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Abstract

The extracellular matrix of cartilage is a charged porous fibrous material. Transport phenomena in

such a medium are very complex. In this study, solute diffusive flux and convective flux in porous

fibrous media were investigated using a continuum mixture theory approach. The intrinsic diffusion

coefficient of solute in the mixture was defined and its relation to drag coefficients was presented.

The effect of mechanical loading on solute diffusion in cartilage under unconfined compression with

a frictionless boundary condition was analyzed numerically using the model developed. Both strain-

dependent hydraulic permeability and diffusivity were considered. Analyses and results show that:

(1) In porous media, the convective velocity for each solute phase is different. (2) The solute

convection in tissue is governed by the relative convective velocity (i.e., relative to solid velocity).

(3) Under the assumption that all the frictional interactions among solutes are negligible, the relative

convective velocity for α-solute phase is equal to the relative solvent velocity multiplied by its

convective coefficient (Hα) which is also known as the hindrance factor in the literature. The

relationship between the convective coefficient and the relative diffusivity of solute is presented. (4)

Solute concentration profile within the cartilage sample depends on the phase of dynamic

compression.
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INTRODUCTION

Cartilage is an avascular tissue whose cells rely on the transport of molecules through its

extracellular matrix (ECM) for nutrition. The ECM of cartilage primarily consists of water,

collagen-proteoglycan network and ions (mostly, Na+ and Cl−). The ECM of cartilage can be

treated as a charged porous fibrous material. Convection and diffusion are the major

mechanisms for solute transport through the ECM(Grodzinsky 1983; Maroudas 1979; Mow

et al. 1992; Maroudas 1975; Urban et al. 1978).

Investigation of solute transport in cartilaginous tissues is important for understanding

mechano-biology of such tissues. Poor nutrition supply is believed to be one of the possible

mechanisms for intervertebral disc (IVD) degeneration(Horner and Urban 2001). Numerous

studies have been done on the solute transport in articular cartilage and IVD theoretically and

experimentally. Recent studies in this area include experimental investigation of solute
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transport in these tissues (Bonassar et al. 2000; Burstein et al. 1993; Garcia et al. 1996;

Maroudas 1975; Torzilli et al. 1987; Urban et al. 1978; Leddy and Guilak 2003; O'Hara et al.

1990; Quinn et al. 2000; Quinn et al. 2001; Quinn et al. 2002; Nimer et al. 2003; Evans and

Quinn 2005), theoretical analysis of solute transport in cartilaginous tissues and gels using

mixture theories(Mauck et al. 2003; Yao and Gu 2004; Quinn et al. 2002; Levenston et al.

1997; Levenston et al. 1998; Levenston et al. 1999; Ferguson et al. 2004), and constitutive

modeling of transport properties in these tissues(Gu et al. 2003; Gu et al. 2004; Levenston et

al. 1997; Levenston et al. 1998; Levenston et al. 1999; Masaro and Zhu 1999).

In spite of the fact that numerous studies have been done on the solute transport in porous

media and the theoretical framework for solute transport in porous materials is established

(Bird et al. 2002; Brenner and Edwards 1993; Bird et al. 2002), many fundamental questions

relating to solute transport in porous media have not been answered satisfactorily. For instance,

what is the convective velocity of solute in tissue? How does this velocity relate to solvent

velocity? What is the intrinsic diffusion coefficient (or diffusivity) of solute in charged porous

media? How does mechanical loading affect solute transport in tissue? To address these

questions, a mechano-electrochemical mixture theory(Lai et al. 1991; Gu et al. 1998) was used

in this study. The objectives of this study were: (1) to develop a transport theory specific for

charge hydrated soft tissues (e.g., cartilaginous tissue) using a mixture theory approach and

(2) to analyze the effect of mechanical loading on the diffusion of solute in cartilage.

THEORY

The details of mechano-electrochemical mixture theory can be found in (Lai et al. 1991; Gu

et al. 1998; Huyghe and Janssen 1997). Briefly, it models a charged hydrated soft tissue as a

continuum mixture consisting of intrinsically incompressible solid phase, interstitial water

phase, and solute phases. The driving forces for the transport of interstitial water and solutes

are the gradients of (electro)chemical potentials. At any point within the mixture, an electro-

neutrality is assumed. In the following analysis, only an isotropic case was considered.

Convective flux and diffusive flux of solute in porous media

Under a quasi-static condition, the momentum equation for each of the fluid phases (water and

solutes) within a porous medium (mixture) is given as follows (Lai et al. 1991; Gu et al.

