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ABSTRACT: Hydrogels are polymer networks swollen in water. Because of their soft and wet nature, and their ability to show large vol-

ume changes, hydrogels can be useful in many biomedical and actuator applications. In these applications, it is crucial to tune the

mechanical and physical properties of a hydrogel in a controllable manner. Here, interpenetrating polymer networks (IPNs) made of

a covalently crosslinked network and an ionically crosslinked network were produced to investigate the effective parameters that con-

trol the physical and mechanical properties of an IPN hydrogel. Covalently crosslinked polyacrylamide (PAAm) or poly(acrylic acid)

(PAA) networks were produced in the presence of alginate (Alg) that was then ionically crosslinked to produce the IPN hydrogels.

The effect of ionic crosslinking, degree of covalent crosslinking, AAm : Alg and AA : Alg ratio on the swelling ratio, tensile properties,

indentation modulus, and fracture energy of IPN hydrogels was studied. A hollow cylindrical hydrogel with gradient mechanical

properties along its length was developed based on the obtained results. The middle section of this hydrogel was designed as a pH

triggered artificial muscle, while each end was formulated to be harder, tougher, and insensitive to pH so as to function as a tendon-

like material securing the gel muscle to its mechanical supports. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Hydrogels are three-dimensional polymer networks made of

hydrophilic polymer chains that are chemically or physically

crosslinked. As a result of this crosslinking, hydrogels do not

dissolve in water; instead, they readily swell in aqueous solu-

tions and undergo large volume changes. Environmentally sensi-

tive hydrogels can also be produced from hydrophilic, stimuli-

responsive polymer networks that change volume in response to

an external signal such as a change in temperature or chemical

environment. These materials are attractive candidates for vari-

ous biomedical applications and artificial muscles.1–5

Certain applications for hydrogels are limited by their insufficient

mechanical strength and toughness. Conventionally produced

synthetic hydrogels typically exhibit low Young’s modulus (1–100

kPa), low tensile and compression strength (1–100 kPa), and low

fracture energy (<10 J/m2), while retaining high swelling ratios

(10–100).6 Various methods are now available to toughen hydro-

gels allowing their use in load-bearing applications. Among the

methods available for producing tough hydrogels are slip-link

networks,7 nanocomposite hydrogels,8 double network hydrogels,9

multi-functional crosslinked hydrogels,10 homogeneous hydro-

gels,11,12 and hybrid ionic–covalent IPN hydrogels.13 All these

methods have been shown to improve the hydrogel strength and

some significantly improve hydrogel toughness.

One approach to modulate the mechanical properties of a

hydrogel is to utilize an interpenetrating polymer network

(IPN) system.14 An ideal IPN is a mixture of two crosslinked

networks, interpenetrating within each other at the molecular

level. IPNs usually show physical and mechanical properties in-

termediate of the constituent networks, so the blending of a

less-swellable, stiffer hydrogel with a more-swellable, softer

hydrogel can be used to tune the IPN modulus and swellability.

The additional bonus of such IPNs is the major improvement

in toughness that often results.15 Enhanced toughness is known

to occur in IPNs known as “double network hydrogels”9 when

the first network is more tightly crosslinked than the second

Additional Supporting Information may be found in the online version of this article.
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network and the molar ratio of the second network to the first

network is greater than �5.16–18 DN hydrogels are prepared by

a sequential two-step polymerization process. Soaking the first

formed network in the monomer solution of the second

network causes considerable swelling so that the final gel shape

and volume of the DN hydrogel are difficult to control. One-

pot IPNs in which at least one of the networks is a biopolymer

have been known for some time19–21 and have recently been

shown to display considerable toughness.13,22 These hybrid gels

are conveniently formed in a one-step synthesis by dissolving

the biopolymer in a solution of the monomer that is then cross-

linked to form the synthetic covalent network. The mechanical

performance and physical properties of these hybrid hydrogels

can be mainly tuned by the ratio of the two networks, and the

degree of crosslinking in each network.

The aim of this study was to investigate the main parameters

that influence the mechanical performance of hybrid ionic–

covalent IPN hydrogels. The feasibility of exploiting the IPN

approach to introduce step-gradients in the hydrogel physical

and mechanical properties was also investigated. Here, we used

polyacrylamide (PAAm) and poly(acrylic acid) (PAA) as the

covalent network and alginate as the ionic network. Alginate is

a naturally occurring anionic polysaccharide which has many

biomedical applications because of its biocompatibility and low

toxicity.23 Since alginate is an anionic polymer, it can be ioni-

cally crosslinked using a divalent cation (e.g., Ca21) to form a

gel. Mechanical properties of hydrogels made of ionically cross-

linked alginate vary depending on the source of alginate, con-

centration of alginate and the cation that is used to make the

gel.24 PAAm and PAA are two commonly used water soluble

polymers, and form hydrogels upon crosslinking which mainly

takes place during the radical polymerization process. Unlike

PAAm which is a neutral polymer, PAA has carboxylic acid side

groups, which make the polymer pH-sensitive with a pKa value

around 4.25.25

EXPERIMENTAL

Materials

Acrylamide (AAm, 40 wt % aqueous solution; Sigma-Aldrich)

and acrylic acid (AA; Sigma-Aldrich) were used as received to

make the covalent network. Potassium persulfate (KPS;

