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’ INTRODUCTION

Polymer gels vary their volume in response to the change in
environmental parameters such as temperature, solvent com-
position, etc.1 This stimulus-responsive swelling behavior of
polymer gels opens the way for potential applications in drug
delivery and the development of soft actuators. An externally
imposed strain (or stress) may also lead to changes in the
volume of polymer gels,2�11 but significant less attention has
been paid to this phenomenon as compared to other stimuli
such as variations in the surrounding temperature and solvent
composition. Further swelling3,4,9,10 (or shrinking2,5,6,11) oc-
curs when fully swollen gels undergo constant uniaxial stretch-
ing (or compression) in solvents. At the same time, the induced
swelling (or shrinking) is the source of a considerable reduction
observed in the tensile (or compressive) force originally
exerted.3,4,11 Importantly, themajor cause of this stress relaxation
is not viscoelastic effects but the decrease in the effective strain
for the stress due to volume change. This is evident from the fact
that (1) the characteristic time of stress reduction (τσ) is similar
to that of strain-induced swelling (τsw) and (2) in contrast to the
viscoelastic relaxation time τσ is proportional to the square of the
gel dimensions.4 The simultaneous strain-induced swelling and
stress reduction observed under constant strain imply that the
stress�strain relation of polymer gels deformed in solvents
depends to a great extent on the strain rate. Strain-rate-dependent

stress of this type, which is not the result of viscoelastic effects, is
characteristic of polymer gels that are semiopen systems, i.e.,
can exchange solvent with its surroundings. However, such
strain-rate-dependent stress is hardly observed in conventional
tensile experiments because that would require an unrealisti-
cally slow strain rate for a gel with dimensions of the order of
centimeters and millimeters. More specifically, for a gel with a
length (l) of 10 mm and a thickness (a) of 1 mm, the
corresponding crosshead speed (vc) is estimated to be approxi-
mately equal to vc ≈ l/τsw ≈ lD/a2 ≈ 1 μm/s, where D is the
diffusion constant of polymer networks, typically equal to D ≈
10�10 m2/s. As is evident from the definition, the necessary vc is
easily attainable for gels of relatively small dimensions or thin
gel films: vc ≈ 0.1 mm/s for a gel film with l = 10 mm and a =
100 μm. In other words, the stress developed in gels of such
small dimensions or thin gel films is considerably dependent on
the strain rate. The strain-rate-dependent stress is an important
factor that needs to be considered when actuating microfabri-
cated gels or fiber gels because it significantly affects their
mechanical performance.
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ABSTRACT: Pronounced strain-rate-dependent Poisson’s ra-
tio (μ) and stress (σ) are observed for a fully swollen gel
(60 mm in length and 1.2 mm in thickness) in solvents when
greatly stretched in tensile experiments with a wide range of
crosshead speeds (v), across 5 orders of magnitude from an
extremely slow v of 0.17 μm/s. The strain-rate dependence is
the result of the stretching-driven swelling during deformation
and not viscoelastic effects. This feature is unique to polymer
gels that behave as semiopen systems, i.e., systems that can
exchange solvent with its surroundings. When v is so low that
the time scale of stretching (ε·0

�1 where ε·0 = v/l0 is the initial
strain rate and l0 the initial length) is comparable to the characteristic time of swelling (τ), μ and σ become strongly dependent on v: μ
becomes less than 1/2 and σ becomes smaller than the value corresponding to the sufficiently high v (satisfying the relation ε·0�1, τ)
where no volume change occurs (μ = 1/2). In the low v limit (ε·0�1 . τ), the strain-induced swelling is equilibrated at all times
during stretching: μ (≈0.25) and σ are at equilibrium values, independent of v. A model to describe the v dependence of μ and
stress�strain relation is developed from the existing model for swelling dynamics under a small step strain on the basis of the
Boltzmann superposition principle. Themodel well captures the main features of the experimental results. The results of the present
study also provide fundamental information about the effects that the actuation rate has on themechanical performance of gel-based
soft actuators because this effect becomes pronounced at easily attainable deformation speeds for microfabricated gels and fiber gels
with relatively short characteristic time for swelling.
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In a previous study,9 we observed variations in the dimensions
of a fully swollen fine gel (l = 20mm and a = 400 μm) subjected in
water to a sinusoidal oscillating force with varying angular
frequency (ω). The gel exhibited a pronounced ω dependence
of the Poisson’s ratio (μ), defined by the ratio of the strain
amplitudes in the directions parallel and normal to exerted tensile
force. The onset frequency for the variation of μ (ωc) was found to
be correlated with τsw and more precisely, ωc ≈ τsw

�1. During
these force-controlled measurements, the strain of interest was
very small as within the linear elasticity regime, and no information
about the ω dependence on stress or the effects of a very large
strain on the induced swelling of the gel could be obtained.