1998):

(1)

where ρα is the apparent mass density, μ̃α is electrochemical potential (per unit mass), and vα

is the velocity of fluid (solvent or solute) phase α, fαβ is the drag coefficient (per unit of mixture

volume) between α and β phases with fαβ = fβα and fαβ ≡ 0 if α=β. In equation (1), the summation

is carried out for β over all phases (including solid phase). For solutes, the apparent mass density

(ρα) is related to solute molar weight (Mα) and solute concentration (cα, in moles per unit

volume of solvent) by

(2)

where ϕw is the volume fraction of water (solvent). Solving for vα from equation (1), one obtains

(Gu et al. 1998)
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(3)

where

(4)

Equation (3) can be written as

(5)

where

(6)

Equation (5) states that any solvent or solute velocity (vα is equal to the sum of its convective

velocity ( ) and its diffusive velocity resulted from the negative gradient of its (electro)

chemical potential (second term on the right hand side of equation 5). The convective velocity

( ), see equation (6), is equal to the weighted mean velocity of other constituents since fαβ ≡
0 for α=β (i.e., independent of vα itself). Note that the value of the convective velocity ( )

depends on the choice of a reference frame (i.e., it is not objective). This means that one could

choose a particular frame of reference such that the convective velocity for α-phase is zero.

The diffusive molar flux ( ) for α-phase is defined as

(7)

Using equation (5), one obtains

(8)

The intrinsic diffusion coefficient of solute (or solute diffusivity, Dα) in mixture is defined as

(9)

where R is the universal gas constant; T is the absolute temperature. This definition for solute

intrinsic diffusivity is consistent with that in the literature [e.g., (Deen 1998)]. It follows from

equations (8) and (9) that,

(10)
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Note that the intrinsic solute diffusivity defined by equation (9) or equation (10) is independent

of solute activity (or partition) coefficient or electrical charge effects (these will be further

discussed in a separate paper). For a binary system (with solute α and water only), the

convective velocity ( ) in equation (6) reduces to , and solute diffusivity (

in solution) reduces to (with ϕw=1)

(10a)

where (fαw)o is the drag coefficient between solute and water in the solution. Equation (10a)

is the well-known Stokes-Einstein equation.

The solvent and solute velocities as well as their corresponding convective velocities (see

equation 6) depend on the frame of reference. For the purpose of investigating solute transport

in porous media (mixture), it is necessary to use an objective quantity to describe the convective

effect on solute transport. It seems natural to choose the relative solute flux (relative to the

solid phase) to describe the solute transport in mixture. In this study, we use the relative molar

solute flux (Jα), defined as

(11)

where vs is the velocity of solid phase. The relative flux defined in equation (11) is objective,

independent of the frame of reference.

Using equations (5,7,9), the relative solute flux can be expressed as

(12)

Introducing  for modified chemical potential of solute α (  is the

reference chemical potential) (Sun et al. 1999), equation (12) can be written as

(13)

The first term on the right hand side of equations (12) and (13), defined as the relative

convective flux , represents solute transport due to convection (relative to solid phase) and

the second term (i.e., diffusive flux ) represents solute transport due to diffusion (and/or

electrophoresis if the solute is charged).

The relative importance of convection to diffusion can be estimated by the Peclet number (Pe)

defined as the ratio of convective flux to diffusive flux. Recall equation (13), one may define

the Peclet number for solute α in mixture by

(14)
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where L is the characteristic length over which solute diffuses. Using equations (4,6,10),

equation (14) can also be expressed in terms of drag coefficients and relative velocities:

(15)

From equation (15), one can see that the Pe number defined by equation (14) does not explicitly

depend on the drag coefficient between solute α and solid phase (fαs).

Consider a case where a cartilaginous tissue (mixture) consists of solid matrix (s), water (w),

Na+ (+), Cl− (−), and neutral soluble molecule (o) only. If the frictional interactions among

solutes are assumed to be negligible, equation (6) reduces to

(16)

So the relative velocity ( ) in equation (12) or equation (13) becomes

(17)

where

(18)

Introducing Jw[≡ϕw(vw – vs)] for water flux relative to solid matrix, equation (13) together

with equation (17) can be written as

(19)

The parameter Hα in equations (17,18,19) is equal to the ratio of relative convective speed to

relative solvent speed (see equation 17). Thus, this parameter may be called the convective

coefficient or convection coefficient (Evans and Quinn 2005). This coefficient is also known

as the hindrance factor in the literature. It represents the hindrance effect on convection due

to hydrodynamic and steric interactions between solute and solid matrix (Deen 1987; Johnston

and Deen 1999). Obviously, from equation (18), the value of the convective coefficient (Hα)
is equal to unity for a binary solution system (without solid phase). In porous media, the value

of Hα is offen less than unity. It approaches unity when fαs << fαw.

