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ABSTRACT: We report an indentation method to quantify the electromechanical coupling in polyelec-
trolyte gels (PGs). PGs produce electric fields in response tomechanical stress and are therefore promising for
mechanical sensor applications. The method exposes thin gel samples to well-defined pressure distributions
through a spherical indentor, while the electrical response is measured with an array of platinum electrodes
embedded in the support. A series of copolymer gels of acrylamide and acrylic acid were synthesized and
equilibrated at a fixed pH, leading to samples with systematically varying spatial densities of both charged
groups and cross-links. Theywere characterized bymeasuring the potential difference between the gel and the
equilibrating solution (Donnan potential) aswell as their electromechanical coupling through the indentation
method. The electromechanical coupling was found to be proportional to the Donnan potential, while the
latter is a universal function of the spatial density of ionizable groups in the gel, irrespective of the cross-link
density.

Introduction

Polyelectrolyte gels (PGs) respond with an electrical potential
difference to gradients in mechanical stress. The present work
aims at quantifying this response in a well-defined and reprodu-
cible manner. Soft PGs are promising for applications as me-
chanical transducers with very low inherent stiffness. They are
potentially biocompatible and could form the basis for incorpor-
ating tactile sensitivity into artificial skin systems. In the presence
of a polar solvent, charged polymer systems tend to exhibit
electromechanical effects.1 For example, Nafion-type poly-
mers, consisting of perfluorinated main chains with sulfonate or
carboxylate groups on side chains, have received a substantial
amount of interest as the basis of sensors and “artificial muscle”
actuators.2-4 These systems contain a small amount (a few
percent) of water and are typically arranged in the form of thin
films with electrodes electrochemically deposited on either side of
the film.On the other hand, soft polyelectrolyte gels (PGs) consist
of a cross-linked, charged polymer backbone, swollen in water
with swelling ratios larger than 2. Ever since the first report of
shape changes of poly(acrylic acid) gels in response to the
application of an electrical potential by Tanaka et al.,1 similar
systems have been studied extensively due to their ability to
deform in response to electrical and other stimuli, such as changes
in pH, temperature, and salinity.1,5-13

Ultimately, it is clear that the response of charged polymer
systems to electrical fields is due to the difference in mobility
between the charges bound on the polymer backbone (usually
anions) and the counterions (usually cations) which are free to
diffuse in the solvent. However, there is still considerable debate
on the details of the mechanism. In the case of soft PGs, it is
currently assumed that exposure to electric fields leads to a
redistribution of the free counterions, thus changing the osmotic
pressure distribution in the system. This causes local changes in
the swelling degree of the gel, resulting in macroscopic deforma-
tion.14,15 By contrast, de Gennes has proposed an alternative
description based on irreversible thermodynamics, noting the

observed sensitivity of the mechanical response to the type of
counterion present in the system.7 This approach has been
developed into a electrostress diffusion coupling model by
Yamaue et al.15

Most of the available experimental data on electroactive
polymers has been obtained by placing samples between electro-
des, applying a voltage, and observing the resulting mechanical
deformation. This setup is similar to the arrangement in electro-
mechanical actuators. By contrast, the reverse effect, i.e., the
electrical response to mechanical load, has only been studied
semiquantitatively,16 in spite of the direct relevance of such
results to sensor applications. Moreover, the comparison of the
experimental results from actuator-type setups with theoretical
predictions is not trivial because complicated coupled transport
equations for the solvent, charge, andpolymermust be solved in a
geometry that changes during the course of the experiment.

In the present contribution, we propose a quantitative test that
is inspired by the application of charged polymer systems as
sensors rather than actuators. A well-defined, nonhomogenous
stress distribution is generated by indenting a planar polymer
sample with a spherical indentor (Figure 1). The resulting
electrical potential distribution is monitored via a system of
concentric platinum electrodes that are fabricated into the sup-
port of the sample (Figure 1C). This setup provides quantitative
data on the electromechanical coupling coefficient in a geo-
metry that changes only very slightly during the course of the
experiment.