In this study, we have conducted a series of tensile straining
experiments where a hydrogel was stretched in water over a wide
range of crosshead speeds (8.3� 103 μm/s > v > 0.17 μm/s) up
to a high strain of 100%. The range of v is sufficiently wide to
cover two extreme cases, i.e., the deformation of the gel without
volume change (μ = 1/2) and with full volume change caused by
the strain-induced swelling at all times during the stretching
process. A 1 mm thick gel is employed as a sample because a
precise measurement of tensile force was relatively difficult for
gels of a smaller thickness and cross section. Furthermore, vc is so
low for a 1 mm thick gel that it cannot be attained by means of a
conventional tensile tester. We employed, therefore, a custom-
made tensile tester to achieve extremely slow stretching of v <
1 μm/s. We were able to reveal the whole aspects of the v effect
on the nonlinear stress�strain behavior of the gels stretched in
solvents. To describe the experimental results, we developed a
theoretical model based on existing models of the swelling
behavior observed after the application of a relatively small step
strain. Lastly, the results of the present study provide funda-
mental information about the effects that the actuation rate has
on the mechanical performance of gel-based soft actuators.

’THEORY OF THERMODYNAMICS AND KINETICS OF
STRETCHING-DRIVEN SWELLING

Thermodynamics. In this section, we briefly describe the
theoretical background of the thermodynamics of stretching-
driven swelling of gels on the basis of the classical Flory�Rehner
theory.12 First, we consider the effects of a stretch of Rx imposed
on a rectangular gel that is fully swollen in solvents and
characterized by a network volume fraction of φ0 (Figure 1).
The free energy change (ΔF) upon swelling is given by a sum of
the contributions of isotropic mixing (ΔFmix) between the
network and solvent and the deformation of networks by rubber
elasticity (ΔFel). The Flory�Huggins lattice model and classical
rubber elasticity theory provide the expressions of ΔFmix and
ΔFel, respectively:

13

ΔF=kBT ¼ ðΔFmix þΔFelÞ=kBT
¼ Ns½lnð1� φÞ þ χφ� þNcðλx2 þ λy

2 þ λz
2 � 3Þ=2

ð1Þ
where kB is the Boltzmann constant, T the absolute temperature,
Ns the number of solvent molecules,Nc the number of elastically
effective network chains, and χ the Flory�Huggins solubility
parameter. The principal ratio λi (i = x, y, z) represents the
deformation measured at a reference state, while λi is expressed
as λi = λSRi, where λS (=φ0

�1/3) is the isotropic expansion due to
free swelling. The gel network volume fraction φ is defined as a

function of λi and Ri (i = x, y, z) according to the expression
φ
�1 = V/V00 = λxλyλz and φ0/φ = RxRyRz, where V and V00 are

the volume of the gel in the swollen and reference state,
respectively. The true stress (force per cross section in the
deformed state) σi (i, j, k = x, y, z) is given by the following
equation:

σi ¼ 1
ljlk

DΔF
Dli

� �
¼ 1

V00λjλk

DΔF
Dλi

� �
ð2Þ

where li is the dimension along the i-direction in the deformed
state. The following relation is obtained from the condition that
the stresses in the y- and z-directions are zero at equilibrium
under stretching, i.e., σy = σz = 0 at λx = λ0Rx:

σy ¼ σz ¼ NskBT
ð1� φÞV ½lnð1� φÞ þ φþ χφ2� þNcφ0

1=3kBT
V00Rx

¼ 0 ð3Þ
Equation 3 is also satisfied before stretching (Rx = 1 and φ = φ0).
On the basis of these equations, the following relation is obtained
for highly swollen gels with φ , 1 and φ0 , 1:

Ry ¼ Rx
�1=4 ð4Þ

where the approximation ln(1� φ)≈� φ� φ
2/2 is used. The

exponent in eq 4 corresponds to Poisson’s ratio (μ):

