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Porous double network gels with high toughness,
high stretchability and fast solvent-absorption

Bingjie Sun,a Zhijian Wang,a Qiguang He,a Wei Fana and Shengqiang Cai *ab

Using the freeze-drying method, we fabricated porous double network gels with high toughness, high

stretchability and fast solvent-absorption. When the freezing temperature was �20 1C and the freezing

time was 24 hours, pores with diameters around 300 mm could form in the gel. When the freezing

temperature was lowered to �196 1C and the freezing time was reduced to 10 minutes, monodisperse

pores with diameters around 15 mm could form in the gel. We found out that both porous gels

fabricated under different conditions could absorb solvent much more and much faster than a

nonporous gel. Furthermore, we found that the rupturing strain, stiffness and strength of the porous

double network gels were all comparable to the nonporous double network gel when containing the

same amount of solvent. The unique combination of the mechanical properties of the porous double

network gels might motivate new explorations of gels in practical applications.

Introduction

When submerged in a solvent, a polymer network can swell and
result in a gel. For the past decade, gels have been successfully
engineered to exhibit customized properties and widely explored
in diverse applications ranging from artificial muscles and
biocompatible devices to ionic electrodes and soft robotics.1

For example, Sun et al. have recently fabricated a highly
stretchable and transparent actuator by coating ionic gel layers
on the surface of a dielectric elastomer.2,3 As another example,
environmentally responsive gels have been extensively explored
as self-regulating valves in microfluidic devices.4 However, two
well-known features of gels greatly limiting their practical
applications are their generally poor mechanical properties
and slow solvent absorption or swelling.

Different strategies have been adopted by researchers to
address these two limitations. To improve the mechanical proper-
ties of gels including fracture toughness, strength and stretchability,
polymer gels with different network topologies and crosslinkers
have been synthesized. For instance, polymer gels with slide-rings as
crosslinkers can stretch more than 10 times their original length.5,6

Inorganic nanoparticles such as nanoclay and silica have also been
explored as crosslinkers to enhance the strength of gels.7–9

In addition, double network gels have been synthesized with
remarkably high fracture toughness, stretchability and strength.10

Those advancements in making strong, tough and highly

stretchable gels have greatly motivated researchers to explore
many innovative applications of gels. For instance, hydraulic
actuators and robots have been fabricated using tough double
network hydrogels.11 Fire-resistant double network hydrogel-fabric
laminates have also been proposed for life saving applications.12

The time for solvent absorption or swelling of gels is mainly
determined by the solvent diffusion, which is often too slow for
the applications of gels.13 For example, double network gels
have been explored for cooling buildings through solvent
evaporation.14 The solvent absorption rate of a gel is directly
correlated with its water charging efficiency, which is critical
for that specific application. To enhance the rate of solvent-
absorption or swelling, porous gels have been fabricated through
various techniques. Macroporous gels polymerized under reduced
pressure show 10 times faster swelling rates than a nonporous
gel.15 Microporous gels have also been synthesized through the
freeze-drying method, which also show much faster swelling or
deswelling rates.16 However, most previously synthesized porous
gels are very brittle and weak because of the existence of a large
number of defects (pores) in the gels.

In this article, we combined the two strategies discussed above
to make porous double network gels with excellent mechanical
properties, fast solvent-absorption or swelling, and higher solvent-
absorption capacity. Double network gels usually have very high
fracture toughness; their strength and stretchability are extremely
defect-insensitive. As a result, porous double network gels fabri-
cated in the current study have almost identical stretchability and
strength to nonporous double network gels. Meanwhile, with the
aid of capillary forces, porous double network gels have much
faster solvent-absorption rates and higher solvent-absorption
capacities than nonporous double network gels.
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Experimental section
Materials

Alginate was kindly provided by FMC BioPolymer, LF10/60,
USA. Acrylamide (AAm) (99+%) was purchased from Acros,
USA. N,N0-Methylene bis(acrylamide) (MBAA), ammonium per-
sulfate (APS) (498%), N,N,N0,N0-tetramethyl-ethylenediamine
(TEMED) (499%), and calcium sulfate dihydrate (98%) were
purchased from Sigma Aldrich. All materials were used as
received without further treatment.

