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Abstract
Articular cartilage damage is the primary cause of osteoarthritis. Very little literature work focuses on the microstruc-
tural damage mechanism of articular cartilage. In this article, a new numerical method that characterizes fluid coupling in
particle model is proposed to study the damage mechanism of articular cartilage. Numerical results show that the dam-
age mechanism of articular cartilage is related to the microstructure of collagen. The damage mechanism of superficial
articular cartilage is tangential damage. On the other hand, horizontal separation is the damage mechanism of deep
articular cartilage. The new numerical method shows the capability to effectively reveal the damage mechanism of super-
ficial articular cartilage.

Keywords
Particle model, fluid–solid coupling, articular cartilage, damage mechanism

Date received: 23 September 2014; accepted: 23 February 2015

Academic Editor: Chuanzeng Zhang

Osteoarthritis caused by the injury of articular cartilage
affects people’s health. Thousands of patients around
the world suffer from this disease every year. Articular
cartilage is mainly composed of collagen, chondrocytes,
proteoglycans, water, and electrolyte. Among these
components, collagen fibers form a network similar to
a fibrous reinforcing structure, in which some particles
such as chondrocytes and proteoglycans are fixed with
electrolyte saturated inside. Articular cartilage is gener-
ally divided into surface zone, middle zone, and deep
zone. The mechanical property of articular cartilage
could change dramatically with the increase in depth,1

so it should be considered a mechanically heteroge-
neous material. Some researchers2–4 have pointed out
that the degradation or damage of collagen network
can cause the injury of articular cartilage. The early
degradation, crack, and damage of collagen network in
articular cartilage usually occur in the tangential
section.3,4

Most previous researches on articular cartilage have
treated it as porous materials composed of a porous
fluid phase and a solid phase (collagen, proteoglycans,
and chondrocytes). The two-phase porous medium
model based on mixture theory, proposed by Mow et
al.,5 is most widely used to model the physical system.
The model consists of an incompressible and
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immiscible solid matrix and pore fluid. Namely, col-
lagen, proteoglycans, and chondrocytes were consid-
ered as a linear elastic solid, whereas water and
electrolyte were considered as an ideal fluid. Based on
this model, Lai et al.6 investigated the relationship
between permeability and the volumetric strain of solid
matrices and hence established the two-phase porous
medium theory of articular cartilage. Around two
decades later, Li et al.7 presented a fiber-reinforced por-
ous elastic model. Based on this model, the mechanical
property of articular cartilage is subsequently simulated
by finite element method (FEM).8–10 In these studies,
depth-dependent mechanical parameters resulted from
experiments, that is, porosity, elastic modulus, and
Poisson’s ratio, were taken into consideration.

The present research in this area of study primarily
focuses on experiments11 and FEM-based two-phase
porous medium theory,8–10 in order to develop the
macroscopic mechanical properties of articular carti-
lage. However, there is little research about the damage
mechanism of articular cartilage. The injury of articular
cartilage is mainly caused by the degradation or dam-
age of collagen network. The damage of collagen net-
work changes it from continuum to non-continuum.
While existing continuum models (FEM) show great
promise for the phenomenological prediction of carti-
lage response to impact or shear damage, they provide
little insight into the underlying mechanics that mani-
fest as emergent processes.

We are interested in developing an understanding of
the early chondrocyte and extracellular matrix changes
in cartilage following an injury that lead to later degen-
eration. In particular, we are interested in how loading
can cause the initial tissue damage such as cartilage fis-
suring (cracks in the tissue), and what loading levels are
responsible for chondrocyte damage such as necrosis
and apoptosis. We intend to exploit the discrete nature
of a novel simulation method to explicitly model the
structure of cartilage to better understand the loads that
occur in the tissue and that are transmitted to the cells.
The discrete element method (DEM) is inherently capa-
ble of capturing the response of materials at disparate
spatial scales without the need for re-meshing the model
domain as with continuum simulations. This will allow
us to better understand the failure properties of tissue
and the cellular response to the loading. In view of its
advantages, the DEM model will be used to determine
how loading, matrix damage, and chondrocyte response
are related in this study.

