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Abstract

Articular cartilage is a porous medium, reinforced by collagen fibers and saturated by an aqueous
electrolyte. The presence of electrically charged macro-molecules, the proteoglycans, leads to electro-
chemo-mechanical interactions in the tissue which enhance its adaptation to physiological actions. In the
present work, (1) a constitutive law, and (2) a generalized diffusion model for articular cartilage, proposed
by Loret et al. [1–3], are considered. In such model, the collagen fibers constitute the solid phase of
the porous medium, whilst the fluid phase is composed by water, proteoglycans and dissolved inorganic
salts. A finite element program is developed in MATLAB environment, whose formulation is based on the
defined model, with the purpose of numerically simulate the response of an articular cartilage sample to
a combination of chemical and mechanical actions.

A sample of articular cartilage, laterally confined, is immersed in a bath of variable chemical
composition, always assuming the existence of electro-chemical equilibrium in the tissue-bath interface.
Nonetheless, inside the tissue the equilibrium is not attained instantaneously. In fact, the time needed
to establish a permanent regimen depends on the problem geometry and on some material properties,
namely the percolation and diffusion times associated with Darcy’s and Fick’s laws, respectively. In the
numerical simulations, spatial and temporal profiles are obtained, for several electrical, chemical and
mechanical variables defined in the interior of the tissue, under the action of chemical and mechanical
loads, which allow to characterize its behavior.
Keywords: Articular cartilage, Osteoarthritis, Electro-chemo-mechanical couplings, Finite element
method

1. Introduction
Synovial joints (e.g. hip, shoulder, knee, elbow)

are part of a specific group of joints presented in
the human body, which allow the existence of some
movements between bones, such as abduction,
adduction, extension, flexion and rotation. A par-
ticular characteristic of synovial joints is the pres-
ence of a layer of articular cartilage in the extremi-
ties of the bones, being these bones connected by
a fibrous capsule (synovial capsule) filled by a fluid
(synovial fluid), which nourishes and lubricates the
articular cartilage. In turn, the cartilage, being a
soft tissue, allows for frictionless movements in the
joint [4,5].

As any other tissue of the body, during the natu-
ral aging process of life, the cartilage tissue of syn-
ovial joints may suffer modifications in the extracel-
lular matrix (ECM), due to alterations in the nor-
mal function of the chondrocytes (cells presented
in this tissue), that lose their full capacity to synthe-

size the ECM components [6]. Osteoarthritis is the
most common joint disease, characterized by a cel-
lular and extracellular matrix disfunction that leads
to secondary inflammation and results in the loss
of articular cartilage in the joints (decrease of its
thickness) due to an unbalance between synthesis
and degradation of the cartilage components (pro-
motion of the cells’ catabolic process over the an-
abolic one), culminating in altered biomechanics.
In a later stage of this pathology, cartilage is almost
absent and bones start to rub against each other,
causing pain. Genetic factors, anatomic variants
and mechanical overload of joints may be some of
the causes for the cells disfunctionality, leading to
osteoarthritis [5–7].

1.1. Structure and Composition of Articular
Cartilage

Articular cartilage is a highly specialized con-
nective tissue, lacking blood vessels and neu-
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rons, characterized as a saturated porous medium
filled with a fluid, being composed by: water
and dissolved inorganic salts, glycoproteins and
lipids, which represents between 60% to 85% of
the tissue volume, cells (chondrocytes), collagen
fibers (mostly of type II) and proteoglycan (PG)
molecules [4, 8–10]. The chondrocytes represent
between 2% and 10% of the cartilage volume and
are the specialized cells responsible for both the
production and degradation of the ECM, being in
this way in charge for its maintenance and repair
[8,9].