μ ¼ � εy=εx ¼ � ln Ry=ln Rx ð5Þ
where εi is the true strain in the i-direction (εi = lnRi). Equation 5
is a generalized definition of μ whose validity is extended to any
finite strain; namely, it is not limited to relatively small strains.
From eq 4, the equilibrium (osmotic) Poisson’s ratio (μ¥) for
highly swollen gels is

μ¥ ¼ 1=4 ð6Þ
independently of Rx. Poisson’s ratio is a measure of the strain-
induced volume change, which is evident from the relation V/
V0 = Rx

1�2μ. A value of μ less than 1/2 means that the
stretching (Rx > 1) drives further swelling of the gel
(V > V0). It should be noticed that further lateral swelling
results in an increase in configurational entropy of the
stretched networks (in other words, it leads to a decrease in
the anisotropy of the stretched networks). This qualitatively
explains the physical origin of stretching induced swelling.
The same value of μ¥ for highly swollen gels under high
stretching was derived by several authors using a blob model
by several authors.14,15 For highly swollen gels subjected to
infinitesimal deformation (Rx ≈ 1), the similar values of μ¥

Figure 1. Schematic diagram of the stretching-driven swelling of
polymer gels: (a) reference (dry) state; (b) fully swollen state when
no stress is exerted; (c) swollen state after imposing a stretch of Rx.
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(1/6 and 0.278) were obtained by using eq 1 but with a
logarithmic term in the early Flory theory4 and a scaling
approach for good solvent systems,16 respectively.
The true stress σx is obtained from eqs 2 and 3:

σx ¼ νckBTφ0
1=3ðRx

2μ þ 1 � Rx
�1Þ

¼ GðRx
2μ þ 1 � Rx

�1Þ ð7Þ
where Ry = Rx

�μ is used, and G is the shear modulus at φ = φ0
given byG = νckBTφ0

1/3. The equilibrium stress (σ¥) is given by
eq 7 with μ¥ = 1/4 as

σ¥ ¼ GðRx
3=2 � Rx

�1Þ ð8Þ
Equation 7 with μ = 1/2 gives the familiar stress�strain relation
in the case where there is no volume change, which is derived
from classical rubber elasticity theory:17

σ0 ¼ GðRx
2 � Rx

�1Þ ð9Þ
The relation σ0 > σ¥ for each Rx indicates that the strain-
induced swelling after the imposition of a step constant strain
results in a stress reduction. It should be emphasized that this
stress reduction is not entirely attributed to an increase in the
cross section of the gel caused by strain-induced swelling.
This is more pronounced in the nominal stress σn (σn =
σRx

�2μ; force per cross section at the undeformed state). The
nominal stress corresponding to σ¥ and σ0 are given by σ¥

n =
G(Rx � Rx

�3/2) and σ0
n = G(Rx � Rx

�2), respectively. The
relation σn0 > σn¥ for each Rx shows that the strain-induced
swelling reduces the tensile force. This behavior is attributed
to a reduction in the effective tensile strain exerted on the gel:
the strain-induced swelling of the gel results in a volume
increase from V0 to V, and at the stress-free state, the length of
the gel with V is larger than that with V0. Lastly, we mention
about the initial (small-strain) Young’s modulus E(φ) in the
induced swollen state (σx = Eεx). The modulus E(φ) is
expressed by E(φ) = 2(μ þ 1)G, where μ is the Poisson’s
ratio at the corresponding φ, which is obtained from the linear
elasticity theory and can also be derived from eq 7 with Rx≈ 1þ
εx. It is found that the induced swelling changesE from3G to 5G/2
as a result of the variation in μ from μ0 = 1/2 to μ¥ = 1/4.
Kinetics. We subsequently consider the variations in the

lateral dimension and a tensile stress exerted on the gel while
this is being stretched at a constant strain rate (ε·). The basis of
this analysis is in the swelling dynamics after a step constant
strain, which has been theoretically demonstrated in the past
by several authors.3,4,18,19 Doi et al.18,19 proposed a rigorous
model considering the solvent motion during swelling, while
earlier studies3,4 assumed a quiescent solvent. As these two
approaches result in no pronounced difference in the kinetics
results,18�20 we employ here the first model for the sake of
mathematical simplicity. The swelling of the gel can be
decomposed into longitudinal and transverse diffusion modes,
which govern the volume change and the shape change with-
out volume change, respectively.4 The phenomena of interest
to our study is governed by the longitudinal mode. Specifi-
cally, the swelling of a rectangular gel subjected to a tensional
strain of εx can be assumed to occur in y- and z-direction. In
this case, the volume change is given by the change of the
cross-sectional area on the yz plane, i.e., Tr(u) = uyy þ uzz,
where u is the strain tensor of small volume element and
Tr is the trace in a two-dimensional space. The time depen-
dence of Tr(u) obeys the diffusion equation defined in