The DEM model is based on a coupled fluid–solid
particle model. It is employed to study the process from
the damage of collagen network to the injury of articu-
lar cartilage under external loads and to reveal the
microscopic damage mechanism of articular cartilage.
In the framework of this new method, articular carti-
lage is considered as a two-phase material composed of

solid particles and pore fluid. Furthermore, collagen
fibers are discretized into particle chains and chondro-
cytes and proteoglycans into free particles. The damage
process of articular cartilage is the failure of the fiber-
reinforced structure.

Numerical simulation method based on
particle model

The particle model is widely applied in the study on
microscopic mechanism of soil particles in geotechnical
engineering and is a powerful tool for revealing the
damage process of microstructures. DEM is a numeri-
cal method based on particle model which was first pro-
posed by Potyondy and Cundall12 at the beginning of
1970s. First, DEM is used to solve the non-continuous
medium problems, such as granular materials and geol-
ogy engineering problems, and then the application
area is expanded. After more than 30 years of develop-
ment, there are many successful applications13–16 in the
field of continuum medium mechanics. Contrary to
FEM, the DEM, in which the nodal points are the cen-
troid of elements, can simply simulate the transition
process from continuum to non-continuum by chang-
ing the joint types between neighboring element pairs.
This process need not re-mesh the lattices or specialize
the elements as well as ensuring mass conservation.

Equations of motion

The solid object of study is divided into a set of two-
dimensional (2D) rigid circular elements in this work.
There are one or more forces between two neighboring
element pairs, and the motion of each element is gov-
erned by Newton’s second law. For element i

mi

d2ui

dt2
=Fi ð1Þ

Ii

dvi

dt
=Mi ð2Þ

where mi is the mass of element i; Ii is inertia moment of
element i; ui is the displacement of the center of mass of
element i; vi is the rotational velocity of element i; and
Fi andMi present the total external force and centroidal
moment, which act on the element i, respectively.

Assume that the displacement ui(t), velocity vi(t),
acceleration ai(t), rotational velocity vi(t), and rotary
acceleration bi(t) of element i in time t are known. The
differential equations (1) and (2) can be solved by the
explicit finite difference method, and equations (3) and
(4) can be obtained

ai(t)=
Fi(t)

mi

ð3Þ
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bi(t)=
Mi(t)

Ii

ð4Þ

at time t +Dt

vi(t+Dt)= vi(t)+ ai(t)Dt ð5Þ

vi(t +Dt)=vi(t)+bi(t)Dt ð6Þ

ui(t+Dt)= ui(t)+ vi(t+Dt)Dt ð7Þ

ei(t+Dt)= ei(t)+vi(t +Dt)3 ei(t)Dt

ei(t+Dt)=
ei(t +Dt)

ei(t +Dt)j j
ð8Þ

where ei is used to record the rotation of the element i.
ei, which is bound to the element i, is a unit vector, and
Dt is the time step, which is a basic parameter for differ-
ence methods of dynamic problems. Usually, the large
Dt may cause instability of analysis, and the small Dt

causes poor calculation efficiency. In a time step Dt, the
impact wave does not pass on to the next element, so
Dt needs to suit formula (9)

Dt\
Dmin

V
ð9Þ

where Dmin is the shortest distance between two ele-
ments, and V is the speed of an elastic wave. In terms
of the solid particle model in this work, Dmin is the dia-
meter of the solid disk elements. It is obvious that the
time step, Dt, is dependent on the material and the dia-
meter of elements according to formula (9).

Forces between two neighboring elements

There are one or more forces between two neighboring
element pairs as mentioned above. These forces can be
classified into many kinds according to different action
mechanisms, such as elastic force, elastic-plasticity
force, and other field forces. Generally, these forces are
the state function of elements, such as the positions or/
and the velocities. In terms of solid particle model in
this work, the elastic force is assumed as the only
mechanical interaction between two contact and con-
nective elements. According to their mechanisms in the
DEM, the joint types between two neighboring ele-
ments can be classified into two different kinds: contact
models and connective models. Contact models are the
typical joint type of an assemblage of granular materi-
als. In the contact models, because the deformation
compatibility conditions are not restricted, they can be
used to expediently solve many complicated dynamics
problems, such as nonlinear problems and large defor-
mation problems. In the connective models, because
there is no space between elements and the deformation
compatibility conditions need be considered, they are
used to solve mechanical problems of continuum.