According to the collagen fibers distribution
across the tissue thickness, three main lay-
ers/zones may be distinguished: tangential, middle
and deep. In the surface area of the cartilage, there
is the tangential zone where the collagen fibers
present a tangential orientation, with a high den-
sity of flattened chondrocytes and with the lower
content of PGs among the 3 layers. Subsequently,
the middle zone can be found, where the density of
chondrocytes, now with circular shapes, is more re-
duced and the PG molecules become more abun-
dant. The collagen fibers are now randomly orga-
nized, being this the first layer contributing for the
resistance to compressive forces. In the deeper
zone, towards the external layer of the bone, paral-
lel columns of fibers arise and the chondrocytes,
structurally, follow the collagen fibers orientation
[10,11]. The aforementioned mechanical structure
organization allows for a more uniform distribution
of stresses along the joints’ tissues and explains,
in part, the reason for the anisotropic and inhomo-
geneous behavior of articular cartilage [8,10].

Proteoglycans are composed by a protein core
attached to several glycosaminoglycan (GAG)
chains, which may further form aggregations
through a non-covalent protein linkage to a
hyaluronan (HA) molecule. At physiologic condi-
tions, the GAG chains become negatively charged
due to the presence of sulfate and carboxyl groups,
thus generating a high number of fixed nega-
tive charges (fixed charge density (FCD)), which
cause electrostatic repulsive forces between these
molecules. The existence of this electrostatic re-
pulsive forces plays an important role in the tis-
sue compressive stiffness, since, when a compres-
sive force is applied, the repulsion between the PG
molecules will oppose to the movement and, there-
fore, if the number of PGs increase in the cartilage
tissue, the FCD will as well increase, thus increas-
ing the compressive stiffness [9,11].

In order to maintain the electroneutrality of
the tissue, counter-ions (e.g. Na+) will be at-
tracted, according to Donnan’s osmotic effect, and
these ions will form a cloud around the charged
PGs, shielding the electrostatic repulsive forces [8].

Moreover, the system comprising the tissue and
the surrounding environment will tend to evolve in
order to achieve the chemical balance between the
tissue and the synovial fluid, which means that, if
the tissue structure and composition is maintained,
but the chemical environment of the synovial fluid
is changed, alterations in the articular cartilage be-
havior are caused. For instance, if the salt con-
centration (e.g. NaCl, CaCl2) in the synovial fluid
increases (hypertonic medium), a higher amount
of Na+ or Ca2+ cations are attracted inside the
tissue, decreasing even more the electrostatic re-
pulsions between PGs and, consequently, allowing
for a higher deformation of the tissue. On the other
side, if a surrounding hypotonic medium is verified,
less cations will also be present inside the tissue,
leading to higher repulsive forces, higher compres-
sive stiffness and, thus, lower deformations [12].

The fluid part of cartilage is therefore a vital
component for this tissue, since it is responsible
not only for the exchange of nutrients and waste
products between the chondrocytes and the syn-
ovial fluid, but also plays an important role in defin-
ing the cartilage behavior due to the presence of
the dissolved inorganic free cations such as Na+,
K+ and Ca2+. Within the cartilage tissue, water
may be found, besides inside the cells, in two dif-
ferent locations: (a) inside the collagen fibers, in
the intrafibrillar (IF) space, or (b) outside the colla-
gen fibers, in the extrafibrillar (EF) space. In both
spaces the water is free to move when some load
(e.g. compressive force) is applied or due to the
presence of an osmotic pressure [8,9,13].

The mechanical properties of articular cartilage
are a reflection of its constituents and mechanical
structure, but, as previously highlighted, the chem-
ical and electrical aspects, due to the presence of
electrically charged species (i.e. proteoglycans)
in the tissue, introduce electro-chemo-mechanical
couplings that influence the behavior of articular
cartilage.