two-dimensional space as4

D
Dt
TrðuijÞ ¼ DLr2TrðuijÞ ð10Þ

where DL is identical to the collective diffusion constant
introduced by Tanaka et al.21 The diffusion constant DL is
given by DL = (Kos þ 4G/3)/ζ, where Kos and ζ are the
osmotic bulk modulus and the friction coefficient between
network and solvent, respectively. The initial and boundary
conditions for eq 10 are

TrðuijÞ ¼ εy0 þ εz0 ¼ � 2μ0εx at t ¼ 0 ð11Þ

TrðuijÞ ¼ εy¥ þ εz¥ ¼ � 2μ¥εx at boundaries ð11bÞ
where εi0 and εi¥ (i = y, z) are the macroscopic strains in the
initial and equilibrium states, respectively. The solution of
eq 10 satisfying eq 11 is

TrðuijÞ ¼ � 2μðy, z, tÞεx ð12aÞ
where

μðy, z, tÞ ¼

μ¥ þ ∑
odd

m, n

16ðμ0 � μ¥Þ
mnπ2

sin
mπy
ar

sin
nπz
ar

exp �ðm2 þ n2Þt
2τ1

" #

ð12bÞ
The quantity ar is the dimension of the gel in the y- and z-
directions in the reference state, and τ1 is the longest char-
acteristic time given by τ1 = ar

2/(2π2DL). As the surface of the
rectangular gel during the swelling process has a convex profile
in the yz plane, the macroscopic strain εy (=εz) for a rectan-
gular gel after small elongation is given by averaging Tr(uij):

εyðtÞ ¼ 1
2ar2

Z Z ar

0
dy dz TrðuijÞ ð13Þ

When the gel is stretched in the x-direction at a strain rate of ε·,
εx(t) is expressed by

εxðtÞ ¼
Z t

0
_ε dt0 ð14Þ

The corresponding finite lateral strain εy(t) for the elongation
process can be written by developing eqs 12 and 13 on the
basis of the Boltzmann superposition principle:22

εyðtÞ ¼
Z t

0
mðt � t0Þ _ε dt0 ð15aÞ

where the response function m(t � t0) is given by

mðt � t0Þ ¼ � 1
ar2

Z Z ar

0
μðy, z, t � t0Þ dy dz

¼ � μ¥ � ∑
odd

m, n

64ðμ0 � μ¥Þ
m2n2π4

exp �ðm2 þ n2Þðt � t0Þ
2τ1

" #

ð15bÞ
In the experiments, the gel underwent stretching at a constant

crosshead speed (v). It should be noted that in this case the strain
rate becomes smaller with stretching (or time), and ε· in eqs 14
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and 15 is replaced by

_εðtÞ ¼ _ε0
1þ _ε0t

¼ v
l0 þ vt

ð16Þ
where ε·0 is the initial strain rate given by ε·0 = v/l0 for the initial
length of l0.

’EXPERIMENTAL SECTION

Sample Preparation. Poly(acrylamide) gelswere preparedby radical
copolymerization of an acrylamidemonomer andmethylenebis(acrylamide)
(cross-linker). Ammoniumpersulfatewas used as initiator of polymerization.

Themixture was dissolved in water. The total reactant concentration was 10
wt %, and the molar ratio [monomer]/[cross-linker] was 200. Gelation was
conducted at 5 �C for 24 h in a glass mold. The resultant rectangular gel was
left to swell in water until an equilibrium was achieved. The polymer
concentration was 6.2 wt % at the fully swollen state where the unreacted
materials were washed out. For the tensile experiments, we employed the
fully swollen hydrogel of 60 � 7.2 � 1.2 mm.
Tensile Measurements. The tensile measurements were con-