In the present study, thismethod has been applied to a range of
soft PGs consisting of copolymers of acrylic acid and acrylamide.
The mole fraction of acrylic acid as well as the cross-link density
has been varied systematically in order to produce gels with a
range of densities of negative charge on the polymer backbone.
The gels were equilibriated at a fixed pH and characterized in
terms of their equilibrium swelling degree and the Donnan
potential in the absence of mechanical load, in addition to
electromechanical indentation experiment. As an alternative,
the gels could have been neutralized to a specified degree by
titration with sodium hydroxide. However, working at fixed pH*To whom correspondence should be addressed.
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seemed more relevant in view of future applications in physiolo-
gical systems, which tend to be pH-buffered.

In a related study, reported separately, the streaming potential
coefficient of the same type of gels was measured.17 Together,
these experiments have produced a consistent set of data that can
be compared meaningfully to the predictions of existing theories
of electromechanical coupling in charged polymer systems.

Background and Theory

The principle of the experiment is shown in Figure 1: A
spherical indenter is pressed into a flat gel sample laying on a
glass support which carries a pattern of concentric, circular Pt
electrodes. The sample is immersed in a buffer solution (not
shown in Figure 1), and a Ag/AgCl electrode in contact with the
buffer is used as a reference point. The potential at each electrode
is monitored using a high-impedance amplifier. In order to
distinguish the signal from slow capacitive drift effects, the
indenter load is modulated periodically, and a high-pass filter is
applied to the signals. The mechanical contact of a hard sphere
indenting a flat, elastic sample of finite thickness resting on a hard
substrate is described by a modified Hertzian contact theory.18 It
predicts the following dependence of the pressure on the distance
from the center:

PðrÞ ¼ P0 1-
r2

a2

 !2

ð1Þ

where P0= 3(F/πa2) is the pressure at the center of the contact
circle. The radius of the contact circle is

a ¼ 72FRh3

πE

 !1=6

ð2Þ

where R is the indenter radius and h and E denote the thickness
and elastic modulus of the sample, respectively. Assuming a
linear relationship between potential and pressure, the potential
distribution in the gel sample is expected to follow the same
functional profile as the pressure distribution.

The electromechanical interaction of charged polymers
has been approached by both equilibrium and nonequilibrium

thermodynamics. The equilibrium picture is based on the Don-
nan potential:19 In contact with a polar solvent, the free coun-
terions will diffuse out of the swollen gel until the corresponding
gain in entropy is balanced by the electric potential difference
between the inside and the outside of the gel. This leads to the
formation of a charge double layer at the gel/liquid boundary.
The magnitude of the Donnan potential depends on the den-
sity of dissociable groups in the gel and the osmotic pressure
of the solvent. From this standpoint, applying local pressure to
the gel is tantamount to an increase in osmotic pressure of
the solvent, leading to a concomitant change in the Donnan
potential.

An alternative viewpoint, based on nonequilibrium thermo-
dynamics, has originally been suggested by de Gennes in the
context of Nafion-type polymer actuators.7 From this point of
view, the electromechanical coupling is the result of the coupling
between fluxes of charged species and the solvent, which are
driven by the electrical potential and the osmotic pressure
gradient, respectively. In the present contribution, we have
quantified the electromechanical coupling in a range of PGs
differing in concentration of ionizable groups and cross-link
density. As explained in the following, we find a direct correlation
between the Donnan potential and the electromechanical cou-
pling coefficient, suggesting that the equilibrium approach pro-
vides an adequate picture for this type of gel.

Experimental Section

Materials. Acrylic acid (AA) (Aldrich, 99% purity) and
acrylamide (AM) (Aldrich, 99þ%purity, electrophoresis grade)
were used as comonomers without purification. N,N0-Methyl-
enebis(acrylamide) (nBisA) (Aldrich, 99% purity) and 2,2-di-
methyl-2-phenylacetophenone (DMPA) (Aldrich, 99% purity)
were used as received as cross-linker and photoinitiator, respec-
tively. Potassium acid phtalate/methyl alchohol buffer solution
pH 4.00 (Fisher) and dimethyl sulfoxide (DMSO) (Aldrich)
were used as solvents for polymerization; potassium acid phta-
late/sodium hydroxide buffer solution pH 5.00 (Fisher) was
used for the swelling equilibration of the samples. Salinity of
both buffer solutions was Cs=0.05 M.