2. Proposed Model
In order to simulate the behavior of a sample

of articular cartilage immersed in a bath of vari-
able chemical composition, a model is here pro-
posed, following the framework of the approach
presented by Loix et al. [14], where a three phase
model is considered, with one solid phase and two
fluid phases, accounting for the presence of two
water compartments (EF and IF phases). How-
ever, in the current model the contribution of the
IF phase to the simulations is considered in a dif-
ferent and more simplified way accordingly to the
observations of Basser et al. [15], not requiring the
definition of IF material parameters and functions.
Exchange of mass (ions and water) between the
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EF phase and the environment surrounding the tis-
sue (bath/synovial fluid) and diffusion of the ionic
species within the EF phase are taken into ac-
count.

Even though the exchange of ions between the
two fluid phases is not included in this work, the ex-
change of water between the EF and IF phases will
be, indirectly, accounted for. According to Basser
et al. [15], during a compression test in a specimen
extracted from the hip, the percentage of IF water
varied from 23.32% to 27.80% of the total amount
of water, in all the stages of the test. From this,
a fixed value of 25% is considered in this work for
the percentage of IF water with respect to the total
amount of water, and consequently, the percent-
age attributed to the EF part is the remaining 75%.
Exchange of ions between the two fluid phases,
although existing, is not modelled and, therefore,
there won’t be access to the values of the masses
of the IF ionic species.

In this way, two types of constitutive equations
are required to described the tissue’s behavior:
mechano-chemical equations, which account for
the deformation, and generalized diffusion equa-
tions, describing the flux of the ionic species and
water through the solid skeleton (see table 1).
From these equations the 4 unknowns of the prob-
lem are obtained: solid displacement and the
electro-chemical potentials of the EF species (w,
Na+, Cl−). Only the presence of Na+ and Cl−

is considered in this model since NaCl is the most
abundant salt in the tissue [8].

For the mechanical behavior, the following con-
stitutive equation, under a uniaxial strain state, is
proposed [3]:

σ + pE = −pch +Wch,2 Esat ε. (1)
where Esat is the confined compression modulus
of the tissue immersed in a saturated bath and pE
the water pressure in the EF phase.

Introducing the concept of ”fictitious bath”, that
is a bath whose composition and pressure p̃B may
vary in time and space so that, at any time, it
is in electro-chemical equilibrium with any point
of the tissue, the pressure pE can be defined as
pE = p̃B + π̃osm, where π̃osm is the osmotic (or
Donnan) pressure between the tissue’s point and
the corresponding fictitious bath. Therefore, the
constitutive equation can be written as:

σ + p̃B + π̃osm + pch =Wch,2 Esat ε. (2)
Due to the fact that the osmotic pressure π̃osm

varies with the ionic concentration, it will be used
to define both pch and Wch,2. In this sense, the
following expressions are suggested [3]:

pch = αp π̃osm (3)

Wch,2 = 1 + αwπ̃osm (4)

where αp and αw are chemo-mechanical parame-
ters, with αp being non-dimensional.

It is important to notice that when the composi-
tion of the tissue is uniform and the tissue is in equi-
librium with an external bath of known pressure
and chemical composition, p̃B and π̃osm become
the real bath (pB) and osmotic (πosm) pressures
(the fictitious bath then becomes the real one), and
the fluid pressure at any point of the tissue is:

pE = pB + πosm. (5)

In order to solve the field equations, so the val-
ues of the primary unknowns are obtained, a fi-
nite element analysis will be conducted, in which
a one dimensional bar element will be used, with
three nodes for the displacement unknown, and
two nodes in the case of the electro-chemical po-
tentials. Moreover, in order to perform a time de-
pendent analysis, so the transient response of the
tissue is modelled, an incremental process is also
implemented.

3. Chemo-Mechanical Model
The three mechanical parameters presented in

the constitutive model have to be properly defined
so that this model well simulates the cartilage me-
chanical behavior: αp, αw and Esat. The defini-
tion of the proper values for these material param-
eters is conducted by adjusting this model to real
experimental results, and for that, the experimental
work performed by Eisenberg and Grodzinsky [12]
is considered. In this work, an extraction of a cylin-
drical graft of articular cartilage and bone was per-
formed, followed by several cuts, thus obtaining a
final sample of cartilage from the middle zone, for
posterior tests, with 6.4 mm of diameter and 600
µm of thickness.

