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Abstract Viscoelasticity and poroelasticity commonly coexist as time-dependent behaviors in polymer gels. Engineering applications often require knowledge of both behaviors separated; however, few methods exist to decouple viscoelastic and poroelastic properties of gels. We propose a
method capable of separating viscoelasticity and poroelasticity of gels in various mechanical tests. The viscoelastic characteristic time and the poroelastic diﬀusivity of a gel define
an intrinsic material length scale of the gel. The experimental setup gives a sample length scale, over which the solvent
migrates in the gel. By setting the sample length to be much
larger or smaller than the material length, the viscoelasticity
and poroelasticity of the gel will dominate at diﬀerent time
scales in a test. Therefore, the viscoelastic and poroelastic
properties of the gel can be probed separately at diﬀerent
time scales of the test. We further validate the method by
finite-element models and stress-relaxation experiments.
Keywords Poroviscoelasticity · Hydrogel · Tissue · Stressrelaxation test · Indentation
1 Introduction
A cross-linked polymer network can imbibe solvent
molecules to form a gel. Gels are major constituents of plant
and animal tissues [1–4], and widely used in diverse applications including drug delivery [5], tissue engineering [6, 7],
soft machines [8–10], microfluidics [11, 12], oilfields [13],
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and food processing [14]. Mechanical properties of gels
are of critical importance to the well-being of tissues and
various applications of gels. The mechanical behaviors of
gels are generally time-dependent. Solvent migration in a
gel gives poroelasticity of the gel [15–23], while rearrangements of polymer chains and reversible crosslinks contribute
to viscoelasticity of the gel [24–26]. Many methods, such
as parallel-plate compression test and indentation test, have
been used to probe either poroelastic or viscoelastic property of gels, while assuming the other property is negligible [16, 24–29]. However, the viscoelasticity and poroelasticity usually coexist in gels, leading to complex timedependent behaviors [30–34]. As a result, measuring both
poroelastic and viscoelastic parameters of a gel is still a
challenging task in physics and mechanics [34–50]. While
many theories for coupled viscoelasticity and poroelasticity
of polymer gels have been developed [51–57], only very few
experimental methods have been proposed to distinguish viscoelastic and poroelastic properties of polymer gels [31, 32].
Here, we report a method capable of separating viscoelasticity and poroelasticity of a gel such that they manifest themselves at diﬀerent time scales in mechanical tests.
The basic idea of the method can be qualitatively understood
as follows. Viscoelastic characteristic time and poroelastic
diﬀusivity of a gel define an intrinsic material length scale of
the gel. On the other hand, the experimental setup for testing
the gel gives a sample length scale, over which the solvent
migrates in the gel. By setting the sample length to be much
larger or smaller than the material length, the viscoelasticity
and poroelasticity of the gel will dominate at diﬀerent time
scales in a test. Therefore, the viscoelastic and poroelastic
properties of the gel can be probed separately at diﬀerent
time scales of the test.
The paper is organized as follows: In Sect. 2, we formulate a theory for ideal linear poroviscoelastic gels, and then
present a general method to separate viscoelastic and poroelastic properties of gels. To validate the method, a finite-
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element model is developed for parallel-plate compression
tests of ideal poroviscoelastic gels in Sect. 3 of the paper. In
Sect. 4, parallel-plate stress-relaxation experiments are carried out on a polyacrylamide-alginate interpenetrating hydrogel to obtain viscoelastic and poroelastic parameters of
the hydrogel. Conclusive remarks are summarized in Sect. 5.
2 Theory
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2.1 A theory of ideal linear poroviscoelastic gel
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A theory of ideal linear poroviscoelastic gel is presented in
this section. The theory is developed based on the theory
of linear poroviscoelasticity by Biot [53] and the nonlinear
field theories of hydrogels [51, 52]. Let us consider a poroviscoelastic gel in a homogenous state, subjected to no mechanical load, as the reference state. At the reference state,
we denote C0 as number of solvent molecules per unit volume of the gel. When the gel deforms, the displacement is
a time-dependent field, ui (x1 , x2 , x3 , t), and the linear theory
gives the strain in the gel as
1  ∂ui ∂u j 
εi j =
+
.
(1)
2 ∂x j ∂xi