Gel Preparation.All copolymerizations were performed at an
overall monomer concentration of 3.8 M and at constant pH
4.00, while the mole fraction of AA was varied between 0 and 1.
At pH 4.00, the reactivity ratios of AA (rAA) and AM (rAM)
monomers are equal and less than 1 (rAA≈ rAM≈ 0.6<1). This
indicates preferential addition of the other monomer, which
leads to an intermediate case between alternating and random
copolymerization.20

In this way, three sequences of copolymers were created using
different initial concentrations of nBisA: 22, 43, and 86 mM.
The photoinitiator DMPA concentration was equal to 6.78mM
and was kept constant during all copolymerizations.

A solution of 0.0744 M DMPA in DMSO was prepared
(solution A). AA, AM, and nBisA were dissolved in pH 4.00
buffer at a total monomer concentration of 4 M (solution B).
The solutions were sonicated for 5 min and then combined to
give 3.8 M overall monomer concentration. The resulting solu-
tion was degassed with dry nitrogen gas. The necessary amount
of the mixture was poured in a square mold made of two
microscope slides (Fisher) separated with PDMS spacers of
1.1 mm thickness. Polymerization was initiated by exposure to
an UV lamp (λ=365 nm) at room temperature for 10 min. The
samples were then carefully removed from the mold and equili-
brated in a buffer solution at pH 5.00, which was changed every
24 h until the samples reached constant weight (<1% change in
weight in 24 h). Typically, the samples reached equilibrium
swelling in 3 days. Sample mass was monitored as a function
of time by removing the gels periodically from the buffer
solution andweighing on an analytical balance (Mettler Toledo)

Figure 1. (A) Principle of the indentation experiment. (B) Indentor
assembly. (C) Platinum electrode pattern.
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after gentle drying with paper towels (Kimwipes, Kimberly
and Clark, Inc.). Donnan potential measurements and indenta-
tion experiments were carried out after at least 1 week of equili-
bration.

Donnan PotentialMeasurements.Donnan potential measure-
ments were carried out using Ag/AgCl electrodes prepared from
Ag/AgClwires (A-M Instruments). TheAg/AgClwireswere put
into conical polypropylene pipet tips with an opening diameter
of 0.2 mm, filled with 4 M KCl solution saturated with AgCl.
The top of the tube was sealed to prevent loss of solvent due to
evaporation. The potential difference between any two electro-
des prepared in this way was less than 100 μV. The Donnan
potential was measured between the gel sample and the sur-
rounding solution. A reference Ag/AgCl electrode was kept in
solution, while the surface of the gel sample was gently pressed
with the working Ag/AgCl electrode. The resulting potential
difference was recorded with a GAMRY Reference 600 poten-
tiostat.

The potential difference was measured in three different
locations of each gel sample. The potential was monitored for
an acquisition time of 1 min, and the result was obtained by
averaging the last 30 s.

Indentation. Concentric Pt electrodes were prepared by sput-
tering 100 nmof Pt onto a glass substrate (thickness 1mm) using
a negative photomask (Figure 1C). Thewidth of the electrodes is
0.25 mm; the electrodes are separated by a radial distance 1 mm.
The Pt electrodes were covered with a mask leaving only the
central, circular area exposed to the sample.

The glass substrate with the electrodes was mounted on the
bottom plate of the indentation device (Figure 1). The indenter
axis was carefully aligned with the center of the electrodes. First,
the sample was preloaded with the weight of the indenter itself
(F=4.7 N), and the system was allowed to stabilize for 20 min.
Second, an additional force (ΔF= 3 N) was applied at a fre-
quency f0 = 0.025 Hz, leading to a square-wave modulation
between minimum and maximum values of the total applied
force.

In order to calculate the pressure distribution in the
sample, the contact radius was determined by placing a gel
sample on a glass slide, indenting it with a hard spherical
indenter (using the same indentation procedure), and monitor-
ing the contact area with a digital camera placed beneath the
glass slide.