The adjustment of the model to the experimental
points was performed in two different stages, con-
sidering in all cases that the system was under an
equilibrium state:

(a) The first stage was performed under a no de-
formation condition, in which the bath compo-
sition was changed, decreasing the concen-
tration from the initial value (chosen to be 1000
mol/m3 = 1 M) to a given final target concen-
tration;

(b) During the second stage, the bath composition
didn’t undergo any alteration, and instead, for
each final fixed salt concentration in the bath,
a negative deformation was imposed.

The curves obtained in figure 1 are adjusted in
order to fit, as accurately as possible, the real ex-
perimental data, and the values for αp, αw and Esat
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Table 1: Field equations and the primary unknowns that can be obtained from each equation.

Field Equation Unknown (degree of freedom)

Balance of Momentum div σ = 0 displacement u

Total Mass Balance div vS + div JE = 0 electro-chemical potential of the EF water µecwE

Mass Balance of each Ionic Species dvkE

dt + div JkE = 0 electro-chemical potential of the EF ionic species
µeckE , k = Na+, Cl−

that allow the best interpolation are, respectively,
-0.95, 5.4 × 10−6 Pa−1 and 250000 Pa. These are
the values used in the simulations that follow.

Figure 1: Experimental points from S. R. Eisenberg and A. J.
Grodzinsky [12] and stress-strain curves obtained by the me-
chanical constitutive model proposed, while changing the con-
tractive deformation, from zero to a given final strain value, un-
der constant bath concentration, with αp = - 0.95, αw = 5.4 ×
10−6 Pa−1 and Esat = 250000 Pa.

4. Results & discussion

4.1. Simulation Framework
The bath concentration is initially set at 1 M of

NaCl (practically the saturation state), and the tis-
sue sample is considered to be at zero deforma-
tion, meaning that no compressive load is applied
(see figure 2). From this initial state, alterations are
imposed either through changes in the bath solu-
tion (chemical loading) or through the imposition of
non-zero uniaxial confined deformation in the tis-
sue (mechanical loading).

The main simulation performed in this work in-
volves four distinct stages, with both changes in the
chemical and mechanical loads:

(a) Stage 1: in the first stage, the bath concen-
tration is decreased from the initial value (1 M
NaCl) to a given final target concentration, un-
der zero deformation, in a given period of time
t1;

Figure 2: Schematic of a cylindrical tissue sample, with 0.6
mm thickness, immersed in a homogeneous bath of a given
concentration A. The specimen is in contact with the bath in
the upper and lower surfaces. The alteration of the chemical
composition of the bath will be felt by the tissue equally in the
two surfaces in contact with it, where the tissue will undergo a
transient period, as response to the changes in the surrounding
medium, until an equilibrium state is reached again.

(b) Stage 2: during another period of time t2, the
system is left at rest, so that a new state of
equilibrium is reached;

(c) Stage 3: at the third stage, under a constant
bath solution, a contractive uniaxial strain is
imposed in a period of time t3;

(d) Stage 4: once again, during a period of time
t4, no changes are applied to the system in
order for the equilibrium to be reached.

For the finite element method implemented, a
spatial convergence analysis was conducted and
the number of finite elements that allows a good
convergence of the results, whilst not compromis-
ing to much the computational effort, was consid-
ered to be 50. In addition to the division of the
spatial domain into finite elements, an incremental
process is also considered, where the time domain
is subdivided into small time steps. A time step
value of ∆t = 0.1s was chosen.