Unnecessary errors will be caused if only connect mod-
els are used to solve discrete medium mechanic prob-
lems or only contact models are used to solve
continuity medium mechanic problems.

In this article, collagen fibers are discretized into
particle chains (connective models) while chondrocytes
and proteoglycans are discretized into free particles
(contact models). The simulation of the transition pro-
cess from continuum to non-continuum, such as the
crack process of collagen fibers, can be simplified and
efficiently executed by replacing contact models with
connective ones.

Forces between connective elements. There is no crack in
the collagen fibers in the beginning, and the joint types
between elements are connective models. The forces
between two action neighboring element pairs can be
calculated by the relationship between displacement
and forces. The normal force, Fn, ij, and tangential
force, Fs, ij, at time t are illustrated in Figure 1

Fn, ij(t)=Fn, ij(t � Dt)+ knDun

Fs, ij(t)=Fs, ij(t � Dt)+ ksDus

ð10Þ

where Dun and Dus are the increment of relative displa-
cements between element i and j along the normal direc-
tion (nij) and the tangential direction (sij), respectively,
as shown in Figure 2. kn and ks are spring constants.
Notice that the interaction forces between elements i

and j are defined as compression/tension and shear.

Forces between contact elements. After cracks occurred in
the collagen fibers, the joint type between the corre-
sponding elements translates from connective to con-
tact. Initially, the neighboring elements in the
chondrocytes and proteoglycans are contact models.

Whether two element pairs in 2D are real contact
needs to satisfy equation (11).

Figure 1. Connective model.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi + xj

� �2
+ yi + yj

� �2
q

� ri + rj ð11Þ

where i(xi, yi) and j(xj, yj) are the coordinates of the cen-
ters of elements i and j, respectively; ri and rj are radii
of elements i and j, respectively.

If two elements i and j contact, the normal and tan-
gential forces at time t are illustrated in Figure 3

Fn, ij(t)=Fn, ij(t � Dt)+ kjnDun

Fs, ij(t)=Fs, ij(t � Dt)+ kjsDus

ð12Þ

where kjn and kjs are spring constants. Notice that the
interaction forces between elements i and j are defined
as compression and shear. The shearing contact force is
defined along the tangential direction (sij). As shown in
Figure 2, if the shearing contact force exceeds the maxi-
mum static frictional force, slide contact would occur.
The shearing contact force is given as

Fs, ij(t)=m Fn, ij(t)
�� �� ð13Þ

where m is the slide frictional coefficient between two
contact elements.

Failure criterion of connective models. In this work, the fail-
ure criterion is shown in Figure 4, where the shaded
portions denote the safety zone. If the forces are in the
shaded portions, there is no crack occurrence. As
shown in Figure 4, the normal force and tangential
force are Fn, ij and Fs, ij, respectively; and ss and sn are
the tangential and normal strength, respectively.

The failure criterion of connective models is shown
in Figure 4. The interaction forces between connective
element pairs are defined as tension, compression, and
shear. When tension forces exceed the tensile failure cri-
terion snAc, crack occurs. Otherwise, when connective
forces are less than the compression limit �snAc, com-
pression failure occurs, but the connection does not
crack. In the case of shear force, the connective model
is adopted for failure criterion, and when Fs, ij.ssAc,
shear failure takes place.

Once the tension failure happens, the joint type of
inter-element is changed from connect to non-contact.
Otherwise, the shear failure happens, and the joint type
of inter-element is changed from connect to contact.

Fluid coupling based on particle model

Studies on the fluid–solid coupled particle model are
mainly concentrated on two-phase flow.17 Usually, the
solid particle phase which is treated as a pseudo-fluid
and fluid phase is solved with the Navier–Stokes
Equations. In this method, the whole system is regarded
as a mixed fluid. The other method uses the confirmed
particle orbital model to describe the solid particle
phase and uses the Navier–Stokes Equations to solve
the fluid phase. In the above two methods, particle and
fluid phases are of large motion. In this work, collagen
fibers are discretized into particle chains, whereas chon-
drocytes and proteoglycans are discretized into free
particles. In a dense granular system, solid particles
are subjected to the compressions of pore fluid and
other particles. Solid particle phase is small motion,

Figure 2. Normal and tangential directions between elements i
and j.

