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On the Electric Potentials Inside a
Charged Soft Hydrated Biological
Tissue: Streaming Potential
Versus Diffusion Potential
The main objective of this study is to determine the nature of electric fields inside a
lar cartilage while accounting for the effects of both streaming potential and diffus
potential. Specifically, we solve two tissue mechano-electrochemical problems usin
triphasic theories developed by Lai et al. (1991, ASME J. Biomech Eng.,113, pp. 245–
258) and Gu et al. (1998, ASME J. Biomech. Eng.,120, pp. 169–180) (1) the steady
one-dimensional permeation problem; and (2) the transient one-dimensional ram
displacement, confined-compression, stress-relaxation problem (both in an open c
condition) so as to be able to calculate the compressive strain, the electric potential
the fixed charged density (FCD) inside cartilage. Our calculations show that in these
technically important problems, the diffusion potential effects compete against the
induced kinetic effects (streaming potential) for dominance of the electric potential in
the tissue. For softer tissues of similar FCD (i.e., lower aggregate modulus), the diffu
potential effects are enhanced when the tissue is being compressed (i.e., increas
FCD in a nonuniform manner) either by direct compression or by drag-induced com
tion; indeed, the diffusion potential effect may dominate over the streaming pote
effect. The polarity of the electric potential field is in the same direction of interstitial fl
flow when streaming potential dominates, and in the opposite direction of fluid flow w
diffusion potential dominates. For physiologically realistic articular cartilage mater
parameters, the polarity of electric potential across the tissue on the outside (surfa
surface) may be opposite to the polarity across the tissue on the inside (surface to
face). Since the electromechanical signals that chodrocytes perceive in situ ar
stresses, strains, pressures and the electric field generated inside the extracellular m
when the tissue is deformed, the results from this study offer new challenges fo
understanding of possible mechanisms that control chondrocyte biosynth
@S0148-0731~00!00604-X#
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Introduction
A recent focus of articular cartilage research has resulted

many publications on the determination of the effects of mech
cal and/or hydrostatic/osmotic pressure loadings on cartilage
plant metabolism~e.g., @1–15#!. Such studies have been speci
cally aimed at elucidating possible ‘‘mechano-signa
transduction mechanism~s! that might govern the chondrocytes
biosynthetic activities in maintaining and organizing the large
tracellular matrix~ECM! comprising the tissue~see reviews by
Comper@16#, Mow and Ratcliffe@17#, and Muir@18#!.1 Few stud-
ies, however, have focused on the details of the fluid and
flows, and electric potentialswithin the ECM, where chondrocyte
reside. Hence, not much is known regarding the exact natur
these signals in the mechano-signal transduction mechanisms
may have stimulated the observed changes in chondrocyte
tabolism in these explant studies. The development of more el
rate models of cartilage in recent years allow us to address t
mechano-signals that the chondrocytes seein situ. Therefore, one
aim of this study will be to determine the nature~i.e., magnitude,
direction, and time and space variations! of the electric and com-

1In this manuscript, ‘‘mechano-signal’’ refers to a combination of meca
electrochemical events such as stress, strain, pressures~hydrostatic or osmotic!, fluid
and ion flow, and electrical potential and currents that might simultaneously exi
cartilage when it is deformed.

Contributed by the Bioengineering Division for publication in the JOURNAL OF
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Div
sion June 22, 1999; revised manuscript received February 28, 2000. Associate
nical Editor: L. A. Taber.
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pression fields within articular cartilage, while accounting for bo
the streaming potential and the diffusion potential.

The source of all the observed electrical events, measured
the outside surface of articular cartilage derives from the ‘‘fixe
negative charges~SO3

2 and COO2! distributed along the chon
droitin, keratan sulfates and hyaluronan molecules comprising
aggrecaninside the tissue~e.g.,@19–33#!. Normally, for the time
scale of the electrical events and mechanical deformations con
ered, these proteoglycans may be assumed to be ‘‘immobil
and trapped’’ inside the ECM, and therefore considered to
fixed to the ECM~e.g., @18,34#!. Together with the surrounding
collagen network, these proteoglycan macromolecules form
cohesive, strong, porous-permeable, charged, collag
proteoglycan solid matrix that has been theoretically accoun
for in porous media theories such as the biphasic and triph
theories~e.g., @35,36,17,37#!.2 For more details on the molecula
composition and organization of articular cartilage ECM, see
review chapters in the recent volume onExtracellular Cellular
Matrix, Harwood Academic Press, Australia, edited by W.
Comper, 1996@16#.

By virtue of the electro-neutrality law, there is always a clo
of counter-ions~e.g., Ca11, Na1! and co-ions~e.g., Cl2! dis-
solved in the interstitial water surrounding the fixed charges
ECM. At equilibrium, the concentrations of these interstitial io

o-

t in

-
ech-

2When the effects of the fixed charges are not sought, the biphasic theory of M
et al. @37# is adequate to describe the deformational behavior of articular cartila
However, for mechano-electrochemical effects, the triphasic theory should be u
such as the case in this study.
2000 by ASME Transactions of the ASME
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are given by the Donnan equilibrium ion distribution law, whic
is a statement of the balance between the electrochemical p
tials of the ions in the bathing electrolyte solution~e.g., a univa-
lent NaCl of concentrationc* ! and those of the ions in the tissu
with FCD (cF) @35,36,38,39#. In general, under the action of driv
ing forces, these ions may move by convection with the interst
fluid ~e.g., due to a hydraulic pressure gradient! or by diffusion
through the fluid~e.g., due to a concentration gradient! or by
conduction, i.e., drifting through the fluid as a current~due to an
electric field!. The concentrations of these ions under such n
equilibrium cases can be determined from the laws expresse
the triphasic and multiphasic theories.