4.2. Homogeneous Bath Simulation
In the first simulation, after a homogeneous

change of the bath composition, a certain defor-
mation is imposed. During the first stage, the bath
concentration is decreased from the initial value
of 1000 mol/m3 to a value of 150 mol/m3 during
1000s, under no variation of thickness, followed by
a 50 minute equilibrium stage. At the third stage,
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a negative deformation of 20% is applied during
1000s, with a posterior 50 minute stage to reach
the equilibrium condition again. A representative
scheme of the tissue sample immersed in a ho-
mogeneous bath, of a given concentration, is pre-
sented in figure 2.

As the bath concentration decreases during
stage 1, an outflow of mobile ions from the tissue
is perceived. Therefore, there is a consequent de-
crease of the sodium and chloride mass contents,
mNaE and mClE , in general, throughout the tissue
thickness, as pictured in figure 3. Nevertheless,
one can see that such decrease doesn’t occur in a
uniform manner over the thickness of the sample,
with the impact of the decrease of the bath concen-
tration being felt firstly in the extremities of the tis-
sue, where the change of the bath’s concentration
is imposed, with the posterior progression towards
inside the sample.

Figure 3: Time evolution of the spatial distribution, along the
tissue thickness, of the sodium (top) and chloride (bottom) ions
mass contents, mNaE and mClE , during the stages 1 and 2.

Since the total volume during the first two stages
of the simulation is the same as the initial one
(zero deformation imposed), and considering that
the solid phase is incompressible, the volume of
the fluid phases must also remain constant. In this
way, with the loss of ions in the EF phase and the
unchanged tissue volume, the water mass content,
mwE , increases at the end of the second stage,
with its profile, along the tissue thickness, following
the trend of the tissue local deformation (see figure
4). Since in the first 4000 seconds of the simu-
lation no deformation is imposed, one can see in
figure 4 that the mean value of ε is zero. However,
the deformation is not null in each of the elements
individually, meaning that there are some elements
with a positive deformation while others are associ-
ated with a negative one. Overall, summing up the

element contributions, the initial total thickness of
the tissue remains constant (see figure 9, bottom).

Figure 4: Time evolution of the spatial distribution, along the
tissue thickness, of the water mass content (top), mwE , and of
the local tissue deformation ε (bottom), during the stages 1 and
2.

Regarding the water pressure, its value presents
an increase at the end of stage 2 (see figure 5),
being this a consequence of the increase of the
water mass content in the EF phase, since more
water is exerting pressure against the tissue walls.

For the EF electrical potential, at the beginning,
where equilibrium is verified and the external bath
has a concentration close to the saturation state,
its value is almost zero. By the end of the second
stage, with the migration of ions towards outside
the tissue, the electrical potential in the EF phase
becomes more negative.

Figure 5: Time evolution of the spatial distribution, along the
tissue thickness, of the EF water pressure (top), pE , and of the
EF electrical potential (bottom), φE , during the stages 1 and 2.

In stages 3 and 4 no alterations are performed
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in the chemical composition of the medium sur-
rounding the tissue. Thus, changes perceived in
the chemical variables are a consequence of the
mechanical load applied. In figure 6, lower ionic
mass contents are shown at the end of the sim-
ulation, although such decrease is not as signifi-
cant as during the first two stages. When apply-
ing the compressive force, water will start to be ex-
pelled from the tissue, and, along with water, the
dissolved ions. In this way, a decrease in the water
mass content is also expected as one can see in
figure 7, top, with the consequent decrease of the
tissue volume. Once again, the trend of the water
mass content curves follows the trend of the defor-
mation profiles (figure 7, bottom). With an imposed
contractive deformation of 20%, the value taken by
ε, at the end of the fourth stage, is -0.2. At first,
since the imposition of the deformation occurs in
the extremities of the tissue, these are the points
that experience initially a larger deformation. As
the system evolves towards a new equilibrium, the
deformation progresses to the inner points, until a
uniform deformation, with the respective imposed
value, is verified along the tissue thickness (see
figure 7, bottom).