Signal Acquisition. Acquisition of the potential signals was
carried out during the indentation of the hydrogels to reveal the
potential profile corresponding to an applied square-wave
modulation of pressure. The potential signal was measured as
potential Vi at the ith electrode with the respect to the grounded
reference Ag/AgCl electrode. MOSFET operational amplifiers
with high input impedance on the order of 1014 Ω were used.
Two amplifier stages were combined to produce a voltage gain
of 23 dB. The signal was sampled at 10kHzwith a dynamic range
of better than 16 bit.

Results and Discussion

Swelling Equilibrium.The swelling degree is defined asQ=
msw/m0, where msw is the mass of the fully equilibrated
sample and m0 is the total mass of the monomers used for
its synthesis. The equilibrium swelling degrees were satu-
rated with the respect to reaction time. No changes in
equilibrium swelling were observed for the exposure times
t> 10 min, indicating that maximum conversion rates were
achieved at our preparation conditions.

Figure 2 shows the swelling degrees of poly(acrylamide-co-
acrylic acid) gels prepared at three different initial concen-
trations of cross-linker CnbisA = 22, 43, and 86 mM, after
equilibration in pH 5 buffer. pH 5.00 buffer was used to
ensure dissociation of acrylic acid groups (ionization degree
R = 0.5 for pKa = 5)21 and simultaneously maintain the

swelling degrees reasonably low for practical handling of the
gels.

The swelling degrees increase with the fraction of acrylic
acid and decrease with the initial cross-linker concentration.
The swelling equilibrium is determined by the balance be-
tween osmotic pressure and rubber elasticity. In cross-linked
polyelectrolyte gels, the osmotic pressure is dominated by the
translational entropy of the counterions. Thus, increasing
acrylic acid concentration leads to an increase in the number
of free counterions and, by consequence, the osmotic pres-
sure. In turn, this results in larger swelling degrees. On the
other hand, cross-linking increases the loss in conforma-
tional entropy upon swelling.

According to Flory, when the salt concentration in the
surrounding solution is low compared to the concentration
of fixed charges in the gel and the χ parameter satisfies 1/2-
χ e 0.2 (θ-conditions), the swelling degree Q scales with the
concentration of fixed charges in the gel with an exponent of
3/2.22 At higher ionic strength the exponent decreases to 6/5.
Rubinstein et al. have developed a scaling theory of poly-
electrolyte gels prepared by cross-linking of linear polymer
chains.23 They have expressed the equilibrium swelling de-
gree Q as a function of the number of monomers A between
effective charges and foundQ∼A-3/2 andQ∼A-6/5 for the
low- and high-salt regimes, respectively, under θ-conditions.
This is essentially the same as Flory predicted since A is
inversely proportional to the concentration of charged
groups.23

While our gels fall into an intermediate regime between
low and high salt concentrations, all three experimental
curves exhibit scaling with the mole fraction of acrylic acid
xAAwith exponents ranging from0.22 at the highest and 0.36
at the lowest cross-link density. In all cases the exponents are
therefore substantially less than unity, whereas scaling the-
ory predicts the swelling degree to increase faster than
proportionally with the charge density per monomer. Our
data even suggest a tendency of the swelling degrees to
saturate at high mole fraction of acrylic acid monomer, as
can be seen by the systematic deviation from the power
law fits in Figure 2. Similar findings have been reported by
Kuhn et al. for poly(methacrylic acid) cross-linked with
divinylbenzene.24 They monitored the swelling degrees of
the samples after addition of alkali, sufficient to neutralize a
fraction R of acidic groups. While the equilibrium swelling
degrees increased with the decrease of the cross-linking
density, they also tend to reach some maximum constant

Figure 2. Double-logarithmic plot indicating different dependence of
the swelling degree of PGsQ on the fraction of acrylic acid monomer at
preparation XAA for different initial concentrations of the cross-linker
nBisA CnbisA: black circles, CnbisA = 86 mM; red squares, CnbisA =
43 mM; blue rhombs, CnbisA=22 mM. Error bars correspond to 3σ,
calculated from the swelling degrees of four samples of identical
composition: XAA=0.15, CnbisA=22 mM.
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values when degree of ionization R was larger than 0.4.
Okay et al. also observed less than proportional increases
in swelling for copolymers of acrylamide and 2-acrylamido-
2-methylpropanesulfonic acid.25