Motivations

Diffusion Potential in Equilibrium Case. For a given bath-
ing solution of salt concentrationc* , the cation concentration
inside the ECM increases with the FCD, whereas the anion c
centration decreases with the FCD. In the case where the tiss
equilibrated in a univalent salt bathing solution~e.g., NaCl!, the
relationships for these changes are given by

dc1

dcF 5
1

2 F11
cF

A~cF!214g2c* 2G (1)

and

dc2

dcF 5
1

2 F211
cF

A~cF!214g2c* 2G (2)

where c1, c2, cF, c* , and g are cation concentration, anio
concentration, fixed charge density, external bathing solution
concentration, and the ratio of activity coefficients of salt, resp
tively ~see derivation of Eqs.~17! and ~18! below!. Thus, for a
tissue withinhomogeneousFCD distribution~natural or deforma-
tion induced!, its FCD gradient will lead to gradients of ion con
centrations, with cations and anions having opposite directions
the gradients. As a consequence, there exists a gradient of ele
potential inside the tissue, i.e., the diffusion potential, and i
caused by the tendency of the ions to diffuse from a region
higher concentration to a region of lower concentration, th
causing a slight separation of the positive and the nega
charges. The establishment of this diffusion potential opposes
diffusion tendency of the ions. Therefore, there is, in general, e
at equilibrium, an electric potential difference between two lo
tions within the tissue if the FCD is nonuniform. Externally, how
ever, the potential difference is zero since the tissue is bathe
one solution.

Diffusion Potential in Nonequilibrium Case. For nonequi-
librium cases, it remains true that the cation concentrations
crease with the FCD, whereas the anion concentrations decr
with the FCD at every point inside the tissue. However, the la
governing the distributions of ions are more elaborate and mus
solved from a set of partial differential equations, includi
boundary and initial conditions. Therefore, a diffusion poten
also existsinsidethe tissue for nonequilibrium cases such as in
permeation and stress relaxation problems. In these nonequ
rium problems, there exists another source of electric poten
inside the tissue, the streaming potential, due to movement
ions being convected by interstitial fluid flow. Thus, the ma
objective of this investigation is to determine the electric poten
inside a charged, hydrated and soft biologic tissue, when the
fects of both the streaming potential and diffusion potential
considered in these nonequilibrium cases.

A corollary objective of this study is to analyze the nature
the electric potential as would be measured, for example, by
AgCl electrodes placed next to the surface external to the sp
men, and compare it with the electric potential immediately ins
the specimen. In other words, is the electric potential across
Journal of Biomechanical Engineering
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tissue on the outside different from that across the tissue on
inside. Measurements of electric potential across articular ca
lage from the outside have been made by several authors~e.g.,
@21–30,32#!. This electrical phenomenon has been referred to
the literature as the streaming potential since it arises from fl
flow either streaming across the tissue~as in steady permeation! or
streaming outward from the tissue~as during a compressive
stress-relaxation experiment!. The latter phenomenon is als
known in the literature as the strain generated potential,
SGP@26#.

Phenomenological Transport Theories. All previous studies
of electrical events in articular cartilage with the exception of G
et al. @27# and Lai et al.@40#, have used a porous media theo
incorporating the classical phenomenological transport equat
~see@39,41#! in the absenceof the diffusion potential. However
due to natural or deformation-induced FCD inhomogeneities,
the hypothesis of this study that the assumption of no contribu
from the diffusion potential is not appropriate for the study
mechano-electrochemical problems in articular cartilage@42#. In
previous studies@8,21–23,28#, the fluxes were related to the driv
ing forces by the following equation:

U52k11¹P1k12¹c (3)

Ie5k21¹P1k22¹c (4)

whereU is the fluid velocity relative to the solid,Ie is the electric
current density,P is fluid pressure,c is electric potential,k11 is
the short circuit hydraulic permeability,k22 is the electrical con-
ductivity, andk12 and k21 are the electrokinetic coupling coeffi
cients. Theki j ’s are phenomenological coefficients. The relati
betweenki j and the physical parameters such as the fixed cha
densitycF, molar concentrationca of the a-ions, the friction co-
efficients between the ions and the fluidf aw , universal gas con-
stant R, absolute temperatureT, etc., have been derived by G
et al. @36#. In that study~i.e., @36#!, the following force-flux rela-
tionships were derived for the water volume fluxJv and the elec-
trical current densityIe in a tissue containing multiple species o
ions3:

Jv52ko¹P2(
a

ba¹S RT

ZaFc
ln~gaca! D2xo¹c (5a)

Ie52go¹P2( ga¹S RT

zaFc
ln~gaca! D2xo¹c (5b)

whereza is the valence~including sign, positive for cations and
negative for anions!, ga is the activity coefficient for thea-ions,
Fc is the Faraday constant, andko , ba , go , ga , and xo are
material parameters that are functions of the ion concentrat
and the frictional coefficientsf ab betweena andb constituents.
On the right hand side of Eq.~5b!, the first term (2go¹P) is the
convection current, arising from ionic movements due to flo
convection under fluid pressure gradient (2¹P); the second term
is the diffusion current, arising from diffusion of ions throug
interstitial fluid under concentration gradients (2¹ca), and the
last term is the conduction current, arising from ionic moveme
due to an electric potential gradient~2¹c! which in general in-
cludes both induced as well as an externally applied electric fi
From this equation, it can be seen that the omission of the di
sion terms in Eqs.~3! and ~4! can be justified only if the FCD is
uniform at all times. However, for charged hydratedsoft tissues,
the stresses and the strains within the ECM will vary in acc
dance with the nature of the external loading conditions and w
location within the tissue, even if the tissue was initially homog
neous. For example, frictional drag forces associated with fl
permeation will compress the ECM nonuniformly throughout t

3A similar expression for current density can be found in Huyghe and Jan
@43# or Haase@44#.
AUGUST 2000, Vol. 122 Õ 337
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specimen@45,46#. This compaction is most pronounced at t
downstream side of the specimen. Also, during a one-dimensi
ramped-compression stress relaxation experiment, where the
face is loaded by a free-draining, rigid-porous-permeable load
platen, the ECM will also be compacted in a nonuniform mann
again, the region of highest compaction within the tissue occ
immediately under the loading platen@37,47–50#. As will be dem-
onstrated in this study, these nonuniform compactions have
important effect on the magnitude and polarity of the electric
tential inside the tissue.