ducted using a UTM-4-100 (Toyo Baldwin Co., Japan) at a constant
crosshead speed (v). The apparatus was modified so that stretching at an
extremely low speed of 0.17 μm/s could be possible. RTM-250
(Orientec, Japan) was employed for the fast tensile measurements at a
crosshead speed of v > 1 mm/s. The crosshead speeds were varied in the
wide range from 0.17 to 8300 μm/s, namely, 5 orders of magnitude. The
fully swollen hydrogel was stretched in a transparent glass bath filled with
water at 25 �C. The variations in the lateral dimension were observed
during the stretching process by means of a CCD camera, and the lateral
strain was evaluated through video analysis techniques. The experi-
mental error in the measurement of gel dimension was estimated to be
(5 μm. The dependence of tensile force and lateral strain on imposed
stretching was investigated at various values of v. At each v, the specimen
was stretched to Rx = 2 (εx ≈ 0.69). The stretching to Rx = 2 required
∼7 s or 4 � 105 s (i.e., ∼5 days) for the highest or lowest value of v,
respectively. After the stretching to Rx = 2, the imposed strain was fully
released. The specimen was stretched again at different v after equili-
brating the swelling in the stress-free state. The interval between
successive tensile measurements was 1 day.

The strain-induced swelling and stress reduction observed after the
application of a step strain was also investigated. The gel was elongated at
a crosshead speed of v = 8300 μm/s to the destination Rx, and the time
dependence of lateral dimension and stress under the constant Rx was
examined.

’RESULTS AND DISCUSSION

Swelling and Stress Reduction under Constant Stretching.
Figure 2a,b shows the lateral dimension (w) and tensile force (f) as
a function of time for the gel under constant stretching ofRx = 1.1,

Figure 2. Swelling and force reduction of a poly(acrylamide) hydrogel
in water under constant elongation. (a) Gel width (w), (b) tensile force
(f), and (c) volume ratio (V/V0) as a function of the time that has
elapsed since a constant stretch of Rx = 1.1, 1.5, and 2.0 was imposed on
the sample gel. The inset in (a) shows the Rx dependence of the
equilibrium Poisson’s ratio (μ¥).

Figure 3. Semilog plots ofΔw(t)/Δw(¥) andΔf(t)/Δf(¥) versus time
where Δw(t) = w(0) � w(t) and Δf(t) = f(0) � f(t) were estimated
based on experimental data shown in Figure 2. The inset shows the
dependence of the longest characteristic time (τ1), which is estimated as
the inverse of the slope of each curve, on the square of the equilibrium
thickness (a2) for each stretched state.



3004 dx.doi.org/10.1021/ma102767t |Macromolecules 2011, 44, 3000–3006

Macromolecules ARTICLE

1.5, or 2.0. In these figures, t = 0 is the point in time when the
elongation reached the destination Rx. Stretching-induced swel-
ling is observed at every value of Rx; i.e., w increases slowly with
time and reaches the equilibrium. Simultaneously, f decreases
gradually and finally reaches the equilibrium value. The inset of
Figure 2a displays the Rx dependence of the equilibrium Poisson’s
ratio (μ¥) estimated from eq 5 with the equilibrium value of εy.
The ratio μ¥ is ∼0.25 and independent of Rx, which is in good
agreement with theoretical predictions for highly swollen gels
(eq 6). Figure 2c displays the time evolution of gel volume (V)
obtained from the data in Figure 2a. The volume in the figure is
reduced by that before stretching (V0). No appreciable volume
change occurs in the fast stretching process because V/V0 ≈ 1 at
t = 0. The total increase of volume under constant stretching
increases with Rx because V/V0 is given by Rx

1�2μ¥. It should be
noted that when the imposed strain or stress was removed, the gel
completely recovered its original volume before stretching. This
shrinking process occurred in the same time scale as the strain-
induced swelling.
Figure 3 shows semilog plots of Δw(t)/Δw(¥) and Δf(t)/

Δf(¥) versus t where Δw(t) = w(0) � w(t) and Δf(t) = f(0) �
f(t), and¥ corresponds to the equilibrium state. For each value of
Rx, all the data points except those corresponding to relatively
short times fall on a straight line, the inverse of the slope of which
determines the longest characteristic time τ1. A deviation from
the linear relation at relatively short times is attributed to the fact
that the swelling kinetics is generally expressed by a multi-
exponential function with various characteristic times, not by a
single-exponential function. This is also theoretically expected
(eq 12), and the similar kinetics was well-known in the free
swelling of gels.22 The identical values of τ1 with regard tow and f
at each value of Rx indicate that the induced swelling and stress
reduction proceed simultaneously. The time τ1 becomes smaller
with increasing Rx because the stretching process results in a
reduction in the gel thickness (a), which governs the time
required for diffusion. As is seen in the inset of the figure, τ1 is
proportional to the square of the equilibrium thickness (a¥) at
each Rx. These results clearly demonstrate that the stress
relaxation process is controlled by diffusion, not by viscoelastic
effect. The diffusion constant (D) is estimated to be 3.3� 10�10

m2/s for D≈ a¥
2/τ1, which is of the same order of magnitude as

reported values of D for poly(acrylamide) hydrogels with
different concentrations of network and cross-linker.8,21,23