Partially, this discrepancy may be attributed to the failure
of the Gaussian approximation for the chain length distribu-
tion when the chains are highly extended, which is typically
the case in highly swollen gels.22 However, we suspect that
the main cause lies in the actual ionization degree being a
decreasing function of carboxylic acid group concentration
at fixed pH. In other words, the effective pKa of the acrylic
acid groups is an increasing function of their concentration.
It has been shown that the effective pKa of poly(acrylic acid)
increases from values around 4.25 at low dissociation to
more than 6 at high degrees of dissociation.26 In contact with
a buffer at pH=5, one would therefore expect the degree of
dissociation to decrease with increasing spatial density of
acrylic acid groups in the gel. This is corroborated by the fact
that smaller scaling exponents correspond to the higher
cross-linking degrees, i.e., higher concentrations of acrylic
acid groups at equilibrium. A variable degree of ionization is
also consistent with the observed nonlinear dependence of
the Donnan potential on XAA, as discussed below.

Donnan Potential. The equilibrium Donnan potential of
the swollen gels from Figure 2 was determined as described
above. The results are compiled in Figure 3. The polarity of
the Donnan potential is negative, indicating a smaller con-
centration of positive ions in the gel than in the surrounding
solution. The magnitude of the Donnan potential increases
with both the acrylic acid concentration and the cross-link
density. In pure acrylamide gels, the observed value is zero
within experimental error, as expected due to the absence of
ionizable groups, whereas pure acrylic acid gels at the highest
cross-link density exhibit Δφ=-30 mV. For a given cross-
link density, the Donnan potential increases in magnitude
with the acrylic acid content of the gels.

Similar results have been reported by Gulch et al.,27 who
obtained Donnan potential values for copolymers of acrylic
acid and diallyldimethylammonium in the range -160 to
-60mV, while varying the concentration of the surrounding
KCl solution. However, different compositions of our sam-
ples and different experimental conditions make our studies
not directly comparable.

The surface of a polyelectrolyte gel can be considered as a
semipermeable membrane, allowing only the counterions to
pass into the surrounding liquid.22 From this viewpoint, one

would expect theDonnan potential to be purely a function of
the number density of ionizable groups in the gel. Figure 4
shows the same data, plotted as a function of the molarity of
ionizable groups (which reside on the acrylic acid moieties).
This concentration has been calculated from the concentra-
tion of acrylic acid in the assay and the equilibrium swelling
degree of each sample. TheDonnan potential values collapse
onto a single curve. A double-logarithmic plot (Figure 4)
reveals that the data are well represented by a power lawwith
an exponent of 0.4( 0.1. The fact that the observed exponent
is significantly less than 1 suggests that at high acrylic acid
concentrations not all ionizable groups are actually disso-
ciated at pH 5. The acidity of the carboxlyic groups in
poly(acrylic acid) has been shown to depend on the dissocia-
tion degree,26 due to electrostatic interaction between the
negative charges. This is reflected in the wide range of pKa

values of poly(acrylic acid) gels that have been reported,
from as low as 4.25 up to 6.76.21,28,29 The same effect appears
to cause a dependence of the dissociation degree on
the polymer density of gels containing poly(acrylic acid).
Accurate modeling of the Donnan potential requires sol-
ving the Poisson-Boltzmann equation. However, a simple
estimate can be obtained by assuming a functional shape of
the ionic concentration profile across the surface of the
gel with a width given by the Debye length. The total charge
density F(x) is given by the density of the counterions
minus the density of the charges on the polymer backbone
Cfix, which is assumed to follow a Heaviside function H(x).
We assume a tanh(x/λ) functional shape for the concentra-
tion profile of the counterions and obtain for the charge
density

FðxÞ ¼ Cfix
1

1þ e-x=λ
-HðxÞ

� �
ð3Þ

where x is a distance from gel-solution boundary. The
Debye length λ is given by

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrkBT

2NAq2I

s
ð4Þ

where εr and I denote the dielectric constant and ionic
strength of the medium, respectively. The electric potential
for a given charge distribution can be found by solving the
Poisson equation

32φ ¼ -
F

ε0εr
ð5Þ

Integration of (5) with I=0.1M (corresponding to the buffer
solution used in the experiments) and Cfix = RCAA, with a
fixed dissociation degree R = 0.5 and concentration of
dissociable unit CAA = 0-0.5 M, leads to the Donnan
potential represented as a dashed line in Figure 4. As it can
be seen, there is good agreement between calculated and
experimentally observed values forCAA<0.15M. At higher
concentrations, the observed Donnan potential is smaller
than predicted, consistent with a decreasing degree of dis-
sociation.