Synthesis of a double network hydrogel

A double network hydrogel was prepared based on the method
described in the literature10 with minor modifications.17 1 g of
alginate and 8 g of acrylamide were dissolved in 51 g of
deionized water, and then mixed with 0.0048 g of MBAA and
0.02 g of APS, which were the crosslinker and thermal initiator
for acrylamide, respectively.

The mixture was stirred at room temperature for at least
2 hours until homogeneous. After that, the solution was degassed
in a vacuum chamber and used as Solution 1; while 0.02 g of
TEMED, the initiator accelerator, and 0.1328 g of calcium
sulfate dehydrate, the ionic crosslinker for alginate, were dis-
solved in 5 g of deionized water, sonicated for 2 min, and used
as Solution 2.

Solution 1 and Solution 2 were mixed fast and homoge-
neously, and then rapidly poured into a customized mould with
dimensions of 50 mm� 20 mm� 20 mm or 50 mm� 20 mm�
40 mm. Finally, the specimen was transferred into an oven at
53 1C for 100 minutes, after which the polymerization of AAm
was complete, and a double network hydrogel was formed.

Fabrication of dry porous double network polymers

The double network gel was removed from the mould after
fabrication, and then frozen at �20 1C for 24 hours, or frozen
under liquid nitrogen (�196 1C) for 10 minutes; after that, the
frozen samples were transferred into a freeze-dryer (Labconco
freeze-dry system) for complete lyophilization, and dry macro-
porous and microporous polymer matrices were generated.

Fabrication of a dry nonporous double network polymer

The double network tough gel was removed from the mould
after fabrication, and then dried at room temperature for 1 week
for complete dryness.

Characterization

Scanning electron microscopy. The morphologies of the
surfaces of the dry polymers were observed using a FEI/Philips
XL30 scanning electron microscope (SEM). The samples were
coated with iridium using a sputter-coater (EMITECH K575X)
for 7 s at 3 � 10�3 Mbar before SEM imaging.

Tensile tests. Tensile tests for the different hydrogels were
conducted using an Instron Machine (5965 Dual Column Testing
Systems, Instron) with a 1000 N loading cell. The samples were cut
into dumbbell-shape. The ends of the samples were glued onto
acrylic plates that were clipped by the clamps of the Instron

Machine. The engineering strain rate for the tensile tests was
fixed at 0.05 s�1. For each condition, 3 measurements were
carried out.

Measurements of the swelling kinetics of gels. Gels were
immersed in DI water at room temperature. The gels were
continuously retrieved from the DI water. The swelling ratios of
the hydrogels were measured gravimetrically as a function of
time after wiping off excess water on the surface of the gels with
dry paper (Kimwipes Delicate Task Kimtech Science Wipers).
The swelling ratio is defined as Wt/Wo, where Wt is the weight
of the swollen gel, and Wo is the initial weight of the dry
polymer.

Results and discussion
Microstructures of the double network gels

We first studied the microstructures of the porous double
network gels fabricated under different conditions as discussed
in the Experimental section. Fig. 1(A-1)–(A-3) show macroscopic
photos of the fabricated double network polymers. Fig. 1(B-1)–(B-3)
show the SEM images of the porous and nonporous structures of
the double network polymers. In particular, Fig. 1(A-1) and (B-1)
show the macroporous double network polymer fabricated by
freezing the gel at �20 1C for 24 hours prior to lyophilization,
Fig. 1(A-2) and (B-2) show the microporous double network
polymer fabricated by freezing the gel at �196 1C for 10 minutes
prior to lyophilization, and Fig. 1(A-3) and (B-3) show the
nonporous double network polymer fabricated by air-drying
the gel at room temperature for 1 week. It can be seen that the
porous structures were successfully generated in the double
network polymers through the freeze-drying process. The size
of the pore in the double network polymer in Fig. 1(B-1) is
roughly 300 mm, which is significantly larger than the pore size
shown in Fig. 1(B-2), which is around 15 mm. In this article, the
double network polymer with a pore size of 300 mm is referred to

Fig. 1 Photographs of double network polymers with different micro-
structures: (A-1) macroporous double network polymer, (A-2) micro-
porous double network polymer, and (A-3) nonporous double network
polymer. SEM images of the surfaces of the double network polymers with
different microstructures: (B-1) macroporous double network polymer,
(B-2) microporous double network polymer, and (B-3) nonporous double
network polymer.
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as a macroporous polymer/gel and the polymer with a pore size
of 15 mm is referred to as a microporous polymer/gel.