Under the same assumption that the frictional interactions among solutes are negligible, the

solute diffusivity in tissue is

(20)
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The corresponding Pe number for solute α is:

(21)

Drag coefficients in tissue (fαw and fαs)

Little information on the value of Hα (for α=+,−,o) is available in literature for cartilaginous

tissues(Evans and Quinn 2005). The drag coefficients (fαw) between solute (α) and water (w)

in tissue (mixture) are in general not equal to that in solution. Based on equation (19), one can

design an experiment for determining the value of Hα(Evans and Quinn 2005). After measuring

Hα and Dα, one can determine the drag coefficients fαw and fαs in the tissue using equations

(18 and 20). For example, the drag coefficient between solute and water per unit volume of

interstitial water (fαw/ϕw) in the tissue can be calculated by equations (18) and (20) as follows:

(22)

Using equation (10a), the ratio of drag coefficient between solute (α) and water (per volume

of interstitial water) in tissue to that in solution at the same solute concentration is given by

(23)

For most cases, it is reasonable to speculate that , therefore,

(24)

The equal sign in the above equation may be used for limiting cases. Note that the above

inequality does not hold for those solutes that could diffuse faster in porous media than in

water.

Knowledge of these coefficients can provide an insight into the mechanisms of solute transport

in tissue at molecular (nano) level.

Strain-dependent solute diffusivity

In this study, the following constitutive relationship was used for the intrinsic solute diffusivity

(Gu et al. 2004):

(25)

where a1 and b1 are two positive parameters that depend on the structure of tissue,  is the

Stokes radius of the solute α, and κ is the Darcy permeability which is related to the hydraulic

permeability (k) by κ=kη (η is the fluid viscosity). The Darcy permeability is porosity-

dependent, given as follows(Gu et al. 2003),
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(26)

where a2 and b2 are two positive parameters which again depend on the structure of tissue.

Since tissue porosity (ϕw) is related to tissue dilatation (e) and the porosity  at the reference

configuration (i.e., at e=0) by: (Lai et al. 1991)

(27)

both intrinsic hydraulic permeability and intrinsic solute diffusivity are strain-dependent.

ANALYSIS OF SOLUTE DESORPTION IN CARTILAGE UNDER DYNAMIC

COMPRESSION

Desorption of uncharged solute from cartilage explants under unconfined compression was

simulated in this study (Fig. 1). In the simulation, a cylindrical cartilage sample with 1mm

thickness (h) and 1.5mm radius (R) is placed between two rigid, flat, frictionless and

impermeable loading platens. The tissue is initially equilibrated with a bathing solution of

0.15M NaCl containing 0.04mM uncharged solute (its size is similar to IGF-1), followed by a

ramp compression (10% or 20% offset strain in 100s). After reaching equilibrium at this new

configuration (relaxation time=50,000s), the bathing solution is changed to the normal saline

(without uncharged solute), and a dynamic compression (2.5% or 5% dynamic amplitude at

0.001, 0.01 or 0.1 Hz) is simultaneously applied to the tissue. Solute desorption from cartilage

sample takes place only in the radial direction.

The cartilage tissue was modeled as an isotropic homogeneous mixture of intrinsically

incompressible elastic solid phase, water phase, ion (Na+ and Cl−) and uncharged solute phase.

The governing equations for the mixture are summarized in Appendix. Note that strain-

dependent diffusivity (i.e., equation 25) and permeability (i.e., equation 26) were considered

in this simulation. Due to the symmetry with respect to r=0 and z=0, only upper quadrant of

the sample was modeled for this 2D problem of interest.

Initial condition

(28)

where superscript * stands for the quantities in the bathing solution. In this study, the free-

swelling (i.e., unloaded) state of tissue equilibrated with the bathing solution was chosen as

the reference configuration for strain.

Boundary condition

(29)
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(30)

(31)

(32)

where (see Figure 1)

(33)

Here H(t) is the Heaviside step function satisfying H(t)=0 for t<0 and H=1 for t≥ 0.