In order to directly relate the experimental values of the
Donnan potential to the effective charge density, the pKa

values would need to be determined. Unfortunately, this is
not a trivial experimental endeavor. While usually pKa

values of weak acids are obtained through potentiometric
titration with a strong base, slow diffusion in polymer gels
makes this impractical unless one works with gel micro-
particles. Another complication arises because the swelling

Figure 3. Donnan potential of PGs as a function of a fraction of acrylic
acid monomer at preparation XAA for different initial concentrations
of the cross-linker nBisA CnbisA: black circles, CnbisA = 86 mM; red
squares, CnbisA = 43 mM; blue rhombs, CnbisA = 22 mM. Potential
values and the error bars represent the means and the standard
deviations of data measured at three different positions on a sample
(acquisition time t=1 min, sampling interval 0.1 s).
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degree changes during titration, affecting in turn the pKa of
the AA groups.

Electromechanical Coupling. The mechanics problem of
two nonconforming elastic half-spaces in contact was ori-
ginally solved by Hertz.30 To describe the geometry of our
experiment, which involves a flat elastic sample being placed
on a rigid substrate, we adopt a modification of the Hertzian
solution developed for the indentation by a rigid solid of an
elastic layer which is supported on arigid plane surface.18

According to this model, the contact pressure distribution is
described by eq 1 under the assumptions that the sample
thickness h , a, and the elastic material is incompressible
(Poisson ratio ν=0.5). While in our case h < a, we find this
modified Hertzian solution to provide a good description of
our experimental data.

Assuming a linear relationship between potential and
pressure V(r) ∼ kP(r), the potential distribution in the gel
sample should have the same functional shape as the pressure
given by eq 1. To avoid problems with static signal drift due
to the input capacitance combined with the large input
impedance of the signal acquisition system, the force applied
to the sample was modulated as a square wave, and the
resulting electric signals were recorded as a function of time.
Application of the square-wave modulated force leads to a
square-wave modulation of the contact pressure at any
particular radial position inside of the contact circle and to
an electric signal that correspondingly oscillates between
minimum and maximum values. Figure 5A shows a typical
example of the square-wave modulated recorded signal,
together with its Fourier transform.

The change in potential response upon load application
was recorded at different radial distances from the center
with a resolution of 1 mm and digitally processed for the
sequences of PGs. The Fourier transform (FT) of the signal
reveals the amplitude of the response at the fundamental
frequency f0=0.025Hz of the applied load (Figure 5). As the
figure reveals, only the odd harmonics are present in the
signal. Their amplitude ratios were found to correspond to
the theoretical values towithin better than 10%, demonstrat-
ing a linear relationship between the load and the voltage.
The amplitude of a change in potential upon load application
at a fundamental frequency f0=0.025 Hz was calculated for
all electrodes and plotted as a function of their radial
position (Figure 6).

The contact radii a were determined as described above in
order to calculate the pressure difference ΔP(r) created in a
sample resulting from the load change ΔF. This calculated
pressure difference ΔP(r) was used to fit the experimentally
measured radial potential distribution ΔV(r) (solid curve in
Figure 6). The electromechanical coupling constant, defined
as the proportionality coefficient between the pressure dif-
ference created in a sample and the potential difference
measured k=ΔV(r)/ΔP(r), was obtained as the sole fitting
parameter. Figure 7 shows the variation of the electrome-
chanical coupling constant k with a change in concentration
of acrylic acid CAA at a fully swollen state at pH 5.00, with
error bars representing 90% confidence intervals. The cou-
pling constant was found to be as large as 6 nV/Pa for the
pure poly(acrylic acid) gel at the highest cross-link density
(CnbisA=86 mM,XAA=1), and it decreased systematically,
but not linearly, with the density of ionic groups in the
sample ; the data are well represented by k � CAA

0.36.
The potential amplitude for poly(acrylamide) gels at all
cross-linking densities was below the experimental noise
floor; therefore, the coupling constant k was taken equal to
0 for these cases.