Poisson’s Ratio and True Stress during the Stretching
Process for Various Crosshead Speeds. Figure 4 shows the
lateral true strain (εy) as a function of the true strain (εx) imposed
during the stretching process for various values of v. The
Poisson’s ratio (μ), which is determined by the slope in this
curve, varies from 0.5 to ∼0.25 depending on v. The product of
initial strain rate (ε·0 = v/l0) and the characteristic time of swelling
(τ) provides a simple measure of comparison between the
characteristic time scales of stretching and swelling. We estimate
here the characteristic time of swelling (τ) for an initial thickness
(a0), i.e., τ = a0

2/D = 4.40� 103 s. At the high crosshead spead of
vc > 830μm/s (ε·0τ > 61), all data points fall on a straight line with
a slope of 1/2. This indicates that during the entire process of
stretching, the gel is deformed without volume change; i.e., no
strain-induced swelling occurs. A finite stretching-induced swel-
ling is observed at relatively low stretching speed of v < 170 μm/s
(ε·0τ < 12). The value of μ decreases with decreasing v, and μ
becomes independent of v at the extremely low stretching speed
of v < 0.83 μm/s (ε·0τ < 0.061). At so low a stretching speed, the
strain-induced swelling is equilibrated during the course of the
stretching process. The lower limit of μ (≈0.25) is in agreement
with the value of μ¥ obtained by the measurements conducted
under constant strain (Figure 2a).
The solid lines in the figure correspond to the theoretical εy�εx

relation at various ε·0τ obtained from eqs 14�16 using μ0 = 1/2
and μ¥ = 1/4. The v dependence of the εy�εx relations is
satisfactorily described by the theoretical model used. However,
for ε·0τ < 1, the experimental data tend to become smaller than
the theoretical values at relatively high εx. This is because a
significant decrease in gel thickness caused by high εx accelerates
the diffusion. This acceleration effect is not considered in theory;
i.e., τ is assumed to be constant during the elongation of the
specimen. The a dependence of τ, τ(a), is a rather difficult

Figure 4. Relation between imposed true strain (εx) and lateral true
strain (εy) for a poly(acrylamide) hydrogel undergoing stretching in
water over a wide range of crosshead speeds (v). The solid lines
represent theoretical predictions. Figure 5. Poisson’s ratio (μ) as a function of elapsed time (t) for the

tensile stretchingmeasurements carried out with varying v. The solid line
represents the corresponding theoretical prediction. The t dependence
of μ obtained from themeasurement under a constant stretch ofRx = 1.1
(Figure 2a) is also shown.
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theoretical problem because a(t) also depends on τ as shown by
eq 15.
Figure 5 shows the time dependence of μ for various values

of vwhere t is reduced by τ. The value of μ(t) is estimated from
the gradient of Figure 4 at the corresponding t. In the figure,
μ(t) obtained by the measurement at a constant εx (Figure 2a)
is also shown. The data of μ(t) obtained at various v form a
master curve. Further, the μ(t) curve obtained from the
measurement at a constant εx is almost identical to the master
curve formed by the collection of the data of μ(t) at various v.
These results indicate that during the stretching process μ is
simply governed by the time that has elapsed since the
specimen starts being elongated. In the short time region of
t/τ < 10�2 where t is considerably smaller than τ, μ is equal to
μ0 (≈0.5) independently of time. In the time scale over about
3 orders of magnitude, i.e., 10�2 < t/τ < 101, μ is time-
dependent, and μ gradually decreases from μ0 to μ¥ with
increasing t. The value of μ at t≈ τ is ca. 0.35. In the long time
region of t/τ > 101 where t is significantly larger than τ, μ is t-
independent and equivalent to μ¥ (≈0.25). It should be noted
that the theoretical curve reproduces with sufficient accuracy
the experimental master curve of μ(t).
Figure 6 shows σ as a function of εx for various values of v.