We next estimated the porosities of both macroporous and
microporous double network polymers. The densities of the
fabricated double network polymers can be estimated based on
the measurements of their weights and volumes. In our experi-
ments, in the dry state, the macroporous polymer has a density
of around 0.2 g cm�3, the microporous polymer has a density of
around 0.26 g cm�3, and the nonporous polymer has a density
of around 0.73 g cm�3. Assuming that the solid skeletons of the
porous polymers have the same density as that of the nonporous
polymer, we can further estimate the porosities (defined as the
volume ratio of pores) for both the macroporous gel and
microporous gel to be 73% and 64%, respectively.

When the gel was frozen at a temperature below 0 1C, the
water inside the gel transformed into ice crystals. Through
lyophilization, the ice crystals directly turned into vapour, and
the spaces occupied by ice became pores left in the gel. When
the frozen temperature was �196 1C, the water transformed
into ice crystals immediately and the crystals had no time to
grow to bigger sizes. Therefore, the pores in the gel are small as
shown in Fig. 1(B-2). When the frozen temperature was �20 1C,
the water inside the gel slowly turned into ice crystals, which had
more time to grow bigger and hence introduced significantly
bigger pores into the gel as shown in Fig. 1(B-1). As a result, we
can conclude that by tuning the freezing temperature, pores of
different sizes could be easily introduced into double network
gels. The lower the frozen temperature is, the smaller the pore size
will be.

Solvent absorption kinetics of the double network gels

We next investigated the solvent absorption kinetics of the
double network gels prepared under different conditions as
described above.

In the first experiment, dry macroporous, microporous and
nonporous double network polymers with the same thickness
of about 2 mm were submerged in DI water. The polymers were
continuously retrieved from the DI water at different times, and
their weights were measured after wiping off excess water from
their surfaces. After the gels were saturated with water, they
were air dried completely and then put into water to re-swell for
another round of water absorption kinetics test, from dry
polymers to fully swollen gels.

Fig. 2(A) plots the swelling ratios of the gels as functions of
time for the first and second rounds of water absorption
experiments. For the first round of test, we can observe that
water absorption rates in both the macroporous gel and micro-
porous gel were dramatically higher than that of the nonporous
gel. In addition, the macroporous gel absorbed water slightly
faster than the microporous gel. For example, to reach a
swelling ratio equal to 5, the macroporous polymer took less
than 27 minutes and the microporous polymer needed about
40 minutes; however, the nonporous polymer needed almost
120 minutes. Based on the measurements, we can also estimate
the diffusivities of both porous and nonporous gels. We define
the time needed for a gel to absorb solvent 15 times that of its

initial weight as the characteristic time: t. The diffusivity D of
the gels can be estimated by D B H2/t, where H is the thickness
of the gels. Using the data shown in Fig. 2(A), we calculated the
diffusivity of the nonporous gel to be around 10�10 m2 s�1, and
the diffusivities for both the macroporous gel and microporous
gel are around 3 � 10�10 m2 s�1.

Another observation we found is that the porous gels have
higher water absorption capacity than the nonporous gel. To be
more specific, in the equilibrium state, the macroporous gel
can absorb roughly 50% more water than the nonporous gel
with the same weight, and the microporous gel can absorb
roughly 17% more water than the nonporous gel.

Fig. 2(A) also shows that in the re-swelling test, both macro-
porous and microporous gels still showed higher water absorption
rates than the nonporous one, though the water absorption in the
macroporous gel is slightly slower during the re-swelling test.
We think that it is probably due to the partial collapse of the
pores in macroporous gel during the air-drying process after its
first round swelling test.