While the data in Figure 7 exhibit a very clear trend, the
agreement is not perfect. Two outlying data points are
contained in Figure 7. We believe that these are either due
to contact problems as a result of imperfect cleaning of the

Figure 4. Dependence of the Donnan potential of PGs on acrylic acid
concentrationCAA at a fully swollen state at pH 5.00 for different initial
concentrations of the cross-linker nBisA CnbisA: black circles, CnbisA=
86mM; red squares,CnbisA=43mM; blue diamonds,CnbisA=22mM.
Potential values and the error bars represent themeans and the standard
deviations of data measured at three different positions on a sample
(acquisition time t=1 min, sampling interval 0.1 s). The dashed line
represents the solution of Poisson equation for I = 0.1 M, CAA =
0-0.5M, and R=0.5. Inset: double-logarithmic plot of the same data.

Figure 5. (A) Example of a typical recorded potential signal from an
electrode. (B) Fourier transform of acquired potential signal after a
digital band-pass filter (low cutoff: 0.02 Hz; high cutoff: 0.5 Hz) reveals
an amplitude of a potential response at a fundamental frequency f0=
0.025 Hz. Acquired from PG with XAA=0.36, CnbisA=22 mM, and
CAA=0.19 M at radial distance r=1 mm.

Figure 6. Example of radial distribution of potential response ampli-
tudes. Each potential amplitude was determined from Fourier trans-
formof anacquired square-wave potential signal. Solid curve represents
pressure differenceΔP(r) calculated for known appliedΔF and contact
radii a measured in an independent experiment. PG sample: CnbisA=
22 mM, XAA=0.36, CAA=0.19 M.
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electrodes or due to mistakes in the assay of the preparation
of these samples. Repetition of the same experiments with
new samples produced data points close to the trend line. The
quality of the fit exemplified in Figure 6 tended to be poorer
for the samples with high concentration of acrylic acid,
leading to increased error bars. We found this to be the
result of increased deviation of the potential response from
the predicted functional shape close to boundary of the
contact circle.

An interesting finding emerges when the electromechani-
cal coupling constant is plotted as a function of the Donnan
potential (Figure 8): They are proportional to each other
within experimental error. It is important to note that the
data points in Figure 8 represent gels of widely different
composition and cross-link densities. It appears that at least
for the present class of materials, pH, and salinity, the
coupling constant is directly related to theDonnan potential.
The electromechanical coupling effect in thesematerials may
therefore be understood simply as a pressure-inducedmodu-
lation of the Donnan potential.

Conclusions

In this work, the relationship between the concentration
of ionic groups in a soft polyelectrolyte gel (PG) and the

electromechanical coupling constant has been studied by sub-
jecting a sequence of PGswith different ionic charge densities to a
well-defined pressure distribution, while monitoring the electrical
potential response with a spatial resolution. PGs samples with a
range of ionic charge densities in the equilibrated state were
synthesized by copolymerizationof acrylamide and acrylic acid at
varying ratios, with different cross-link densities. The samples
were characterized in terms of their equilibrium swelling degree in
a buffer solution at pH 5 as well as in terms of their Donnan
potential. Both exhibited a systematic variation with the density
of ionizable groups in the gel, independent ofwhether that density
was modulated through changes in acrylic acid content or by
increased levels of cross-linking.

The results presented above demonstrate that indentation of
flat samples while monitoring the potential response using an
array of Pt electrodes is a practical and reproducible way of
quantifying the electromechanical response of ionic polymer gels.
The electromechanical coupling constant was found to vary
systematically with the spatial density of the ionizable groups
in the gel. To within experimental error, the coupling constant
exhibited a proportional relationship to the Donnan potential.
This suggests that the electromechanical response in soft ionic
polymer gels can be understood simply as a pressure modulation
of the Donnan potential.
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