The v dependence of the stress�strain curve is qualitatively
similar to that of the εx�εy relation (Figure 4). This behavior
indicates that the v dependence of stress originates primarily
from the strain-induced swelling. The stress�strain curve at a
relatively high v (v > 830 μm/s; ε·0τ > 61) is independent of v.
In this regime, the gel behaves as an elastic material without
any volume change (μ = 1/2). A considerable reduction is
observed in stress at a relatively low elongation speed of v <
170 μm/s (ε·0τ < 12) where a finite stretching-induced
swelling is observed. The stress�strain curve corresponding
to an extremely low elongation speed of v < 0.83 μm/s (ε·0τ <
0.061) coincides with the equilibrium curve where the strain-
induced swelling saturates throughout the stretching process.
In fact, the equilibrium stresses estimated under a constant
strain (Figure 2b) fall on the stress�strain curves in the low v
regime of v < 0.83 μm/s. These results show that the v

dependence of the stress�strain relations is governed by the
v dependence of strain-induced swelling. The viscoelastic
effect stemming from the structural defects such as dangling
chains can be neglected here.
The σ�εx relation for relatively high values of v when the

specimen’s volume does not change during its deformation is
described by eq 9 (eq 7 with μ = 1/2), i.e., the prediction of the
classical rubber elasticity theory. It has been empirically known
that the uniaxial stress�strain behavior of conventional cross-
linked rubbers and chemical gels at a fully swollen state obeys
eq 9 almost independently of types of polymer and solvent.17 As
the data for previous studies were collected through experiments
conducted in air, they correspond to cases where the specimen’s
volume does not change during its deformation. The σ�εx
relation in the low v limit is successfully approximated by eq 8
(eq 7 with μ = 1/4). These results show that the theory accounts
for the effects of the induced swelling on stress in the long time
limit. Furthermore, the v dependence of the σ�εx relations is
satisfactorily reproduced by the theoretical model. The
theoretical stress�strain curves at various v were calculated
using eq 7 with the theoretical value of μ at the corresponding
t and G = 8.5 kPa. The diffusion acceleration caused by the
thinning of the specimen, which is not considered in the
theoretical model, does not appreciably affect the stress,
although it becomes significant for a lateral strain at ε·0τ < 1
(Figure 4). Its effect on the stress may be too small to detect
because the total stress difference between high and low ε·0
values is as large as 30%.
A finite strain-rate dependence of stress was observed for the

1 mm thick gels at considerably slow stretching speeds (v <
0.1 mm/s). It should be noted that the finite strain-rate depen-
dence becomes pronounced at easily attainable stretching speeds
for the gels with small dimensions such as microfabricated gels
and fiber gels because the corresponding τ is considerably small
(τ � a2).

’SUMMARY

A series of tensile stretching experiments covering a wide
range of strain rates and including an extremely slow stretching
speed of 0.17 μm/s revealed the whole aspects of the v-
dependent μ and σ for the fully swollen gels greatly stretched
in solvents. In the case of a relatively high stretching speed, where
the time scale of stretching (ε·0

�1) is considerably shorter than
the characteristic time of swelling (τ), no strain-induced swelling
occurs, and the gel behaves as an elastic material with μ = 1/2.
When the stretching speed is so slow that ε·0

�1 is comparable to τ,
μ and σ considerably depend on ε·0 due to the finite degree of
strain-induced swelling observed during stretching. For these ε·0
values, μ and σ decrease as the stretching speed decreases. At
extremely low stretching speeds satisfying the relation ε·0

�1. τ,
the gel exhibits the equilibrium value of μ (≈0.25) and σ
independently of the value of ε·0 due to the equilibration of the
induced swelling throughout the stretching process. The v
dependence of μ and stress�strain relation observed was satis-
factorily described by a theoretical model that was developed
based on existing models for the swelling behavior observed after
the application of a small step strain on the basis of the
Boltzmann superposition principle. The finite strain-rate-depen-
dent Poisson’s ratio and stress become pronounced at easily
attainable deformation rates for microfabricated gels and fiber
gels with relatively short characteristic time for swelling.

Figure 6. Relation between imposed true strain (εx) and true tensile
stress (σx) for a poly(acrylamide) hydrogel undergoing stretching in
water over a wide range of crosshead speeds (v). The solid lines
represent theoretical predictions.
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