uniform (Ezz=0�35 MPa), however, the
stiffness of upper layer of the CSM is Ezz=0�272 MPa.
Thus the void ratio of isotropic model decreases more than
that of CSM model. As the pore pressure increases by
decreasing the void ratio, fluid can move easily in the CSM
sample, causing the force response to be lower than that
of isotropic samples. Table III compares displacement in
axial direction, void ratio and pore pressure of the first
layer of the CSM sample with the equivalent point of
isotropic sample at the end of applying 20% strain.
The variations of the void ratio by increasing of time

at the first layer of the CSM model are displayed in
Figure 3(a). The void ratio at the first step of the test has
its initial value of 0.8 and by moving down the inden-
tor it decreases. By starting the relaxation period at each
step, like releasing a sponge after squeezing it, superficial
zone expand and void ratio will increase. This fluctuating
behavior will repeated at each step but it is a descending
path overall.

Fig. 2. A comparative diagram of calculated reaction force in finite ele-
ment simulation of CSM model, an isotropic model, and experiment data.

J. Biomater. Tissue Eng. 4, 1–6, 2014 3
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Table III. Compression displacement in axial direction, void ratio and
pore pressure between the CSM and isotropic samples at the end of
applying 20% strain.

CSM sample Isotropic sample

U2 (mm) −20�03×10−2 −19�86×10−2

Void ratio 0.74 0.73
Pore pressure (kPa) 115 145

The variation of pore pressure by increasing of time
at first layer of CSM model is depicted in Figure 3(b).
By starting to move down the indentor pore pressure will
created and synovial fluid began to flow outward the carti-
lage. By increasing the indentor displacement, superficial
strain increases and void ratio decreases and, consequently,
leads to increase of pore pressure. By starting the relax-
ation period at each step, pore pressure drops quickly to
zero and fluid flow will stop.
The main differences between the CSM model

and isotropic model are in calculating stress values.
Figures 4(a) and (b) compare time-dependent stresses in
radial direction (S11� and axial direction (S22� of models
at cartilage surface, respectively. Since CSM model under-
stands the role of collagen fibers in reinforcing superfi-
cial zone of articular cartilage, stresses calculated in radial
direction on this zone are approximately twice the stresses
calculated by isotropic sample. This difference in stress
values is because of difference in Poisson’s ratio in z-r
plane (�zr � and elastic modulus in radial direction of these
two models. Unlike radial stresses, stresses calculated in
axial direction in CSM model are less than axial stresses
calculated by isotropic model. Since isotropic model does

Fig. 3. The variations of (a) void ratio and (b) pore pressure by increas-
ing of time at first layer of CSM model.

not see the role of collagen fiber orientation, it uses a uni-
form elastic modulus for all directions. Therefore, elastic
modulus calculated for the CSM model in axial direction
is less than that of isotropic model. Thus, the CSM model
has less resistance to compression than isotropic one in
axial direction.
Figures 4(c) and (d) compare time-dependent stresses in

radial direction (S11� and axial direction (S22� of the CSM
and isotropic models of articular cartilage deep zone at
1/3 of thickness from bottom of articular cartilage, respec-
tively. The stresses calculated in both radial and axial
directions of the CSM model is less than stresses calcu-
lated by isotropic model. The reason is attributed to the
low modulus of elasticity and Poisson’s ratio of the CSM
model in deep zone than isotropic model. The CSM model
predicts that stresses caused by relaxation test in axial and
radial direction of deep and transition zone and axial direc-
tion of superficial zone are less than stresses calculated
by isotropic model. And since ultimate strength of super-
ficial zone in radial direction due to presence of collagen
fibers in this direction is much higher than axial direction,
the CSM model predicts that articular cartilage can resist
against more strains in relaxation test than isotropic model
calculations.
It has been shown that isotropic models of articular car-

tilage are inappropriate and cannot represent many of the
experimental observations. These models do not account
for the microstructure of the tissue.24�35

This study was aimed to investigate the articular carti-
lages with centralization on its microstructural elements.
By compressing the cartilage, collagen fibers are under
tension on superficial zone and according to their ran-
domly orientation in this zone they have an important
role in tolerating the stresses. Existence of collagen fibers
in superficial zone reduce the stresses created in proteo-
glycan matrix in this zone and stresses crated in other
zones of cartilage. Since proteoglycan matrix has much
less strength than collagen fibers36–39 existence of colla-
gen fibers with this orientation increases articular cartilage
strength under compression loadings.
The CSM model considers the performance of colla-

gen fibers in articular cartilage and by modeling superficial
zone as a continuous strand random oriented laminated
composite with depth depended fibers volume fraction, it
has the ability to calculate stresses created in cartilage
zones. Local areas of high deformation can be taken into
account the initiation points for tissue fibrillation or delam-
ination and these local peaks are not anticipated by an
isotropic model. However, a model without fibers is failed
to address the reaction force in compression,14 which is the
most important point for growth of most fiber-reinforced
models. Although CSM model is one of the simplest fiber-
reinforced models presented for articular cartilage, it has
the potential ability to address the anisotropic mechan-
ical behavior of articular cartilage under various load-
ing conditions. Moreover, using a void ratio dependent

4 J. Biomater. Tissue Eng. 4, 1–6, 2014
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Fig. 4. A comparative diagram of time-dependent stresses in (a) radial direction (S11� and (b) axial direction (S22� of models at cartilage surface. The
time-dependent stresses in (c) radial direction and (d) axial direction of the CSM and isotropic models of articular cartilage deep zone at 1/3 thickness
height from bottom of articular cartilage.

permeability in CSM model let it better predicts the syn-
ovial flow between solid phase and this cause more accu-
rate calculation both in reaction force response and stress
distribution.
Furthermore, development of fiber-reinforced models

for analyzing stress distribution of cartilage constituents
may give an insight into to the damage mechanics of car-
tilage, since it happens in accidents (e.g., trauma, sport-
related injury, fatigue, etc.,) or in degenerative diseases
(e.g., osteoarthritis). Recently, the growth of diagnosis
methods for the discerning the degree of osteoarthritis have
been projected, by computing the reaction force through
in situ indentation,40�41 one future uses of present model
could be calculation of reaction force of osteoarthritic car-
tilage and comparing it with normal cartilage and ana-
lyzing stress distribution in osteoarthritic cartilage for
predicting progressive damage of this organ. The prop-
erties of osteoarthritic cartilage, including the collagen
fiber volume fraction of remained collagen fibers, and the
remained thickness of superficial zone and cartilage should
be required.

4. CONCLUSION
This study proposed a novel randomly oriented composite
structure to capture the anisotropic mechanical behavior of
articular cartilages. By compressing the cartilage, collagen
fibers are under tension on superficial zone and according
to their randomly orientation in this zone they have a key
asset in tolerating the stresses. Existence of collagen fibers
in superficial zone reduce the stresses created in proteogly-
can matrix in this zone and stresses crated in other zones
of cartilage. Although isotropic model is basically used to
characterize the mechanical response of articular cartilage

under different loading directions, our results reveal that it
fails to predict the mechanical behavior of articular carti-
lage tissue thoroughly. In addition, comparing the reaction
force in confined compression of CSM model with the
experimental results indicate the importance of collagen
fibers’ role in reducing the stresses applied to proteogly-
can matrix in all cartilage depth. The findings of this study
may have implications not only for developing progressive
damage model of articular cartilage but also for potential
of predicting osteoarthritic cartilage behavior in different
cartilage-related diseases.
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