Driving Forces for the Electric Current Inside the Tis-
sue: Convection Current, Diffusion Current and Con-
duction Current

According to Eq.~5b!, the three driving forces for the electri
current inside the tissues are:~1! the mechano-chemical force gen
erated by the gradient of the generalized pressuresP,~2! the
electro-chemical force generated by the gradient of the conce
tion ca ~more generally, the activityaa5gaca! for the ionic spe-
cies, and~3! the electric force generated by the gradient of t
electric potentialc. The generalized pressureP incorporates the
hydraulic pressure and the Donnan osmotic pressure effec
fact, the relationship between gradient ofP and the water chemi-
cal potentialmW is given by:

¹P5rT
W¹mW, (6)

where

mW5mo
W1Fp2RT( faca1BWeGYrT

W . (7)

Herep is the hydraulic pressure,ca is the molar concentration o
the a-ion, fa is the osmotic coefficient for thea-ion, e is the
dilatation of the solid matrix,rT

W is the true density of water,BW

is a coupling coefficient, andmo
W is the reference chemical poten

tial. The osmotic pressure effect is given by the last two ter
within the square brackets on the right side of Eq.~7!, where it
can be observed that the water chemical potential increases a
ion concentrations decreases and/or matrix dilatation incre
~both factors increasing the water concentration!. As water is be-
ing driven by the mechano-chemical force¹P, it would convect
the ions to flow with it. Since the concentrations of anions a
cations are unequal in the charged ECM, this convection wo
result in an electric current. This is theconvection current
(2ga¹P).

According to the concentration term in Eq.~5b!, if ca is non-
uniform, diffusion of the ions will take place and thus contribu
to the total current. The vector sum of the diffusion movements
each of the ion species is thediffusion current
(2(ga(RT/zaFc)¹ ln(gaca)).

The electric potential at every point in the tissue is denoted
c. This electric potential is the resultant of all the charges in
tissue together with whatever electric and/or magnetic effects
external surroundings might exert on the tissue, including
externally applied electric field. Whenever there is a nonzero
dient of electric potential, it will cause the ions to move, wi
oppositely charged ions being moved in opposite directions, t
giving rise to theconduction current(2xo¹c).

Electric Field in a Soft Hydrated Tissue With Zero
Electric Current

When external circuits are not provided for the tissue to sus
a net charged flow of ions and electrons, the tissue is in a sta
zero current. This condition is the most commonly used exp
mental configuration in the study of charged biological tissues
the determination of their electrical behaviors. For such case
every point in the tissue, the sum of the three currents must v
338 Õ Vol. 122, AUGUST 2000
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ish: Ie5Convection Current1Diffusion Current1Conduction
Current50 or, from Eq.~5b!, the gradient of the electric potentia
becomes:

¹c5F2go¹P1( ga¹NaG /xo , (8)

where

Na52~RT/zaFc!¹ ln~gaca!. (9)

In this currentless condition, there is no externally applied elec
potential, the potential is entirelyinduced bythe convection cur-
rent and the diffusion current. This induced potential generate
conduction current to oppose the convection and diffusion c
rents so as to achieve the zero current condition. The first term
the right side accounts for the potential induced by convection
the presence of a pressure gradient. This is thestreaming poten-
tial. The second term accounts for the potential induced by
diffusion of ions due to their concentration gradients. These
tentials (Na) are thediffusion potentials. In many important ex-
perimental configurations, including the steady permeation
the compression stress relaxation problems, the diffusion pote
effect competes against the streaming potential effect.

Origin of Diffusion Potential Inside a Charged-
Hydrated Biological Tissue With Inhomogeneous FCD

Consider an articular cartilage specimen that is equilibrated
bathing solution of a univalent salt solution~e.g., NaCl! of con-
centrationc* . The electro-chemical potentials for the ions insi
the tissue are given by@35,36,41#:

m̃15m̃o
11

RT

M 1
ln~g1c1!1

FcC

M 1
, (10)

m̃25m̃o
21

RT

M 2
ln~g2c2!2

Fcc

M 2
, (11)

where m̃o
6 are the reference potentials, andM 6 are the atomic

weights. At equilibrium, these potentials are constant inside
tissue and are equal to those in the bath. Thus, Eqs.~10! and~11!
yield:

¹m̃1505
RT

M 1
¹ ln~g1c1!1

Fc¹c

M 1
, (12)

and

¹m̃2505
RT

M 2
¹ ln~g2c2!2

Fc¹c

M 2
, (13)

or,

¹c52
RT

Fc
¹ ln~g1c1!5

RT

Fc
¹ ln~g2c2!. (14)

The electric potential given by Eq.~14! is the diffusion potential.
It can be observed that the gradient of electric potential is in
same direction as the gradient of anions and in the opposite d
tion of the gradient of the cations. This potential opposes
diffusion of the nonuniformly distributed ions caused by the no
uniform FCD in the ECM.

The distribution of the ions in the tissue is given by the Donn
equilibrium distribution law@38#, which can be obtained from the

equilibrium conditions m̃15m̃1* , m̃25m̃2* , and c* 5c1*

5c2* ~* denoting the external bathing solution!. This law is
given by the well-known equation:

c1c25g2c* 2, (15)

where c1 and c2 are related to the FCD (cF) by the electro-
neutrality law:

c15c21cF. (16)
Transactions of the ASME
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In Eq. ~16!, g5(g1* g2* )/(g1g2) is the ratio of activity coeffi-
cients. From Eqs.~15! and~16!, the interstitial concentrations fo
c1 andc2 may be derived:

c15
cF1A~cF!214~gc* !2

2
, (17)

and

c25
2cF1A~cF!214~gc* !2

2
. (18)

The gradients ofc1 andc2 with respect tocF yield Eqs.~1! and
~2!. Clearly, the cation concentration increases with FCD, wher
anion concentration decreases with FCD. As a consequence
diffusion tendency of the cations and the anions are in oppo
directions in a tissue with nonuniform FCD, giving rise to a sep
ration of these oppositely charge ions and inducing a diffus
potential opposing this tendency for separation.