Fig. 2 Water absorption kinetics of double network gels. (A) All polymers
went through water absorption tests for two rounds, from dry states to
saturated states. In the first round, all polymers started to absorb water
from dry states until they became saturated, and then they were air dried
completely; after that, all polymers started to absorb water for the second
round from dry states until they became saturated: ( ) macroporous
polymer water absorption for the first round and ( ) macroporous
polymer water absorption for the second round; ( ) microporous polymer
water absorption for the first round and ( ) microporous polymer water
absorption for the second round; and ( ) nonporous polymer water
absorption for the first round and ( ) nonporous polymer water absorption
for the second round. (B) All gels absorbed water from the wet state (initially, all
polymers contain 4 times their own weight of water) until they became
saturated: ( ) macroporous tough polymer, ( ) microporous tough
polymer, and ( ) nonporous tough polymer.
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In many applications, gels often stay in wet or partially swollen
states. To study the water absorption kinetics in partially swollen
gels, we first let both porous and nonporous dry polymers of the
same thickness to absorb water as much as four times that of their
weights. After that, we put the gels in well-sealed Petri dishes for a
couple of hours without contacting water to homogenize the
interior solvent distribution. We then measured the water absorp-
tion kinetics as we did in the previous experiments. The results are
shown in Fig. 2(B). We could clearly see that starting from wet
states, the porous gels also demonstrated faster water absorption
rates than the nonporous one, with the macroporous gel slightly
faster than the microporous gel.

Another simple and clear demonstration of the water absorp-
tion kinetics of various double network polymers is shown in
Fig. 3. One drop of dyed water was dripped from the pipette onto
the surface of a dry macroporous polymer, a dry microporous
polymer, and a dry nonporous polymer. The absorption rate of the
water droplet into each dry polymer was quite different, as shown
in Fig. 3(A)–(C). The dyed water droplet migrated into the macro-
porous polymer in a very short time; the entire water droplet was
absorbed by the polymer within only 40 seconds. On the other
hand, the water droplet was completely absorbed by the micro-
porous polymer in 15 minutes. The water droplet on the top of
the nonporous polymer, however, migrated into the polymer
completely after 60 minutes.

Based on these observations in Fig. 2 and 3, we can conclude
that the porous structures in the tough polymers exceedingly
accelerate the liquid migrations or the molecule exchanges, and
greatly increase the swelling ratios of the gels. These improved

properties endow the porous double network polymers with great
potential to be superabsorbent hydrogels,18,19 which have a wide
range of applications in personal care products, such as contact
lenses20 and baby or disposable diapers;21–23 in the biomedical
area,24 for example, as antibacterial materials25 and wound
dressings,26 in tissue engineering,27 and as biosensors;28 and in
agricultural practices, such as water management in soil.29

The observed dramatic differences of solvent absorption
by the porous and nonporous double network gels can be easily
understood by considering their microstructures. For a non-
porous gel, solvent migrates into it mainly through diffusion,
and the corresponding effective diffusivity is relatively low.
For instance, the diffusion coefficient in a contact lens gel
is around 10�7 cm2 s�1.30 By introducing pores into a double
network gel, solvent can be absorbed by the gel with the additional
help of capillarity, just like solvent absorbed by a sponge. Such a
capillarity-driven solvent flux is usually called Darcy’s flow,31 which
can be much faster than the diffusion process. Therefore, as
shown in Fig. 2, the solvent absorption in a porous gel was
significantly faster than a nonporous one. The internal pores also
directly led to high absorption capability of the porous double
network gel. In addition to the gel skeleton, the internal pores in
the polymer can also encapsulate a certain amount of solvent.

Mechanical properties of the double network gels

As mentioned in the Introduction, porous gels usually have
poorer mechanical properties than nonporous gels.32 To make
porous gels useful in many applications, their mechanical
properties such as strength and stretchability need to be greatly
improved in general.