Numerical Method

A mixed finite element formulation of Sun et al (1999) was adopted to solve this 2D axial

symmetric initial- and boundary-value problem using FEMLAB software (FEMLAB3.1,

COSMOL Inc., Burlington, MA). The details of the numerical implementation can be found

in our previous publication (Yao and Gu 2004). A mesh of 813 second-order triangle Lagrange

elements was used in this analysis. The maximum time-step of 1s was used during the ramp

phase, and variable maximum time-steps from 0.05s to 10s were used during the relaxation

phase. During sinusoidal compression, at least 32 time steps had been taken for each cycle.

The convergence of the numerical model was examined by refining the mesh and tightening

the tolerance. The numerical accuracy was checked against the 2D triphasic stress-relaxation

problem published in the literature (Sun et al. 2004; Sun 2002).

The following baseline parameters were used in the simulation: temperature T=298K, bathing

solution c*=0.15 M NaCl, initial water content ϕw
0=0.8, Lame coefficients λ=0.1MPa and

μ=0.2MPa, coupling coefficient Bw=0, initial fixed charge density cF
0=0.2mEq/ml(Mow et al.

2002). The values of a1=1.25 and b1=0.681 were used in the constitutive equation of solute

diffusivity, i.e., equation (25) (Gu et al. 2004). The Stokes radii of cation (Na+) rs
+=0.197nm,

anion (Cl−) rs
−=0.142, and uncharged solute radius rs

o=1.146nm were calculated based on the

corresponding diffusivity value in the aqueous solution at 25°C using Stokes-Einstein equation.

For uncharged solute, the diffusivity is similar to the values of IGF-1 and the partition

coefficient is Φ=0.1. For small ions, activity coefficient γ±/γ*±=1 and osmotic coefficient ϕ=1

were used. In this study, the values of these parameters were assumed to be unity except for

the cases where the effect of convective coefficient on solute transport is investigated (see

Figure 6). To calculate Darcy permeability, the values of a2=0.00339nm2 and b2=3.24 were

used in equation (26) (Gu et al. 2003). Note that initial neutral solute concentration

co
i=4×10−5 mol/m3, permeability k0=5×10−16m4/Ns, and aggregate modulus HA=0.5MPa

were used for variable normalization. All results are presented at z=0, since they are

independent of the depth under frictionless boundary condition (Armstrong et al. 1984).
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NUMERICAL RESULTS

1. Effect of static compression on solute diffusion

With static compression only, an increase in static compression strain reduced solute diffusion

within the cartilage sample, as shown in the concentration distributions within the tissue (Fig.

2). This retarded diffusion is mainly due to the decrease in solute diffusivity governed by

equation (25), in which reducing tissue permeability will decrease solute diffusivity. Static

compression decreased the permeability by reducing tissue water content (equation 26).

2. Effect of dynamic loading phase on solute concentration distribution

The normalized solute concentration distribution in tissue sample apparently depended on the

loading phase of dynamic compression. The concentration distributions near the radial edge

of the explant exhibited a concave shape at the peak phase as well as a convex shape at the

valley phase (Fig. 3). This phenomenon is mainly due to the oscillatory dilatation change in

the radial edge of the explant during dynamic compression (Fig. 4).

3. Effect of dynamic compression strain on solute desorption

Increasing dynamic compression strain from 2.5% to 5% has little effect on the concentration

distribution at neutral phase (Fig. 5) under unconfined compression with frictionless boundary.

4. Effect of convective coefficient on solute concentration distribution

The contribution of fluid convection to total solute transport is regulated by the convective

coefficient according to equation (19). Figure 6 shows that convective coefficient has no effect

on solute concentration distribution for this case.

This is mainly because the relative convective flux  (Fig. 7) is much smaller than diffusive

flux  (Fig. 8), even though the magnitude of absolute convective flux  is

very high (Fig. 9).

5 Effect of loading frequency on diffusive flux and relative convective flux

The effect of loading frequency on solute desorption was also investigated (Fig 10). While

having little effect on the magnitude of relative convective flux (Fig. 11), an increase in loading

frequency slightly increased diffusive flux (Fig. 12), resulting in a lower concentration profile

near the radial edge of the explant (Fig.10). Note that the magnitude of the diffusive flux

depends on the loading phase as well (not shown).