where ηnK is the viscosity of the n-th volumetric viscous component (Fig. 1a), ηGn is the viscosity of the n-th deviatoric
viscous component (Fig. 1b), μ is chemical potential of the
solvent in the gel, and μ0 is chemical potential of the solvent
in the environment.
Considering Fig. 1, the free energy function for linear
poroviscoelastic gel can be expressed as
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Denote ε and ei j to be the volumetric dilation and the
deviatoric components of the strain tensor, i.e.,

where GR is the relaxed shear modulus, Gn is the shear modulus of the n-th shear component, KR is the relaxed bulk
modulus, Kn is the bulk modulus of the n-th bulk component, and Π is a Lagrange multiplier that imposes Eq. (4).

1
ei j = εi j − εδi j .
(2)
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The conservation of solvent molecules requires that

ε = εkk ,

∂C ∂Jk
+
= 0,
∂t
∂xk

(4)

where Ω is the volume per solvent molecule.
The free energy per unit volume of the gel at the reference state is


v,2 v,3
(5)
w = w ε, ei j , C, εv,1 , εv,2 , εv,3 , · · · , ev,1
i j , ei j , ei j , · · · ,
where εv,n and ev,n
i j are internal variables that characterize the
viscoelastic properties of the gel.
Denote σ and si j to be the hydrostatic and deviatoric
components of the stress tensor σi j , i.e.,
σ=

σ=

1
σkk , si j = σi j − σδi j .
3
The equations of state of the gel have
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where C is the number of solvent molecules at current state
per unit volume of the gel at reference state, and Jk the flux
of the solvent.
Individual polymer chains and solvent molecules are
commonly assumed to be incompressible. Consequently, the
increase in the volume of the gel is entirely due to the additional solvent molecules absorbed, namely
εkk = Ω(C − C0 ),

+

(6)

(7a)

Fig. 1 Schematics for the deviatoric and volumetric components
of the poroviscoelastic gel. a Deviatoric component; b Volumetric
component

Therefore, from Eq. (7) we can obtain the explicit form
of the equations of state

σ = KR ε +
Kn (ε − εv,n ) − Π,
(9a)
n
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By substituting Eqs. (9b) and (9c) into (9a) and denoting τnK = ηnK /Kn and τGn = ηGn /Gn , we have
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where τnK is the characteristic time of the n-th volumetric viscous component, and τGn is the characteristic time of the n-th
deviatoric viscous component.
Subject to a step increase in ε and ei j , the time evolution
of εv,n and ev,n
i j can be calculated from Eqs. (10b) and (10c)
as



εv,n = ε 1 − exp −t/τnK ,
(11a)



n
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i j = ei j 1 − exp −t/τG .
By substituting Eqs. (11a) and (11b) into Eq. (10a), we
have
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= GR +
 We can define the unrelaxed shear modulus GU 
Gn , and the unrelaxed bulk modulus KU = KR +
Kn .
n

n

For an ideal linear poroviscoelastic gel, we assume
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=
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where v is the eﬀective Poisson’s ratio of the gel [16, 43, 52],
and τn is the characteristic time of the n-th viscous component.
By substituting Eqs. (13a) and (13b) into Eq. (12), we
have
 t 
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Equation (14) can be further expressed in terms of Prony Series, i.e.,
 t  
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Ω
where gn = Gn /GU is the coeﬃcient of the n-th term of the
Prony series.
The gradient of the chemical potential drives the flux of
the solvent according to Darcy’s law
 k  ∂μ
,
(16)
Ji = −
ηΩ2 ∂xi
−

where η is viscosity of the solvent, and k is the permeability
of the gel.
A combination of Eqs. (3), (15), and (16) gives
∂C
= D∇2C,
(17)
∂t
where the eﬀective diﬀusivity of the solvent in the gel
 t   2(1 − v)k

D = GU 1 −
.
(18)
gn 1 − exp −
τn
(1 − 2v)η
n
From Eq. (18), the diﬀusivities of the gel at viscoelastically
unrelaxed and relaxed states are DU and DR , respectively
DU = [2(1 − v)/(1 − 2v)]GU k/η,

(19a)

DR = [2(1 − v)/(1 − 2v)]GR k/η.