We then studied the mechanical behaviors of double network
gels with different microstructures fabricated by us. In the
experiments, we first let the gels absorb a certain amount of
water. After that, we put the gels in well-sealed Petri dishes for a
couple of hours without contacting water to homogenize the
interior solvent distribution. The stress vs. stretch relationships
of the gels with four different swelling ratios were measured
through simple extension tests. For each condition, the experi-
ments were conducted three times. One representative curve for
each condition was selected and is plotted in Fig. 4. For all four
different swelling ratios, stress vs. stretch curves for the non-
porous, microporous and macroporous gels are surprisingly
similar, considering the porosities of the macroporous gel and
microporous gel are as high as about 70%. We believe such
results are mainly due to the high toughness of the double
network gels. Although the pores in the microporous gel and
macroporous gel can be regarded as defects, the stretchabilities
of the porous gels are comparable to that of the nonporous gel,
which is simply because the double network gel is not sensitive
to the defect of such small size. In particular, a recent study has
shown that the double network gel becomes flaw sensitive
when the flaw size is bigger than roughly 1 mm.33 Considering
the pore sizes in both macroporous and microporous gels
fabricated in our study are less than 500 mm, we can understand
why the porous double network gels have almost identical
rupturing stretch to the nonporous gel as shown in Fig. 4(A–D).

Fig. 3 Demonstration of water absorption processes of macroporous,
microporous and nonporous double network polymers. One drop of dyed
water was dripped from the pipette onto the surface of a (A) dry macro-
porous polymer, (B) dry microporous polymer, and (C) dry nonporous
polymer. Solvent absorption processes of the droplets by the polymers
were recorded using a digital camera. (A) A dyed water droplet completely
migrated from the surface into the macroporous polymer within about
40 seconds. (B) A dyed water droplet completely migrated from the
surface into the microporous polymer within about 15 minutes. (C) A dyed
water droplet completely migrated from the surface into the nonporous
polymer within about 60 minutes.
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From Fig. 4(A–D), we also found that the porous double
network gels have comparable stiffnesses and strengths to the
nonporous gel. This result is even more unexpected. When
examining the surfaces of the porous gels, we can see that most
spaces are occupied by the pores as shown in Fig. 1(B-1) and
(B-2), and those pores, even after being filled with water,
provide negligible contribution to the overall strength and
stiffness to the gels. We believe that such a result is mainly
due to the effects of swelling on the mechanical properties of
the gels. With the increase of the swelling ratio, both the
stiffness and strength of a nonporous gel decrease as shown
in Fig. 4(A–D). Because of the high porosities of both the
macroporous gel and microporous gel, with the same swelling
ratio, the solid skeletons of the porous gels actually swell less
than that of the nonporous gel. Consequently, with the same
swelling ratio, the solid skeletons of the porous gels should
be both stiffer and stronger than the nonporous gel, which
compensates for the weakening/softening effects of internal
pores. As the result, the overall stiffness and strength of the
porous gels become comparable to those of the nonporous gel.
Although we have not conducted any fracture tests of both
porous and nonporous double network gels, we expect that the
fracture toughness of the nonporous, microporous and macro-
porous double network gels fabricated in the current study
should also be very close to each other.

Concluding remarks

In this study, we have fabricated highly porous double network
tough gels through the freeze-drying method. By varying the
freezing temperature and time, the size of the pores in the gels

can be adjusted from 300 mm to 15 mm. By introducing pores
into the double network gels, we found that the fabricated
porous gels have great advantages over the nonporous gel; they
can absorb much more solvents with significantly faster rates
with the extra help of capillarity, just like solvent absorbed by a
sponge.

Another interesting finding is that, because of the high
toughness of double network gels, the stretchabilities of the
fabricated porous gels were comparable to that of the non-
porous gel, despite the existence of a large number of defects
(pores). We also found that for a fixed swelling ratio, the
strength and stiffness of the porous double network gels
fabricated by us were comparable to those of the nonporous gel.
In summary, we successfully fabricated porous double network
gels with much-improved solvent absorption rates and solvent
absorption capability without sacrificing their mechanical
properties.
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