Figure 6: Time evolution of the spatial distribution, along the
tissue thickness, of the sodium (top) and chloride (bottom) ions
mass contents, mNaE and mClE , during the stages 3 and 4.

With the compression, a higher pressure is ex-
erted by water against the tissue walls in the EF
phase, which results in a higher pE . Moreover, with
the exit of more ions from the interior of the EF
phase, the EF electrical potential decreases once
again, as one may verify in figure 8.

Analysing the stress evolution over time (figure
9, top) one can see that, during the change of the
bath composition, the stress suffers a slightly varia-
tion around the initial value. Due to the increase of
the water mass content and of the EF water pres-

Figure 7: Time evolution of the spatial distribution, along the
tissue thickness, of the water mass content (top), mwE , and of
the local tissue deformation ε (bottom), during the stages 3 and
4.

Figure 8: Time evolution of the spatial distribution, along the
tissue thickness, of the EF water pressure (top), pE , and of the
EF electrical potential (bottom), φE , during the stages 3 and 4.

sure, an increase of the compressive stress is ex-
pected. Once the compression starts at stage 3,
with the chemical environment kept constant, the
stress suffers, as expected, a significant increase
in its absolute value. The higher the deformation
underwent by the tissue sample, the higher will be
the presented compressive stress, for the same ex-
ternal conditions. Only the tracking of stress over
time is shown and not its spatial profile, since the
stress is constant over the tissue thickness.

In the bottom side plot of figure 9, the track-
ing over time of the tissue thickness is presented,
where one can see the thickness being kept un-
changed during the first two stages, and being de-
creased according to the deformation imposed dur-
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ing the third stage. Under a negative deformation
of 20% of the initial thickness (0.6 mm), its final
value is 0.48 mm.

Figure 9: Time evolution of the axial stress underwent by the
tissue (top) and of the tissue thickness (bottom), during the four-
stages simulation. In the stress evolution, the reach of the equi-
librium state is perceptible after each of the stages involving
external chemical (stage 1) and mechanical (stage 3) changes.

From the results above, within the simulation out-
line, only 1000s will be used in the next simulations
in order for the new equilibrium to be found during
stages 2 and 4.

4.3. Eisenberg and Grodzinsky Simulation
Resorting to the finite-element simulation, sev-

eral stress-strain points, for different final target
concentrations, and under different compressive
stresses, are obtained in order to compare with
the Eisenberg and Grodzinsky experimental re-
sults [12]. For this, several simulations are per-
formed, imposing in stage 1 the final bath concen-
trations used in the Eisenberg and Grodzinsky ex-
periment, and for each concentration, in stage 3,
different deformations are applied.

In figure 10, one can see the equilibrium stress-
strain points marked with a cross (values retrieved
at the end of stage 4), along with the respec-
tive interpolation curves. The results show that
the finite-element simulation, using the mechani-
cal model proposed, and considering the IF phase
as described before, properly simulates the real
cartilage behavior captured in the Eisenberg and
Grodzinsky experiments, which is something that
was not possible to model in the work by Loix et
al. [14].

4.4. Heterogeneous Bath Simulation
The introduction of the fictitious bath concept

in the formulation of the constitutive model makes
possible the conduction of a simulation in which the

Figure 10: Stress-strain curves obtained through the finite-
element simulation, using the material parameters specified in
section 3. Marked with an ’x’ are the points obtained for a given
bath concentration and a given deformation.

tissue sample is surrounded by a heterogeneous
bath (figure 11). In such experimental framework,
the bath presents a physical horizontal separation
which allows each of the sample extremities, in
contact with the bath, to experience distinct vari-
ations of the salt concentrations, and so in practice
there are two distinct baths.

Figure 11: Schematic of a cylindrical tissue sample, with 0.6
mm thickness, immersed in a heterogeneous bath, with a hori-
zontal physical division, separating the area of concentration A
(at the top) from the area of concentration B (at the bottom). In
practice, the specimen is in contact with two different baths in
the upper and lower surfaces. The alteration of the chemical
composition of the bath will be felt by the tissue differently in the
two surfaces in contact with it.