(19b)

Therefore, a set of material parameters that characterize an ideal poroviscoelastic gel are GU , gn , τn , v, and DU (or
DR ). For further simplification, if we assume there is only
one dominant viscoelastic component in the gel, Eq. (15) can
be expressed as

 t 
v
εkk δi j
εi j +
σi j = 2 GR + (GU − GR ) exp −
τ
1 − 2v
μ − μ0
δi j .
−
(20)
Ω
In this simplified case, the set of material parameters are GU ,
GR , τ, v, and DU (or DR ).
2.2 Separation of length and time scales
Based on the above theory, we propose a method to distinguish poroelastic and viscoelastic properties of a gel in a
single test by separating the length and time scales of the
two properties. We will illustrate the method with a simple stress-relaxation test. A gel disk immersed in a solvent
is compressed by a pair of rigid impermeable parallel plates
and held at a constant strain as illustrated on Fig. 2a. The reactive force F is recorded as a function of time t. It is evident
that F scales with a2 , where a is the radius of the gel disk.
Let us first consider a linear poroelastic gel. After the
gel disk is compressed, the reactive force decreases with time
due to poroelastic stress relaxation (Fig. 2b). Because the
poroelastic stress relaxation is induced by migration of solvent molecules across the radius of the gel disk into the external solvent, the time for the poroelastic relaxation scales with
a2 /D [17, 21, 22, 25, 43]. Therefore, the curve of F/a2 vs. t
depends on the sample size a, such that the larger the sample the slower the relaxation (Fig. 2b). However, the curve of
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F/a2 vs. t/a2 is independent of a, due to the a2 /D scaling of
the relaxation time (Fig. 2c) [25].
We next consider a linear viscoelastic elastomer. The
viscoelastic stress relaxation is caused by local rearrangements of polymer chains and/or crosslinks, and thus independent of the sample size. Therefore, the curve of F/a2 vs.
t is independent of a (Fig. 1d), but the curve of F/a2 vs. t/a2
depends on a (Fig. 2e).
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We propose that the viscoelasticity and poroelasticity
of a gel can be measured at diﬀerent time scales of a test, by
choosing sample lengths to be much larger or smaller than
the material lengths as illustrated on Fig. 3. In the largesample case (Fig. 3a), we set the sample lengths in the test
to be very large, expecting that
a  ΛR .

(22)

If Eq. (22) is satisfied, the time scale for poroelastic relaxation, a2 /DR , is much larger than the largest time scale for
viscoelastic relaxation, τmax . In this case, the stress relaxation curves are initially sample-size independent within a
relatively short period of time, ∼ τmax , due to the dominant
viscoelastic relaxation (Fig. 2a). In this period, the gel can
be regarded as a viscoelastic gel at the undrained state or a
viscoelastic elastomer. Following established theories, the
viscoelastic properties of the gel can be obtained from this
part of the curves [45]. When the force decreases below a
middle-range plateau, Fm , the stress-relaxation curves become sample-size dependent, as the poroelastic relaxation
becomes dominant in a relatively long time period, ∼ a2 /DR
(Fig. 3a). In this period, the gel can be regarded as a poroelastic material with viscoelastically relaxed modulus. The
poroelastic properties of the gel can be obtained from this
part of the curves [27, 43, 44].
In the small-sample case (Fig. 3b), we set the sample
lengths in the test to be very small, expecting that
a  ΛU .