Figure 3. Contact model.

Figure 4. Failure criterion of connective models.
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and the main motion is that the inner pore fluid flows
among the particles. This progress is similar to
seepage.

Fluid–solid coupled 2D particle models for different
purposes with different approaches have been stud-
ied.18,19 In this work, a fluid–solid coupled particle
model is a combination of a discrete particle model and
a flow network model. The discrete particle model is
described by the DEM. The flow network model is con-
structed with the pore space in the particle assemblage
and will be updated with the deformation and damage
developments in the solid particle frame. The impact of
the liquid phase on the solid particle frame will also be
measured by applying pore pressure on the solid parti-
cle elements. The flow of fluid in the pore network is
solved with a time-stepping approach. The pore system
in the discrete particle model consists of pores con-
nected by pipes. Here, the wide spaces in the pore sys-
tem are called pores. The throats between the pores are
called pipes.

Construction of flow network

In this work, a 2D fluid network model is introduced.
The flow network model is constructed in two steps. In
the first step, three neighboring particles create a pore
enclosed by a triangle (see Figure 5(a)). The pore has
three pipes corresponding to the three sides. The pore
volume is related to the area enclosed by the three par-
ticles. Due to the limit of the 2D model, the flow paths,
that is, pipes, are invisible. A virtual flow path is
assumed, as illustrated in Figure 6. Assuming there is a
third virtual particle element lying out of the 2D model
plane and bordering with the two particle elements in
the model, the three particle elements form a pipe. It
should be noted that such a pipe is unrealistic. In the

second step, some of the pores will be merged into pore
clusters, which are enclosed by polygons, as shown in
Figure 5(b). The condition of pore coalescence is that
the pipe conductance is larger than a predefined critical
value. Pore coalescence helps to improve the computa-
tional efficiency since the number of pores used in the
calculation is reduced. Widely open pores are avoided
since otherwise they will easily take in fluid. In addi-
tion, small time steps should be used in the calculation.
However, pore coalescence reduces the accuracy of the
calculation. The error is related to the conductance
threshold for triggering pore coalescence.

Update of flow network

The scheme of constructing the flow network in two
steps is not fixed. With the deformation and damage
developments in the discrete particle model, updating
the flow network in coupling calculation is convenient.

Figure 5. Construction of 2D flow network model: (a) pores first created, enclosed by triangle; (b) after merging, cluster pores
enclosed by polygons.

Figure 6. Flow path. A virtual third particle has to be assumed
to calculate the flow path in the 2D model.

Hong et al. 5
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If the triangle mesh is limitedly distorted with the defor-
mation of the particle assemblage, the data structure of
the pores does not need updating. Only the parameters
of the pore system need to be recalculated. However,
the pore clusters should be remerged according to recal-
culated pipe conductance which is changed with the
deformation. Only very few additional computational
cost is required for this step.

Explicit solution of flow network

Mow et al.5 treated the fluid in the articular cartilage as
an ideal fluid, which corresponded to the property of
the laminar flow. So the micromechanism of the pore
flow is assumed to be consistent with Hagen–
Poiseuille’s pipe flow. As far as the fluid is concerned,
the pipe is equivalent to a round channel. The flow rate
in a pipe is given by

q=
ka3(p2 � p1)

l
ð14Þ

where k is a conductivity factor; l and a are the length
and aperture of a round channel, respectively; and
(p2 � p1) is the pressure difference between the two
adjacent pores. The sign convention is such that a posi-
tive pressure difference produces a positive flow from
pore 2 to pore 1. The length of the pipe is taken to be
the sum of the radii of the particle elements which are
adjacent to the contact or connection in question.

Each pore receives flows from its surrounding pipes.
In one time step, the increase in fluid pressure is given
by the following equation, assuming that inflow is
taken as positive

Dp=
Kf

Vp

X
qDt � DVp

� �
ð15Þ

where Kf is the fluid bulk modulus, Vp is the apparent
volume of the pore,

P
q are the flow rates from all the

surrounding pipes, and Dt is the time step. The second
term in the equation represents the mechanical change
in the volume of the pore.