To conduct a simulation with a heterogeneous
change of the bath chemistry, two different final
concentrations are imposed, starting from the ini-
tial bath concentration of 1000 mol/m3: in the upper
side of the bath the final concentration is set to 150
mol/m3 and in the lower side it is set to 250 mol/m3.
Once the the chemical change is performed during
a time of 1000s, with the posterior 1000s stage to
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reach the new equilibrium, the 20% negative de-
formation is imposed during 1000s, followed by a
second 1000s equilibrium stage.

Looking at figure 12, profiles similar to those in
section 4.2 are obtained, with the singularity that
now the distribution of the ionic mass contents, at
the end of stage 2, is not uniform along the tissue
thickness, but instead it presents a linear variation,
meaning that the heterogeneity of the bath com-
position contributes to the loss of symmetry in the
tissue behavior. The side of the tissue sample with
the higher EF ionic mass contents corresponds to
the side in contact with the bath characterized by
the higher final ionic concentration.

Figure 12: Time evolution of the spatial distribution, along the
tissue thickness, of the sodium (top) and chloride (bottom) ions
mass contents, mNaE and mClE , during the stages 1 and
2, for a heterogeneous change in the salt concentration of the
bath.

As seen for the ionic mass contents, the wa-
ter mass content and the local deformation are no
longer uniform, neither symmetric, after the reach
of the new equilibrium state. In figure 13, top, after
the equilibrium is restored under a no variation of
thickness condition, an increase in the water mass
content can be verified in general along the tissue
thickness, since in both sides of the bath there is a
significant decrease in the salt concentration. Nev-
ertheless, the water mass content is higher on the
left side of the sample, where a lower final bath
concentration is imposed, since it is in this extrem-
ity that a higher outflow of ions occurs. Due to this
non-uniform behavior of the tissue, although main-
taining an overall zero deformation, ε presents a
shift towards the right side of the sample, resulting
in a non-zero deformation value in the right extrem-
ity element (see figure 13, bottom).

The stress evolution over time is shown in fig-
ure 14, where it may be observed that, at the end
of stage 4, the stress is a little lower than the one

Figure 13: Time evolution of the spatial distribution, along the
tissue thickness, of the water mass content (top), mwE , and of
the local tissue deformation ε (bottom), during the stages 1 and
2, for a heterogeneous change in the salt concentration of the
bath.

encountered in the case of the homogeneous bath
(section 4.2). This result is expected, since one of
the baths has the same final concentration as the
homogeneous bath (150 mol/m3), while the second
bath was attributed with a higher final concentra-
tion (250 mol/m3). In this way, in comparison to the
homogeneous case, there are some points in the
tissue in which the sodium mass content is higher,
thus implying a higher shielding of the repulsive
forces which is translated in a lower tissue stiff-
ness. In this way, the required compressive stress
to impose a negative deformation of 20% is lower
as well.

Regarding the remaining plots for stages 1 and
2 as well as the plots for the stages 3 and 4, the ra-
tional behind the curves obtained follows the same
line as described in the case of a homogeneous
bath, with the particularity introduced by the het-
erogeneous bath and which has already been de-
scribed.

The simulation here conducted, where the tissue
is in contact with two different baths, couldn’t be
performed using the previous models presented in
the literature [16, 17], in which the constitutive pa-
rameters are made dependent of the bath chemical
composition.

5. Conclusions
Articular cartilage is a porous medium, rein-

forced by collagen fibers and saturated by an
aqueous electrolyte. The presence of proteo-
glycans (electrically charged macro-molecules) is
the reason why electro-chemo-mechanical interac-
tions occur, which enhance the tissue adaptation
to physiological actions.
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Figure 14: Time evolution of the axial stress underwent by the
tissue (top) and of the tissue thickness (bottom), during the four-
stages simulation, for a heterogeneous change in the salt con-
centration of the bath during the first two stages of the simula-
tion. In the stress evolution, the reach of the equilibrium state is
perceptible after each of the stages involving external chemical
and mechanical changes.