A Special Limiting Case: Rigid Charged Solid Matrix.
Equations~7!, ~10!, and~11! are the chemical potential for wate
and electro-chemical potentials for cation and anion. Toge
with the constitutive law for the solid matrix, the mass conser
tion laws, the equations of motion, the electroneutrality law, a
the boundary and initial conditions~@35,36#, and also see Appen
dix A!, they comprise the general theory for the transport of wa
and ions in a charged, hydrated, deformable biological tiss
These nonlinear equations embody many intricate phenom
and therefore, in general, analytical solutions are not obtaina
However, special cases may be solved to gain insights into s
of the complex mechano-electrochemical phenomena in such
terials. In this section, the limiting case of arigid, charged,
porous-permeable solid matrix, equilibrated in adilute external
NaCl bathing solution (c* /cF!1), is solved to analyze the com
petition among the three electro-motive forces.

The problem under consideration is a one dimensional ste
permeation problem with a hydraulic pressure gradient of¹p,
under an open circuit condition such as in a typical stream
potential experiment~e.g., @27#!. Let co

F be the FCD distribution
within the tissue. For a very dilute solution, the chloride ion co
centration is negligible (c2'0) and thus the sodium ion concen
tration is the same as the FCD to maintain electro-neutrality. T
is c1'co

F . For the rigid, porous-permeable solid, the solid velo
ity is zero, i.e.,vs50. Sincec2'0, then under the open circu
condition (Ie50), the cation~sodium! velocity v1 must also be
zero. Thus, the momentum equation for the sodium ion takes
form

2r1
dm1

dz
1 f w1~vw!2Fc

r1

M 1

dc

dz
50, (19)

wherem1 and r1 are the chemical potential and density of t
cation respectively,vw is the water velocity~a constant for the
steady flow case!, f w1 is the frictional coefficient between th
cation and the solvent water andz is the spatial coordinate alon
the direction of flow~please refer to Appendix A for the govern
ing equations for a triphasic medium!. The chemical potential for
the cation is given by

m15mo
11

RT

M 1
ln~g1c1!, (20)

where mo
1 is the reference chemical potential. Combining E

~19! and ~20!, together with the relationr15fwc1M 1 yields:

Fch

RT

dc

dz
5

vw

D1/h
2

h

g1cF

d

dz
~g1cF!, (21)

whereD15(RTfWc1)/ f w1 is the diffusivity of the cation, and
fW is the volumetric porosity of the tissue~defined on the basis o
Journal of Biomechanical Engineering
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the extrafibrillar water!. If the tissue has auniform FCD, the sec-
ond term on the right-hand side of Eq.~21! drops out, yielding:

Fch

RT

dc

dz
5

vw

D1/h
. (22)

This equation shows a linear electric potential distribution ins
the tissue whose slope is proportional to the water velocity a
inversely proportional to the cation diffusivity. Note that the p
tential increases in the direction ofvw, i.e., it increases in the
direction of flow. This increase in the downstream direction is d
to the fact that the flow convects the positive ion in the dow
stream direction causing a separation between the positive ca
and the stationary negative charges in solid matrix. This stream
potential is always higher in the downstream direction.

A schematic diagram depicting the flow convection effect on
uniform distribution of cation corresponding to a uniform distr
bution of fixed negative charges~not shown! is presented in Fig.
1~a!. The convection effect causes a convection current, which
countered by the conduction current driven by the streaming
tential, induced by the slight separation of the positive charg
from the fixed negative charges. Note also from the right-ha
side of Eq.~22! that this streaming potential is a ratio of tw
velocities—the velocity of the solvent (vw) carrying the cation
and the characteristic diffusion velocity (D1/h). A larger solvent
velocity enhances the separation and increases the streaming
tential. On the other hand, a larger diffusion velocity of the io
diminishes this separation.

The second term on the right-hand side of Eq.~21! shows the
effect of a nonuniform distribution of the FCD on the electr
potential. If the FCD decreases in the downstream direction,
slope of the potential (dc/dz) will be enhanced by this term and
if the FCD increases in the downstream direction, (dc/dz) will be
reduced by this term. Thus, it is possible that the potential m
become negative in the downstream direction if this second te
is larger than the first term~the streaming potential term!.

The interpretation of this second term is as follows. When FC
increases in the downstream direction, the cation concentrationc1

Fig. 1 „a… Schematic diagram to show the flow convection ef-
fect on a uniform distribution of cation Š corresponding to a
uniform distribution of fixed negative charges „not shown …. The
convection effect causes a convection current, which is coun-
tered by the conduction current driven by the streaming poten-
tial. „b… Schematic diagram to show the diffusion effect on a
nonuniform distribution of cation Š corresponding to a
nonuniform distribution of fixed negative charges „not
shown …. The diffusion effect causes a diffusion current, which
is countered by the conduction current driven by the diffusion
potential.
AUGUST 2000, Vol. 122 Õ 339
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also increases in the same direction~in this examplec1'co
F!.

Therefore, the direction of diffusion of the cation is opposite
the flow, and this diffusion effect tends to separate the cati
from the fixed negative charges in a direction opposite to that
to the streaming effect. Thus, the diffusion potential here impe
the streaming potential. If FCD decreases in the downstream
rection, then both the streaming potential and the diffusion po
tial will reinforce each other. A schematic diagram depicting t
diffusion effect is shown in Fig. 1~b!. Here, the diffusion effect is
countered by the conduction current driven by the diffus
potential.

The assumptions of rigid matrix and very dilute solution ha
enabled us to obtain a simple analytical equation that provide
with a clearer understanding of the two mechanisms causing
electric potential within such a material. However, forsoft tissues
such as the articular cartilage, intervertebal disk, growth pl
cornea, etc., deformation of the tissue generally is not negligi
When a deformable tissue is under the same steady filtration
dition, flow induced compaction will occur~e.g.,@27,45,46#!. For
a tissue with initially homogeneous properties, the drag-indu
compaction is nonuniform, increasing monotonically in the dow
stream direction. As a consequence, under the steady filtra
condition, FCD will increase in the downstream direction due
this flow-induced compaction. Thus, for such tissues, both stre
ing potential and diffusion potential must always exist inside
tissue and in fact they always compete against each other.

Electric Potentials Across the Tissue: Outside Versus In-
side. Thus far, the discussion has focused on the distribution
electric potentialinside the tissue. Since there are always tw
sides to each boundary surface, one facing the external bath
the other facing inside the tissue, it is necessary to be spe
when referring to the potential across the tissue. The electric
tentials across the tissue in any experiment are measured from
outside, while chondrocytes always experience the electric po
tial on theinside. The question may be asked: Are the externa
measured electric potentials an accurate indication of the inte
electric potentials? As will be shown, the answer is that these
potentials are in general different.