Mechanical coupling

Three forms of coupling between the fluid and the solid
particle elements are shown as follows:

1. The changes of the aperture, which can induce
the changes of flow resistance, are caused by
contact or connection opening and closing or
by changes in the interaction force.

2. The mechanical changes in the pore volumes
cause changes in pressure in the pore.

3. The pressure in the pores exerts tractions on the
enclosing particle elements.

The first two forms of coupling have already been
discussed. To simplify the problem of applying pressure
forces to particle elements, we assume that the pressure
drop due to flow through a pipe is localized at the cor-
responding contact or connective particle elements.
Then, the pressure in the region of the pore is uniform,
and the tractions are independent of the path around
the pore. If we choose the polygonal path that joins the
contacts or connections that surround a pore, the force
vector on a typical particle element is

F0i = psni ð16Þ

where ni is the unit normal vector of the line joining the
two joint points on the particle, and s is the length of
the line. As a result, the force vector of particle element
i is Fi +F0i.

Solution scheme

The explicit solution scheme is used for the calculation
alternates between applying the pressure equation to all
the pores and applying the flow equation to all the
pipes. The critical time step for stability is found as fol-
lows. Consider a pressure perturbation, Dpp ¼ p2 � p1,
in a single pore. The flow into the pore due to the per-
turbation is then calculated from equation (14) as

q=
Nka3Dpp

2R
ð17Þ

where N is the number of pipes connected to the pore;
and R is the mean radius of the particle elements sur-
rounding the pore. According to equation (15) DVp ’ 0,
this flow causes a pressure response, Dpr, and it is as
follows

Dpr =
Kf qDt

Vp

ð18Þ

For stability, the pressure response must be less than
the original pressure perturbation. From equations (17)
and (18), the critical time step for stability is satisfied as
follows

Dt=
2RVp

NKf ka3
ð19Þ

As a result, in the fluid coupling based on the parti-
cle model, the time step needs to suit formulas (9) and
(19).

Numerical simulations

Background of experiment

Considering the difference in the mechanical properties
of the surface zone, middle zone, deep zone, and the
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whole zone in an articular cartilage, we have performed
uniaxial compression tests for all three levels of articu-
lar cartilages from pigs. The compressive specimens of
120 mm thickness were prepared, cut across the surface,
middle, and deep zones using a sledge microtome, and
subsequently frozen in saline at 220�C prior to testing,
as shown in Figure 7. Both the top and the bottom
plates were made using a Petri dish (Figure 7). An alu-
minum rod was attached between the actuator and the
top plate. Both plates and the aluminum rod were cov-
ered with a Teflon film. This helped to reduce the
transverse friction during testing. A stress–strain curve
was generated for all three zones of all specimens. The
compressive capacity of articular cartilage is found to
increase with the distance measured from the surface.
The numerical values of each zone fall into the interval

between 50 and 60 MPa, and the numerical value of
the whole is about 50 MPa.20 Unfortunately, such a
compressive experiment is incapable of obtaining the
interior fracture details of the microscopic structure. As
a result, the microscopic damage mechanism of articu-
lar cartilage cannot be revealed.

Process of numerical simulations

Alternatively, we resort to explain the damage mechan-
ism of the microscopic structure of articular cartilages
by the numerical scheme described above.

The structure of an articular cartilage1 is illustrated
in Figure 8. The collagen fibers are almost parallel to
stroma in the surface zone, randomly distributed and
form a network structure in the middle zone, and are

Figure 7. Compressive specimens of 120 mm thickness and compression clamps.

Figure 8. Cartilage structure.

Hong et al. 7
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almost perpendicular to stroma in the deep zone. There
are chondrocytes and proteoglycans lying between
neighboring zones. The collagen fibers are discretized
into particle chains, whereas chondrocytes and proteo-
glycans are discretized into free particles. Water and
electrolyte fill the pores among particles. The detailed
structures of the three and whole zones are shown in
Figure 9. The red bonded particles denote the collagen
fiber particle chains, while the blue free particles denote
chondrocytes and proteoglycans. The particles on the
bottom layer are fixed, while the middle particles on
the top layer are subjected to a uniformly distributed

load. The left and right sides satisfy free boundary con-
ditions. In order to avoid the interruption of simulation
due to the splash of free particles without confinement,
the fixed boundary conditions are applied at 2 dia-
meters of particle elements away from both the left and
right sides. In the meantime, the externally distributed
loads act within 7 diameters away from both the left
and right boundary.