In previous works conducted by Loret et al. [1–3],
it was proposed (1) a constitutive law and (2) a gen-
eralized diffusion model for articular cartilage. In
this model, the collagen fibers constitute the solid
phase of the porous medium. The fluid phase is
composed by water, PGs and dissolved inorganic
salts (NaCl). In the current work, two fluid com-
partments were considered, in order to account for
the division of water in the IF and EF spaces in-
side the tissue, as highlighted by Maroudas and
coworkers [13]. As a new feature, the IF compart-
ment, although taken into account, was modulated
in a more simplified and indirect way, distinctly to
what was previously performed [1,14,18,19]. This
simplification avoids the definition of material pa-
rameters and functions related to the IF compart-
ment that cannot be obtained from the existing ex-
perimental data.

In the work here conducted, a finite element
program was developed, in MATLAB environment,
whose formulation was based on the described
model, with the purpose of numerically simulate
the response of an articular cartilage sample to a
combination of chemical and mechanical actions.

The sample of articular cartilage is found im-
mersed in a bath whose chemical composition
may be altered, always supposing the existence of
electro-chemical equilibrium in the tissue-bath in-
terface. However, the equilibrium inside the tissue
is not reached instantaneously. In fact, the time
required to establish the permanent regimen de-
pends on the problem geometry and on several
material properties, such as the percolation and

diffusion times related to Darcy’s and Fick’s laws,
respectively. Therefore, spatial and temporal pro-
files were obtained, for several mechanical, chem-
ical and electrical variables, defined in the interior
of the tissue, due to either isolated or combined
actions of chemical (changing of the chemical com-
position of the external bath) and mechanical (con-
fined compression) loadings.

Using the finite element method, with the new
constitutive equation proposed in [3], the experi-
mental stress-strain curves presented in the work
conducted by Eisenberg and Grodzinsky [12] were
modelled. The real tissue behavior was well ap-
proximated by the presented model which allows,
additionally, to conclude that the simplification per-
formed regarding the contribution of the IF phase
still permits to obtain good outcomes, being this an
advantage of the current formulation with respect
to the one developed by Loix et al. [14].

The concept of fictitious bath also allowed to ob-
tain spatial and temporal profiles of several vari-
ables when the sample is immersed in a heteroge-
neous bath which gives a closer insight to the tis-
sue’s behavior under a more diverse environment
and which is something that other existing models
are not able to provide. To the best of the author’s
knowledge, this is the first time that this type of sim-
ulation is performed.

The main objective of the numerical simulations
performed in this work is to understand the influ-
ence that mechanical forces and changes in the
chemical composition of the synovial fluid may
have on the biomechanics of articular cartilage
and, in particular, in the study of the evolution of
its degenerative diseases. Nevertheless, some im-
provements may be required when considering a
more realistic description of the tissue, although
such alterations may introduce complex changes
in the model. During the simulations of the present
work, the pH considered was neutral, meaning that
the collagen fibrils have no charge. At a non neu-
tral pH, the collagen will be gifted with charge, and
so the IF compartment, that comprises the charge
of the collagen fibrils, must be fully modulated, ac-
counting directly the mass exchange (ions and wa-
ter) between IF and EF phases. Regarding the me-
chanical aspects of the simulations, it was consid-
ered that the tissue was under a uniaxial confined
compression state. Thus, simulations out of this
framework must also be conducted, in order to sim-
ulate the tissue behavior under different mechani-
cal contexts, where, for example, the tensile be-
havior of the collagen fibers, that introduces some
degree of anisotropy, is taken into account.
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