Let a sample tissue layer be bounded betweenz50 andz5h,
with external baths defined in the domainz,0 and z.h. Let

c* (0) andc1* (0) be the electric potential and cation concent
tion respectively in the bath sidez502, and letc(0) andc1(0)
be the corresponding values inside the tissue at the same su
~i.e., z501!. Similar notations are defined for the boundary az

5h1: c* (h), c1* (h) and atz5h2: c(h) andc1(h). Then, the
continuity condition on the electrochemical potential across
boundaries for the cation yields:

c* ~0!2c~0!5
RT

Fc
ln

a1~0!

a1* ~0!
, (23a)

c* ~h!2c~h!5
RT

Fc
ln

a1~h!

a1* ~h!
. (23b)

Herea15g1c1 anda1* 5g1* c1* are the activities. From thes
equations, it can be easily obtained that the difference betwee
measured external electric potential@c* (h)2c* (0)# at the sur-
face across the tissue, and the internal electric potential@c(h)
2c(0)# at the surface across the tissue, is given below:

c* ~h!2c* ~0!5@c~h!2c~0!#1
RT

Fc
ln

a1~h!a1* ~0!

a1* ~h!a1~0!
.

(24)

Thus, in general, the outside electric potential across the tis
will be different from the inside potential across the tissu
Clearly, they will be the same if and only if
340 Õ Vol. 122, AUGUST 2000
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a1~h!

a1* ~h!
5

a1~0!

a1* ~0!
. (25)

If the upstream bath and the downstream bath are kept at the s
ionic condition~a commonly assumed condition in streaming p

tential experiments!, thena1* (0)5a1* (h) and we have

c* ~h!2c* ~0!5@c~h!2c~0!#1
RT

Fc
ln

a1~h!

a1~0!
. (26)

In a one-dimensional filtration experiment, for an initially ho
mogeneous tissue, due to flow induced compaction, the ca
concentration on the downstream sidec1(h) will always be larger
thanc1(0) on the upstream sideinside the tissue. Therefore, as
suming that the ratio of activity coefficients is unity, the logarit
mic term on the right-hand side of Eq.~26! is positive, while the
first term of this equation can be either positive or negative. It w
be negative if the tissue is sufficiently soft so that the diffusi
potential dominates over the streaming potential. Therefore
general, the electric potential across the tissue as measured
outsidemay be different~even in sign, when the diffusion poten
tial dominates! than the electric potential from theinside.

Electrochemical Potential Versus Electric Potential Across
the Tissue. Ag/AgCl electrodes are often used to measure
electric potential across a tissue specimen on the outside in
permeation experiment, and in stress-relaxation and creep ex
ments. It is known that, in experiments where one single salt, s
as NaCl is involved, such electrodes measure a constant mul
of the electrochemical potentialof the anions (Cl2) across the
tissue@41#, which is not necessarily the same as theelectric po-
tential across the tissue. Indeed, from Eq.~11!, the relationship
between these two potentials is given by:

2
M 2

Fc
@m̃2* ~h!2m̃2* ~0!#1

RT

Fc
ln

a2* ~h!

a2* ~0!
5@c* ~h!2c* ~0!#,

(27)

wherea2* 5g2* c2* . The first term on the left-hand side of Eq
~27! is what the electrodes measure, and it differs from the elec
potential across the tissue if the logarithmic term is not zero. I
steady permeation experiment, if the ionic conditions in the
stream and downstream baths are kept the same, the logarit
term is zero, so that across the tissue the measured value~using
Ag/AgCl electrodes! is indeed the desired electric potential and
is directly proportional~with proportional constantM 2 /Fc! to the
negative of the electrochemical potential. In other experimen
configurations~stress relaxation, creep, etc.!, the same may not
always hold, depending on the experimental boundary conditio

Steady Permeation of NaCl Solution Through a Layer of
Articular Cartilage. A schematic diagram for electromechan
cal one-dimensional permeation experiment on articular cartil
is shown in Fig. 2. The layer of tissue is supported by a rig
porous-permeable, free-draining platen at its downstream sidz
50). A NaCl solution of concentrationc* is forced through the
tissue layer of thicknessh, under a pressure dropDp* 5pu* 2pd*
across the tissue~pu* and pd* are upstream and downstream h
draulic pressures withpu* .pd* , i.e., the flow is from left to right!.
The boundary conditions for this problem are:

us~0!50, mW~0!5md
W* , m̃6~0!5m̃d

6* ,

at z50~downstream!, (28)

and

sz~h!52pu* , mW~h!5mu
W* , m̃6~h!5m̃u

6* ,

at z5h~upstream!. (29)
Transactions of the ASME
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Heresz , the total mixture stress, is the imposed pressure. Th
boundary conditions express that the total stress, the chem
potential, and the electrochemical potential are continuous ac
the boundaries and that the porous-permeable platen atz50 is
rigid.

In the common permeation problem~e.g., @27#!, the upstream
bath and the downstream bath have the same NaCl concentr
c* . Also, in these experiments, an ‘‘open circuit’’ condition
imposed. Under the steady flow condition, the solid matrix velo
ity is zero; therefore the currentless condition is:

c1v15c2v2. (30)

The governing nonlinear equations for a triphasic medium~see
Appendix A! together with the boundary conditions above a
solved using the finite element method developed by Sun e
@51# and the results have been checked with a finite differe
method. The electric potentials across the tissue~inside to inside
as well as outside to outside! as a function of the initial uniform
FCD are shown in Figs. 3 and 4. The potential across the tis
from the outside is denoted asDc* , and that across the tissu
from the inside is denoted asDc. All material parameters~diffu-
sivities D1 and D2, diffusive resistance coefficient between in
terstitial water and solid matrixK, the initial porosityfo

W , the
NaCl concentrationc* , and the pressure dropDp* ! are the same
for both Figs. 3 and 4, except the intrinsic solid matrix triphas
aggregate modulusHa .4 In Fig. 3 ~softer tissue with Ha

4The relation between the triphasicHa and the biphasicHA and Donnan osmotic
pressure is given in Appendix B.