DISCUSSION

Using the mechano-electrochemical mixture theory, the transport theory for charged hydrated

soft tissues was developed (Objective #1). The theoretical analyses clearly show that in porous

media, the convective velocity is in general not equal to the solvent velocity. It is the convective

velocity relative to the solid phase (i.e., the relative convective velocity) that governs the

convection of solute transport in the porous media. This notion is further confirmed by our

numerical analyses on solute desorption in cartilage under unconfined dynamic compression

(Objective #2).

Unlike the traditional treatment on convection and diffusion in porous media [e.g., (Truskey

et al. 2004)], in the present study, the convective velocity for solute α is defined as the mean

velocity of other phases (or species) weighed by the drag coefficients between solute α and

other constituents. This definition means that the convective velocity for each solute phase is

different. The diffusive velocity for phase α is defined as the difference between its velocity
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to its convective velocity. This naturally leads to a uniform, mathematic expression for the

diffusive flux [equations (9)] for all solute phases in mixture. That is, the diffusive flux for

each solute phase in the mixture is resulted from the sole gradient of its (electro)chemical

potential. The corresponding diffusivity [equations (9) and (10)] is intrinsic, and independent

of electrical charge effect even though the solute is charged. This result [equation (10)] is

consistent with the well-known Stokes-Einstein equation for diffusivity. This concept of

intrinsic diffusivity has been successfully used in our recent experiments on the determination

of ion diffusivity in agarose gels (Gu et al. 2004).

In our numerical analyses, dynamic loading has little effect on solute desorption. This is mainly

due to the relatively low dynamic strain. When the dynamic strain is increased to 20%, the

effect of dynamic loading on the transport of large solute is more pronounced (Figure 13). At

low strain levels (≤ 5%), the relative convective flux is much smaller than the diffusive flux

(see Figs. 7 and 8), indicating the Pe number is much smaller than unity. Note that at high strain

levels, the dynamic loading always enhances solute transport. For instance, one could compress

the tissue to zero-water content then release it. It is obvious that the enhanced transport in such

a dynamic compression test depends on loading frequency. This analysis is consistent with

experimental and theoretical reports in literature (Mauck et al. 2003; O'Hara et al. 1990; Quinn

et al. 2002).

Quinn et al (2002) reported that during unconfined dynamic compression of a cartilage sample

(disk), the distribution of solute concentration in the radial direction is concave near the radial

edge of the cartilage sample. Our simulation (Fig. 13) is consistent with this finding. Note that

in our simulations, the convective coefficient for large solute (i.e., IGF-1) is assumed to be

unity. This assumption has little effect on solute transport when convection is negligible (i.e.,

Pe<<1). However, when convection effect is not negligible (e.g., Pe >1), more exact

characterizations of strain-dependent convective coefficient as well as strain-dependent solute

diffusivity are important for investigating solute transport in dynamically compressed tissues

(Evans and Quinn 2005).

CONCLUSIONS

In this study, a theory for solute transport in porous media is developed using the mechano-

electrochemical mixture theory. The convective and diffusive fluxes of solute in such a material

have been clearly defined [Equations (6) and (7)]. The relationship between convective velocity

and drag coefficients has been presented. Analyses show that the convective velocity for each

of solute phases is different [Equation (6)]. It is the convective velocity relative to solid phase

that governs the convection of solute transport in porous media. The diffusive flux is

proportional to the negative gradient of its (electro)chemical potential. The proportional

parameter between the diffusive flux and the gradient of (electro)chemical potential is related

to the intrinsic solute diffusivity [Equation (9)]. This theory has been applied to analyze

numerically the effect of dynamic mechanical compression on solute desorption in cartilage.

Numerical simulations show that at low strain levels (≤ 5%), dynamic loading has little effect

on large solute (i.e., IGF-1) transport in cartilage explant in the unconfined compression

experiment. This study provides an important insight into solute transport in charged hydrated

soft tissues and biomaterials.
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Appendix

The balance of linear momentum for the mixture and the conservation of mass for each of

phases or species led to the following governing equations (Gu et al. 1998; Lai et al. 1991;

Sun et al. 1999; Yao 2004):

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

where σ is the total stress tensor of the mixture, u is the solid displacement, εw is modified

water chemical potential, ϕ is the osmotic coefficient; po is the pre-stress [see equation (A8)

below]; Bw is the interphase coupling coefficient; λ and μ are Lame coefficients of solid matrix;

k is the intrinsic (i.e. closed-circuit) permeability; D+, D− and Do are the intra-tissue diffusivities

of cation, anion and uncharged solute, respectively.