Fig. 2 a A disk is under parallel-plate stress-relaxation test; b If
the material is poroelastic, the curve of F/a2 vs. t depends on the
radius of the disk a; c But the curve of F/a2 vs. t/a2 is independent
of a; d On the other hand, if the material is viscoelastic, the curve
of F/a2 vs. t is independent of a; e But the curve of F/a2 vs. t/a2
depends on a

Now, let us study a gel with both viscoelastic and
poroelastic properties. The viscoelastic characteristic times
for the gel are in a range, i.e., τmin  τ1 < τ2 < τn  τmax .
The eﬀective diﬀusivity of the solvent in the gel is DU at
viscoelastically unrelaxed state and DR at viscoelastically
relaxed state. The viscoelastic characteristic times and the
poroelastic diﬀusivities can define intrinsic material length
scales of the poroviscoelastic gel as [25]
√
√
(21)
ΛU = DU τmin , ΛR = DR τmax ,
where ΛU is the unrelaxed material length and ΛR the relaxed
material length of the gel. On the other hand, the experimental setup can give a sample length scale a (e.g. the radius of
the gel disks), over which the solvent transports in the gel
sample during the tests (Fig. 2a).

(23)

If Eq. (23) is satisfied, the time scale for poroelastic relaxation, a2 /DU , is much smaller than the smallest time scale
for viscoelastic relaxation, τmin . In the small-sample case,
the stress relaxation curves are initially sample-size dependent within a relatively short time period, ∼ a2 /DU , due to
the dominant poroelastic relaxation Fig. 3b. In this period of
time, the gel can be regarded as a poroelastic material with
viscoelastically unrelaxed modulus. The viscoelastic properties of the gel can be obtained from this part of the curves.
When the force decreases below Fm , the stress-relaxation
curves become sample-size independent, as the viscoelastic
relaxation becomes dominant in a relatively long time period, ∼ τmax . In this period, the gel can be regarded as a
viscoelastic gel at the drained state. The viscoelastic properties of the gel can be obtained from this part of the curves.
3 Finite element model
To validate the above method on separating viscoelasticity and poroelasticity, we model the compressive stressrelaxation tests on an ideal poroviscoelastic gel disk with
finite-element software ABAQUS [38, 43, 44]. An axisymmetric model is adopted, as shown in Fig. 2a. The gel thickness is set as 0.1 times of the radius of the gel disk. Due
to symmetry, only half of the model is analyzed. The gel is
assumed to be an ideal linear poroviscoelastic material with
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Fig. 3 Schematic curves on separating viscoelasticity and poroelasticity of a gel. a For the large-sample case (a  ΛR ), the gel is
viscoelastic in the short-time period and poroelastic in the long-time period; b For the small-sample case (a  ΛU ), the gel is poroelastic
in the short-time period and viscoelastic in the long-time period

five material parameters: the unrelaxed and relaxed shear
moduli GU and GR , the eﬀective Poisson’s ratio v, the viscoelastic characteristic time τ, and the unrelaxed (or relaxed) diﬀusivity DU (or DR ). In ABAQUS, the ideal linear poroviscoelastic gel is implemented as a viscoelastic and
soil-type material with “pore/fluid stress” elements, CAX4P.
The modulus and Poisson’s ratio of the gel are taken to be
GU /GR = 2 and v = 0. The results are further validated to
be insensitive to the mesh by reducing the mesh size of the
model. A step strain of 5% is instantaneously applied to the
gel disk and held for a long time. The calculation is implemented as a transient consolidation analysis with zero fluid
velocity. The recorded reaction forces on the impermeable
plate are plotted in Fig. 4.
For the large-sample case, the normalized radii of the
gel disks, a/ΛR , are set to be 100, 200, and 300. Figure
4a shows that the viscoelasticity dominates in the short-time
period, and the poroelasticity in the long-time period. For
the small-sample case, the normalized radii of the gel disks,
a/ΛU , are set to be 0.707×10−2, 1.41×10−2, and 2.12×10−2 .
From Fig. 4b, it is evident that the poroelasticity of the gel
dominates in the short-time period, and the viscoelasticity in
the long-time period.
4 Experiment
To further illustrate the capability of the method in measuring poroviscoelastic properties of gels, we carry out parallelplate stress-relaxation tests [25] on a polyacrylamide-