Fig. 2 Schematic of open circuit one-dimensional permeation
experiment with the upstream pressure greater than the down-
stream pressure „p u*Ìp d* …; flow is from left to right

Fig. 3 Steady permeation: electric potential across the tissue
from the inside „Dc…, and electric potential across the tissue
from the outside „Dc* …, as a function of initial fixed charge
density. For HaÄ0.3 MPa, the diffusion potential dominates
over streaming potential. „D¿Ä0.5Ã10À9 m2Õs, DÀÄ0.8Ã10À9

m2Õs, KÄ7Ã1014 NsÕm4, fo
wÄ0.80, c¿Ä0.15 M, DpÄ30 KPa….
Journal of Biomechanical Engineering
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50.3 MPa!, Dc* andDc are of opposite polarity, whereas in Fig
4 ~stiffer tissue withHa50.6 MPa!, the two potentials are gener
ally of the same polarity. Again, this difference in response is d
to the competition between the convection effect~i.e., streaming
potential! and the diffusion effect~i.e., diffusion potential!. Softer
tissues will experience a larger drag-induced compaction ef
than stiffer tissues; the drag-induced compaction and chang
FCD inside the tissue are shown in Figs. 5 and 6, respectiv
Clearly, in the limiting case of a rigid matrix, the FCD is un
changed from the initial uniform value.

Fig. 4 Steady permeation: electric potential across the tissue
from the inside „Dc…, and electric potential across the tissue
from the outside „Dc* …, as a function of the initial fixed charge
density. For HaÄ0.60 MPa, the streaming potential effect domi-
nates over the diffusion potential effect, except for a region of
low FCD. Other parameters same as in Fig. 3.

Fig. 5 Steady permeation: compressive strain distribution in-
side the tissue for three values of Ha . The strain is caused by
frictional force of permeation between water and solid matrix.
The strain increases monotonically in the downstream direc-
tion. „c o

FÄ0.2 mEq Õml, other parameters same as in Fig. 3 ….

Fig. 6 Steady permeation: fixed charge density increases in
the downstream direction due to drag-induced compaction
„see Fig. 5 …
AUGUST 2000, Vol. 122 Õ 341
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The distribution of the electric potential inside the tissue
four values of the triphasic aggregate modulusHa is presented in
Fig. 7. It can be observed that the internal electric field change
polarity at approximatelyHa50.54 MPa, indicating that the
streaming effect will dominate inside the tissue whenHa
.0.54 MPa. In this case, the electric potential is more posit
downstream. On the other hand forHa,0.54 MPa, the drag-
induced compaction will cause the diffusion potential to domin
the electric potential inside the tissue. In this case, the elec
potential is more positiveupstream. Note also that the curvatur
of the distribution is related to the induced electric dipoles in
medium@52#. Clearly, these results demonstrate that what elec
potential~magnitude and polarity! that the chondrocytes will se
in situ depends on the aggregate modulus of articular cartila
and their location within the tissue.

Electric Field in Confined Compression Stress Relaxation
Experiment. A schematic diagram for a one-dimension
ramped displacement relaxation experiment is shown in Fig
The layer of tissue is confined within a rigid-cylindrical contain
whose side-wall and bottom are insulated against flow of wa
and ions. On its top is a rigid porous-permeable loading pla
The ramped-displacement imposed on this loading platen is g
in Fig. 8~b!. In addition to the stress relaxation, the transient
sponse of the electric potential distribution is to be determined

Fig. 7 Steady permeation: electric potential distribution inside
the tissue for four values of aggregate modulus. Again, the dif-
fusion potential dominates over the streaming potential for tis-
sues with small aggregate modulus, the reverse is true for tis-
sues with larger aggregate modulus „same parameter values as
in Fig. 5 ….

Fig. 8 „a… Schematic of an open-circuit, one dimensional
ramped-displacement, stress-relaxation experiment. The bath-
ing solution NaCl concentration c * is kept fixed during the ex-
periment, and the motion of the loading piston is prescribed in
„b…. The surface to surface strain is À0.1, t oÄ200 s and h
Ä2 mm.
342 Õ Vol. 122, AUGUST 2000
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will be assumed that the tissue is initially equilibrated in a Na
solution of concentrationc* . The friction between the containe
and the tissue will be neglected. The boundary conditions for
problem are given by:

us~0, t !50, vW~0, t !5v1~0, t !5v2~0, t !50, at z50,
(31)

and

us~h, t !5U~ t !, mW~h, t !5mW* , m̃6~h, t !5m̃6* , at z5h.
(32)

HereU(t) is the imposed ramped displacement function, i.e.,

U~ t !5vot for t<to ,

U~ t !5voto for t>to (33)

The initial conditions for this problem are:

us~z, 0!50, (34)

and

c1~z, 0!c2~z, 0!5g6
2 c* 2. (35)

This last condition expresses the Donnan equilibrium ion dis
bution prior to the application of the ramped-displacementU(t).
The experiment is again ‘‘open circuit,’’ and in this proble
wherevsÞ0, the currentless condition is expressed as

c1~v12vs!5c2~v22vs!. (36)

The transient mechanical response for this relaxation problem
been recently published@50#. The transient response of the electr
field has now also been obtained, and is presented below.

The electric potential distributionDcz2B@5c(z, t)2c(0, t)#
inside the tissue for the stress relaxation problem~at various
times! is shown in Fig. 9. This case (Ha50.3 MPa) illustrates the
domination of the diffusion potential over the streaming potent
It is seen here thatDcz2B is negative for all times, that is
c(0, t)>c(z, t) so that the electric potential increases from p
rous platen toward the bottom of the container. This strain gen
ated electric potential inside the tissue has an opposite polarit
the ~electrochemical! potential reported in the literature from Ag
AgCl measurements taken outside the tissue@26#. This large dif-
fusion potential effect is due to the compaction of the charg
solid matrix during the ramp phase of the experiment. The va
tions of the compressive strain with time and depth are show
Fig. 10. Clearly, higher compaction and higher FCD are seen n

Fig. 9 Stress relaxation: electric potential distribution inside
the tissue at various times for HaÄ0.3 MPa. The potential in-
creases in the direction toward the bottom indicating that it is
dominated by the diffusion potential effect. Fluid flow is in the
upward direction into the porous-permeable, loading-platen
during the entire compression phase. „c o

FÄ0.2 mEq Õml, other
parameters same as in Fig. 3 ….
Transactions of the ASME
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the porous platen~on top! ~Figs. 10 and 11!. Thus, for this case
(Ha50.3 MPa), the diffusion potential effect dominates over t
streaming potential effect.