In arriving at equations (6 and 7), infinitesimal deformation assumption was made (Lai et al.

1991;Sun et al. 1999). Note that the mechanical interactions among solutes were assumed to

be negligible(Yao 2004). More general cases can be found in (Gu et al. 1998;Yao 2004) The

value of pre-stress (po) in equation (A5) depends on the choice of the reference configuration

for strain. In this study, the free-swelling state of tissue equilibrated with the bathing (NaCl)

solution of concentration c* (no other uncharged solute) was chosen as the reference

configuration for strain. Thus, the pre-stress (po) was given as

(A8)

Yao and Gu Page 11

Biomech Model Mechanobiol. Author manuscript; available in PMC 2009 April 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



where  and  are the ion concentrations within the tissue at equilibrium (i.e., the initial ion

concentrations), and eo is the dilatation of tissue at equilibrium (relative to the hypertonic state).

If one chooses the tissue configuration at the hypertonic state (load-free) as the reference

configuration, then po=0 and eo=0. In our calculations, all strains were relative to the free-

swelling state of tissue equilibrated with 0.15M NaCl bathing solution (Gu et al. 1993).

In equations (A6, A7), the modified (electro)chemical potentials (εw, ε+, ε−, εo) were related

to fluid pressure (p), electrical potential (ψ), and solute concentrations (c+, c−, co) by (Sun et

al. 1999):

(A9)

(A10)

where e is the dilatation; Fc is the Faraday constant; γα and zα are the activity coefficients and

valence, respectively. Note that the valence for neutral solute is zero. At equilibrium, the

activity coefficient of the uncharged solute within the tissue (γo) was related to the partition

coefficient (Φ) (i.e., the ratio of solute concentration in tissue to solute concentration in bathing

solute at equilibrium) and the activity coefficient of the uncharged solute in bathing solution

( ) by

(A11)

The ion concentrations were related to the value of negatively fixed charged density (cF)

through the electroneutrality condition in this model (Lai et al. 1991):

(A12)

where cF is related to the tissue porosity, the reference FCD ( ) and reference porosity ( )

by

(A13)
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Figure 1.

Schematic of dynamic unconfined compression test configuration for solute desorption

experiment. A ramp compression (10% or 20% offset strain) was applied in 100s. After stress

relaxation in 50000s, a dynamic compression (2.5% or 5% dynamic strain) was imposed.
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Figure 2.

Solute concentration co (normalized by solute concentration in tissue at t=0, co
i) distributions

within the tissue after 3000s of radial desorption under 0%, 10% and 20% static compression.
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Figure 3.

Solute concentration distributions within the tissue during 30th cycle at 5% dynamic

compression of 0.01Hz. The concentration distributions depend on the loading phase.

Yao and Gu Page 17

Biomech Model Mechanobiol. Author manuscript; available in PMC 2009 April 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4.

Tissue dilatation profiles during 30th cycle at 5% dynamic compression of 0.01Hz.
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Figure 5.

Effect of dynamic compression (0%, 2.5% and 5%) on solute concentration distributions within

the tissue at t=3000s. The loading frequency is 0.01Hz.
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Figure 6.

Effect of convective coefficient (Ho) on solute concentration distributions (t=3000s) within the

tissue at 5% dynamic strain of 0.01Hz.
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Figure 7.

Relative convective flux Jo
RC (normalized by co

i HAk0/h) distributions within the tissue during

30th cycle at 5% dynamic compression of 0.01Hz.
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Figure 8.

Diffusive flux Jo
D (normalized by co

i HAk0/h) distributions in cartilage sample during 30th

cycle at 5% dynamic compression of 0.01Hz.
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Figure 9.

Absolute convective flux Jo
AC (normalized by co

i HAk0/h) distributions within the tissue during

30th cycle at 5% dynamic compression of 0.01Hz.
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Figure 10.

Effect of loading frequency on solute concentration distributions within the tissue after 3000s

desorption at 5% dynamic compression.
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Figure 11.

Effect of loading frequency on the distributions of relative convective flux Jo
RC (normalized

by co
i HAk0/h) within the tissue under 5% dynamic compression at t=3000s.
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Figure 12.

Effect of loading frequency on the distributions of diffusive flux Jo
D (normalized by co

i

HAk0/h) within the tissue under 5% dynamic compression at t=3000s.
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Figure 13.

Dynamic loading enhances solute desorption at a higher dynamic strain level (20%).
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