alginate interpenetrating hydrogel [58–61]. The hydrogel
was prepared by mixing ionically cross-linked alginate and
covalently cross-linked polyacrylamide (see Ref. [40] for details). Hydrogel disks with thickness of 3 mm were cut out
by metal punches with radii from 3.675 to 7.95 mm. The hydrogel disks were then mounted between two smooth steel
plates (radius 12.5 mm) on a micro-strain tester (TA Instruments, USA). The hydrogel was immersed in deionized water through the whole test, as illustrated on Fig. 2a. The
stress-relaxation tests were carried out over 20 hours with
an instantaneous step strain of 5%.
The migration of water in the hydrogel gives the poroelasticity, while the rearrangements of ionic crosslinks of alginate give the viscoelasticity of the hydrogel [25]. Typical
values for the eﬀective diﬀusivity of water in polyacrylamide
hydrogel is ∼ 10−9 m2 /s, and the viscoelastic characteristic
time of ionically cross-linked √
alginate is ∼ 10 s [25]. Therefore, the material length scale Dτ can be evaluated to be on
the order of 100 μm. Following the large-sample case, we set
the radii of the gel disks to vary from 3.675 mm to 7.95 mm,
expecting that the sample lengths will be much larger than
the material lengths.
Figure 5a shows that the curves of F/a2 vs. t are initially independent of the radii of the gel disks in a time period ∼100 s, where F  Fm . As F decreases below Fm , the
curves for gel disks with diﬀerent radii separate in a longer
time period, 104 ∼105 s (Fig. 5a). However, as the time is
normalized with the sample size, the curves of F/a2 vs. t/a2
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Fig. 4 Results from finite-element models of parallel-plate stress-relaxation tests on a poroviscoelastic gel. a The large-sample case; b The
small-sample case

Fig. 5 Parallel-plate stress-relaxation tests on a polyacrylamide-alginate hydrogel in the large-sample case. The stress-relaxation curves of
a F/(επa2 ) vs. t and b F/(επa2 ) vs. t/a2

collapse onto one curve in the region of F < Fm (Fig. 5b).
These results validate that the viscoelasticity and poroelasticity of a gel can manifest themselves at diﬀerent time scales of
a test, by setting the sample lengths to be much larger than
the material lengths. In addition, the poroviscoelastic parameters of the gel can be obtained in the short-time period
through
GU = F0 /(3πa2 ε),

(24a)

GR = Fm /(3πa2 ε),

(24b)

(F − Fm )/(F0 − Fm ) = exp(−t/τ),

(24c)

and in the long-time period through
v = 3F∞ /(2Fm ) − 1,

(24d)

(F − F∞ )/(Fm − F∞ ) = f (v, DR t/a2 ),

(24e)

where F0 is the instantaneous force, F∞ is the long-term
force, ε is the applied strain, and f is a complicated function given in Ref. [27]. Using Eq. (24), we obtain GU =
3.082 kPa, GR = 2.42 kPa, v = −0.278, τ = 15 s, and
DR = 2.07 × 10−9 m2 /s. These values are in the same ranges
as the ones from previous tests on viscoelastic and poroelastic properties of gels [25, 27, 32, 44, 45, 61].
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5 Conclusions
In summary, we develop a method that can separate the
poroelasticity and viscoelasticity of gels at diﬀerent time
scales by setting the sample lengths to be much larger or
smaller than the material lengths of the gels. We formulate a theory of ideal linear poroviscoelastic gel and implement it into finite-element models. The finite-element calculations validate our method in separating the viscoelasticity and poroelasticity of gels at diﬀerent time scales. The
validity of this method is further proved with parallel-plate
stress-relaxation experiments on a hydrogel in large-sample
case. We expect the method can be readily implemented
into various tests to probe the properties of poroviscoelastic
gels. In particular, gels with physical cross-links [33, 61–64]
tend to be poroviscoplastic with GR ≈ 0. For poroviscoplastic gels, one needs to adopt the small-sample case, where
micro/nano-indentations are particularly useful [29, 32].
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