For tissues with larger compressive stiffness, the opposite
be true, i.e., the streaming potential dominates with more pos

Fig. 10 Stress relaxation: compressive strain distribution
inside the tissue at various times. The nonuniformity of the
strain is caused by frictional drag force of permeation between
water and solid matrix. The strain increases monotonically in
the upward „flow … direction.

Fig. 11 Stress relaxation: FCD distribution caused by the
drag-induced compaction „see Fig. 10 …

Fig. 12 Stress relaxation: electric potential distribution
inside the tissue at time tÄ200 s „i.e., at the end of the
compression-ramp phase … for four values of aggregate modu-
lus. For more rigid tissue „HaÌ0.61 MPa…, the streaming poten-
tial effect dominates whereas for softer tissues „Ha

Ë0.61 MPa…, the diffusion potential effect dominates. „c o
F

Ä0.2 mEq Õml, other parameters same as in Fig. 3 ….
Journal of Biomechanical Engineering
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potential near the porous-permeable loading platen. The elec
potential for four values of aggregate modulusHa are shown in
Fig. 12. The results show that the electric fields inside the tis
reverse its polarity at approximatelyHa50.61 MPa.

The electric potentialDc across the tissue on theinside is
shown in the bottom curve of Fig. 13. Also shown in the figure
the electrochemical potential measured across the tissue on
outside. This potential ~including the proportional constan
(M 2 /Fc) is what the Ag/AgCl electrodes measure across the
sue on the outside@41#. Thus, the polarity of the electrochemica
potential measured by the electrodeson the outsidecan be oppo-
site to that of the electric potential across the tissueon the inside
for soft tissues. This may be the case, for example, for osteo
thritic cartilage when it experiences significant softening duri
the disease process@53#.

Discussion and Conclusions
The importance of the diffusion potential relative to the strea

ing potential in charged, hydrated, soft biological tissues has b
examined in this study in two well-known experimental config
rations: ~1! the one-dimensional steady permeation experime
and ~2! the one-dimensional ramped-displacement, compress
stress-relaxation experiment. In these two problems, it was fo
that under an open circuit condition where the sum of the strea
ing current, diffusion current, and conduction current is zero,
streaming current~inducing streaming potential! and the diffusion
current ~inducing the diffusion potential! are in opposite direc-
tions. Thus, the magnitude and polarity of the resulting elec
potential depend on the relative magnitudes of these two effe
The streaming potential arises from the slight separation of
bulk of the positive charges from that of the negative charges
to the flow convection effects caused by a pressure gradient~hy-
draulic and/or osmotic!. The diffusion potential arises from the
slight separation of the bulk of positive charges from that of t
negative charges due to diffusion caused by the gradients of
bile ions in the presence of a FCD gradient. The nonunifo
distribution of FCD may be natural as is the case in articu
cartilage~see, e.g.,@32#!, or may be due to flow-induced compac
tion or compression@46,49,50#. Only if the FCD is uniform does
the diffusion potential vanish. Therefore, for studies of t
mechano-electrochemical responses of articular cartilage, the
istence of a diffusion potential should not be neglected since c
tilage FCD is in general nonuniform~intrinsic and/or induced by
matrix deformation!.

The results from this study also clarify the meaning of the ele
tric potential measured using Ag/AgCl electrodes. In any on
dimensional problem with bathing solutions on its two ends, t
measured electrochemical potential across the two outside bat
in general not the electric potential. It is the electric potential
both bathing solutions contain identical electrolytes and conc
trations. Also results from this study show that, in general, t

Fig. 13 Stress relaxation: electric potential across the tissue
from the inside „Dc… and the electrochemical potential for an-
ion across the tissue „Dm̃À

…. Note: Ag ÕAgCl electrodes mea-
sure the electrochemical potentials „ÀMÀ ÕFc…Dm̃À.
AUGUST 2000, Vol. 122 Õ 343
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electric potential across the tissue on theoutsideis not the same as
the electric potentialinsidethe tissue. They may be the same if th
matrix is rigid and with uniform FCD. Thus, care must be ex
cised in extrapolating from the measured electrochemical d
outside of the tissue to those electric events occurring inside
tissue. Furthermore, inasmuch as Ag/AgCl electrodes mea
electrochemicalpotential of Cl2, which is continuous across th
tissue boundary~not theelectric potential!, simply placing these
electrodes inside the tissue will not measure potential differe
across the tissue any different from that measure from outs
Indeed, similar to the Donnan potential problem, experimen
measurements of this potential poses a challenging problem@54#.
Finally, again, since it is believed that electrical events inside
tissue are important in stimulating chondrocyte biosyntheses~see,
e.g., @6,8#!, the effects of the diffusion potential should be tak
into consideration to determine the electrical events within
ECM.

In addition to the nonuniform distribution of the FCD in articu
lar cartilage, the electrical effects due to the diffusion poten
may become even more important when a tissue is softened
ing a disease process such as osteoarthritis@17,32,53#. For the
realistic physical parameters considered in this study, it has b
shown that whenHa is less than approximately 0.6 MPa, th
diffusion potential effect will dominate over the streaming pote
tial effect significantly by modulating the magnitude and/or
versing the polarity of the electric potential. In osteoarthritic c
tilage, with matrix degradation, the intrinsic compressive stiffn
always diminishes, thus affecting chondrocyte deformation
metabolic activities~e.g.,@1,3,6,14,15,55#! as well as the nature o
the mechano-electrochemical events within cartilage when
deformed.