Determining the inner parameters in DEM is a very
difficult task. All kinds of theoretical methods predict
drastically different values from the real results. In
order to deduce the number of computational

Figure 9. Computational model of articular cartilage: (a) surface zone, (b) middle zone, (c) deep zone, and (d) whole zone.
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parameters, the spring constants are used in the con-
nective model and the contact model usually assumes
the same value. It is the collagen network that main-
tains the stability of articular cartilages. In addition,
the collagen network calcifies gradually from the sur-
face toward the deep zone. Articular cartilages there-
fore behave less flexible and more rigid in regions close
to the deep zone.1 As a result, both the normal and tan-
gential stiffness coefficients of a collagen particle ele-
ment increase with its distance from the surface. The
parameters of particle elements are shown in Table 1.
The computational parameters of four different zones
are shown in Table 2. Simulations for four different
zones of articular cartilage under external loads rang-
ing from 40 to 60 MPa are performed.

Results of numerical simulations

Figure 10 shows a snapshot during the microstructural
damage of the surface zone under an external load of
50 MPa. The dots represent the pressure of pore liquid
and the red dashes represent the breaking of connective
collagen fiber particle elements. It is important to note
that the propagation speed of force in liquid is much
less than that in solid particles. Therefore, the force
between particle elements is large enough to break some
bonds of the connective collagen fiber particle elements

when the pressure of pore liquid is still low. It is obvi-
ous that the microstructural damage of the surface zone
is a result of the parallel breakdown of the entire col-
lagen fiber particle elements. That is to say that the sur-
face zone is sliced along the tangential direction. Such a
mechanism agrees well with that found in Panula et al.3

and Lewis and Johnson.4 In a typical simulation, the
failure process of the entire collagen fiber network in
the surface zone is as follows. A bond of connective col-
lagen particle elements breaks in the middle of the first
layer (Figure 9(a)). This can be regarded as a micro-
crack in solid mechanics. With the propagation of the
internal forces, more and more micro-cracks are gener-
ated in the first layer and results in localized micro-

Table 1. Parameters of particle elements.

Parameters of particle elements Proteoglycans
and chondrocytes

Collagen in
surface zone

Collagen in
middle zone

Collagen in
deep zone

Density of particle (kg/m3) 1000 2000 2500 3000
Normal spring constants (N/m) 2 3 108 2 3 108 2.1 3 108 2.2 3 108

Tangential spring constants (N/m) 2 3 108 2 3 108 2.1 3 108 2.2 3 108

Friction coefficient 0.1 0.1 0.1 0.1
Normal strength (N/m2) – 2 3 108 9 3 108 1 3 109

Tangential strength (N/m2) – 2 3 108 9 3 108 1 3 109

Figure 10. A snapshot during the damage process of microstructure in the surface zone of articular cartilage under 50 MPa load.

Table 2. Computational parameters.

Computational parameters Value

Computational domain
(length 3 height) (mm2)

120 3 300

Radius of particle elements (mm) Random distribution
from 1.5 to 2

Computational time step (ms) 1.439 3 1025

Conductivity factor 1 3 1029

Fluid bulk modulus (Pa) 2.2 3 109

External load (MPa) From 40 to 60

Hong et al. 9
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fracture. Micro-cracks start to form in the second layer.
The coalescence of micro-fracture forms a parallel
cracking zone in the first layer. Micro-fracture is fur-
ther produced in the second layer and eventually micro-
cracks propagate downward.

Figure 11 shows another snapshot during the dam-
age process of the microstructure in the deep zone of
articular cartilage under 58 MPa load. It is shown that
the horizontal breaking of the entire collagen fiber par-
ticle elements results in the damage of the microstruc-
ture in the deep zone. This means that the deep zone is
split along the horizontal direction in the late stage of
the injury. During the simulation, the failure process of
the entire collagen fiber network in the deep zone is as
follows. Micro-cracks first occur on the top in the cen-
ter level (Figure 9(c)) of the horizontal direction. With
the propagation of the internal forces, more and more
micro-cracks propagate downward and result in loca-
lized micro-fracture on the top in the first set of the
horizontal direction. The subsequent downward coales-
cence of micro-fracture forms a horizontal cracking
zone in the center level. Micro-fracture is further pro-
duced in the first set, accompanied by the propagation
of micro-cracks in the second set.

The simulations of the damage process of the micro-
structures in different zones of articular cartilage reveal
that the injury mechanism of articular cartilage is
related to the detailed microstructures of collagen net-
work. The failure of the surface zone is along the tan-
gential direction, while the deep zone splits along the
horizontal direction. The middle zone forms a network
structure and the exact failure mode depends on the
direction of the network. The uncertainty of the net-
work direction makes the injury mechanism of articular
cartilages complicated and difficult to predict.

The simulations of three different zones of articular
cartilages under external loads ranging from 40 to
60 MPa are performed. It is found that the micro-

cracks first appear in the surface zone under 45 MPa.
More and more micro-cracks gradually occur as the
load increases, and the collagen networks in the surface
zone are completely damaged under 53 MPa. Under
48 MPa, the first layer in the surface zone is totally
damaged and other layers break locally. Based on this
observation, the compressive capacity of the surface
zone can be taken as 48 MPa. For the middle zone,
micro-cracks first appear under 53 MPa and collagen
networks are completely damaged under 58 MPa.
Under 56 MPa, the upper layer of the middle zone is
totally damaged and localized damage occurs at other
layers. The corresponding compressive capacity of the
middle zone can therefore be taken as 56 MPa. For the
deep zone, micro-cracks first appear under 55 MPa
and collagen networks are completely damaged under
60 MPa. Under 57 MPa, the center layer in the middle
zone is totally damaged and the first set breaks locally.
As a result, the compressive capacity of the middle
zone can be taken as 57 MPa. The relationship between
the damage of articular cartilage and external loads is
tabulated in Table 3.

As shown in Table 3, the compressive capacity of
articular cartilages increases with the distance measured
from the top surface. The numerical interval (48–
57 MPa) agrees well with its experimental counterpart
(50–60 MPa of each zone) as shown in Mageswaran.20

Figure 12 shows another snapshot during the micro-
structural damage of the whole articular cartilage sub-
jected to a 49-MPa load. It is shown that the first layer
fibrous network of the surface zone is entirely broken.
However, with the propagation of the internal forces,
the fibrous network of the middle and deep zones is
not broken. It is further found that the micro-cracks
first appear in the whole zone when the external load
reaches 46 MPa. The surface zone became tangentially
sliced under slightly elevated pressure (49 MPa), sug-
gesting that the articular cartilage as a whole system

Figure 11. A snapshot during the damage process of microstructure in the deep zone of articular cartilage under 58 MPa load.

10 Advances in Mechanical Engineering

 at OREGON STATE UNIV LIBRARY on June 22, 2015ade.sagepub.comDownloaded from 

http://ade.sagepub.com/


has lost its functionality. This pressure magnitude
agrees very well with the experimental value of the
whole zone, that is, roughly 50 MPa in Mageswaran.20

Conclusion

1. Given the fact that both experiments and FEM
are unable to reveal the injury mechanism of
articular cartilages, we have proposed a new
numerical method based on the fluid–solid
coupled discrete particle model. The process
from the damage of collagen network to the
injury of articular cartilage under external loads
is investigated in detail for revealing the micro-
scopic damage mechanism of articular carti-
lages. A variety of numerical simulations were
performed to validate the accuracy and robust-
ness of the developed method.

2. The injury mechanism of an articular cartilage
is related to the microstructure of its collagen
network. The failure of the surface zone is along
the tangential direction, while the deep zone
splits along the horizontal direction. The middle
zone forms a network structure and the exact
failure mode depends on the direction of the
network. The uncertainty of the network direc-
tion makes the injury mechanism of articular
cartilages complicated and difficult to predict.

3. The compressive capacity of an articular carti-
lage increases with the distance measured from

its top surface. It is 48 MPa for the surface zone
and increases to 56 and 57 MPa for the middle
and deep zones, respectively.

4. The surface zone became tangentially sliced
under the pressure level of 49 MPa. Although
the middle and deep zones remain unbroken,
the tangential slicing of the surface zone sug-
gests that the articular cartilage as a whole has
lost its functionality.
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