In summary, the triphasic theory is used to study convection
well as diffusion effects in a charged hydrated soft tissue. It
been found that the competition of streaming potential and di
sion potential offers possible new ways to interpret the challe
ing data that have been produced from cartilage explants stu
attempting to understand the mechano-signal transduction me
nisms controlling chondrocyte biosynthesis.
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Nomenclature

a1, a2 ~a1* , a2* ! 5 ionic activities (* 5 in bath)
BW 5 coupling material coefficient in water

chemical potential
ba 5 coupling coefficient
c* 5 NaCl concentration in bath

c6(c6* ) 5 molar concentrations of anion and catio
inside tissue (* 5 in bath)

cF(co
F) 5 fixed charge density

(o5reference value)
D6 5 diffusivities of anion and cation

e 5 tissue dilatation
Fc 5 Faraday constant

f ab 5 frictional coefficient betweena andb
species

go , ga 5 ionic conductivities
HA 5 biphasic aggregate modulus
Ha 5 triphasic aggregate modulus

h 5 thickness of the tissue layer
I e 5 electric current density
JV 5 water volume flux
ko 5 hydraulic permeability

M 6 5 atomic weight of the ionic species
Na 5 diffusion potential

P 5 generalized pressure
p 5 water pressure
344 Õ Vol. 122, AUGUST 2000
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pu(pd) 5 water pressure at upstream site~sub-
script d5downstream site!

R 5 universal gas constant
T 5 absolute temperature

za 5 valence for thea ion ~including sign!
us 5 displacement of solid phase
vS 5 velocity of the solid phase
vW 5 velocity of the interstitial water phase
v6 5 velocities of the ionic species

« 5 one-dimensional strain relative to con-
figuration at bath concentrationc*

c(c* ) 5 electric potential inside the tissue~in
bath!

rT
W 5 true density of pure water

ra 5 apparent densities (a5s,w,1,2)

m̃6(m̃6* ) 5 electrochemical potentials for ions insid
tissue~superscript*5in bath!

m6(m6* ) 5 chemical potentials for ions inside tissu
~superscript* 5in bath!

mW,(mW* ) 5 water chemical potential in tissue~su-
perscript* 5in bath!

fa 5 osmotic coefficients for thea ion
ga 5 activity coefficient for thea ion
g 5 g6* /g6

g6(g6* ) 5 mean activity coefficient for the ions
(* 5 in bath)

fW(fo
W) 5 porosity ~initial value!
xo 5 (ga5tissue conductivity

s(sz) 5 mixture stress~normal stress onz plane!

Appendix A

Governing Equations for a Triphasic Medium. ~see no-
menclature for definition of the symbols!

(I) Momentum Equations (Quasi-static):

Water: 2rW¹mW1 f SW~vS2vW!1 f 1W~v12vW!

1 f 2W~v22vW!50, (A1.1)

Cation: 2r1¹m̃11 f S1~vS2v1!1 f W1~vW2v1!

1 f 21~v22v1!50, (A1.2)

Anion: 2r2¹m̃21 f S2~vS2v2!1 f W2~vW2v2!

1 f 12~v12v2!50, (A1.3)

Tissue: divs50. (A1.4)

wheref ab5 f ba . In this paperf 12 , f S1 , andf S2 are assumed to
be negligible.

(II) Electroneutrality Condition:

c21cF5c1 (A2)

(III) Continuity Equations:

]ra

]t
1div~rava!50 (A3)

(IV) Constitutive Equations:

mw5mo
w1

1

rT
w @p2RTf~c11c21cF!1BwtrE#, (A4.1)

m̃15m̃o
11

RT

M 1
ln~g1c1!1

Fcc

M 1
, (A4.2)
Transactions of the ASME
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6

m̃25m̃o
21

RT

M 2
ln~g2c2!2

Fcc

M 2
(A4.3)

s52pI1lstr ~E!12mSE (A4.4)

(V) Conservation of Fixed Charges:

]cF

]t
1div~cFvS!50 (A5)

Appendix B

Relationship BetweenH A and H a. In the one-dimensiona
configuration,

s52p1Ha

du

dz
, (B1)

wheres is the mixture stress,p is pressure,Ha5ls12ms is the
triphasic aggregate modulus,u is the solid matrix displacemen
measured from the hypertonic configuration. Letu8(z) be the free
swelling displacement, at bath concentrationc* ~e.g., 0.15 M
NaCl!, measured from the hypertonic reference, then 052p8
1Ha(du8/dz), so that the initial osmotic pressure is

p85Ha

du8

dz
. (B2)

Under the same bath concentrationc* , if v is the solid matrix
displacement measured from the equilibrium configuration ans
is the applied stress, then

v5u2u8, (B3)

and

s52p1Ha

]v
]z

1Ha

]u8

]z
52~p2p8!1Ha

]v
]z

, (B4)

i.e.,

s52~p2p8!1Ha«, (B5)

where« is the matrix strain relative to the free swelling config
ration atc* . For this one-dimensional problem, the biphasic a
gregate modulusHA is given by the relations5HA«. Thus, in-
serting this expression into Eq.~B5! yields:

HA«52~p2p8!1Ha«, (B6)

and the relation betweenHA andHa is given by

HA5Ha2
p2p8

«
. (B7)

Here the pressurep andp8 are given by:

p5RT~2c21cF22c* !, (B8)

p85RT~2co
21co

F22c* !, (B9)

where

c25
2cF1A~cF!214c* 2

2
, (B10)

Table 1 Values of HA „«ÄÀ0.05…

c* 50.15M
Ha~MPa!

fO
w50.85 0.1 0.2 0.3 0.4 0.5 0.6

0.05 0.126 0.226 0.326 0.426 0.526 0.62
c0

F 0.10 0.199 0.299 0.399 0.499 0.599 0.69
mEq/ml 0.15 0.309 0.409 0.509 0.609 0.709 0.8

0.20 0.445 0.545 0.645 0.745 0.845 0.94
Journal of Biomechanical Engineering
t

-
g-

co
25

2co
F1A~co

F!214c* 2

2
, (B11)

and

cF5co
F/~11«/fo

w!, (B12)

with co
F andfo

w denoting FCD and porosity at«50 respectively.
Thus, the biphasic aggregate modulusHA depends on the

triphasic aggregate moudulus as well as the following variab
co

F , c* , fo
w , and«. Tables 1 and 2 give the values ofHA as a

function of Ha and co
F , for two imposed strains~«520.05 and

20.10! at c* 50.15 M.
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