Sigma-Aldrich) was used as the radical initiator, and N,N0-
methylenebisacrylamide (MBAA; Sigma-Aldrich) was used as

the chemical crosslinking agent. Sodium alginate from brown

algae (Alg; Sigma-Aldrich) was used to make the ionic net-

work. Calcium chloride (CaCl2; Sigma-Aldrich) was used for

ionic crosslinking of Alg. To control the pH of the solutions

when needed, small amount of hydrochloric acid (HCl, 0.5M;

Chem Supply, Australia) or sodium hydroxide (NaOH; Sigma-

Aldrich) was used. Deionized water was used in preparation

of all solutions.

Hydrogel Preparation

PAAm–Alg. AAm monomer stock solution was prepared by

dissolving KPS (0.1 mol % based on AAm) in AAm aqueous

solution (40 wt %). Various amounts of MBAA (0.1, 0.2, 0.5,

or 2 mol % based on AAm) were added to the above solution

to investigate the effect of chemical crosslinking on the physi-

cal and mechanical properties of the hydrogels. Alg was dis-

solved in water to make up the Alg stock solution. Adequate

portions from AAm monomer stock solution and Alg stock

solution along with extra water were mixed together to pre-

pare the final AAm–Alg polymerization solution. The final

concentration of monomer (i.e., AAm) was controlled to

remain at 12 wt %, with Alg concentration varied from 1 wt

% to 4 wt % (1, 2, 3, or 4 wt %). Before polymerization, the

AAm–Alg solution was degassed at room temperature. Glass

slides [50 mm 3 75 mm, treated with octadecyltrichlorosilane

(90%; Sigma-Aldrich), hexane and hydrogen peroxide (35%;

Ajax Finechem, Australia) to render the surface hydropho-

bic26] separated with a 1 mm silicon gasket were used as the

polymerization mould. After degassing, the AAm–Alg poly-

merization solution was transferred into the mould and poly-

merization was carried out at 60�C for 6 h in a fan-forced

oven. After polymerization, hydrogels were removed from the

moulds and stored in a 2 wt % CaCl2 aqueous solution for at

least 3 days to ionically crosslink Alg. After this period, the

hybrid hydrogels were removed from the CaCl2 solution and

washed thoroughly with deionized water for several days prior

to their characterization. To investigate the effect of ionic

crosslinking of Alg, hydrogels were also prepared without

ionic crosslinking. For these samples the as-prepared hydro-

gels were stored in deionized water directly after the radical

polymerization with no ionic crosslinking step. Control single

network hydrogels with no Alg were also made based on the

above procedure with deionized water used instead of Alg

stock solution.

PAA–Alg. A similar procedure was used here to make the

PAA–Alg hydrogels. Briefly, AA monomer was added to the

0.1M NaOH solution (50 wt %) followed by adding KPS (0.1

mol % based on AA) and MBAA (0.2 or 0.5 mol % based on

AA) to the AA solution. The Alg stock solution was prepared

by dissolving Alg in the 0.1M NaOH solution. The reason for

using 0.1M NaOH solution to make up AA monomer stock

solution and Alg stock solution was that Alg was coagulated

in the acidic pHs. The aqueous solution of AA is acidic and

can result an inhomogeneous mixture when Alg stock solution

is added to the acidic AA monomer solution. To avoid this in

homogeneity and obtain a clear polymerization solution 0.1M

NaOH solution was used instead of deionized water. Adequate

portions of AA monomer stock solution and Alg stock solu-

tion were used to prepare the final polymerization solutions

in which AA concentration was kept constant at 15 wt %,

and Alg concentration varied from 1 wt % to 3 wt % (1, 2,

or 3 wt %). Again 0.1M NaOH was used when needed to

adjust the composition of these AA–Alg polymerization solu-

tions. After degassing, the AA–Alg polymerization solution

was transferred into the moulds followed by the thermal poly-

merization at 60�C for 6 h. After the polymerization, hydro-

gels were removed from the moulds and stored in the 2 wt %

CaCl2 aqueous solution for at least 3 days, followed by a thor-

ough wash in deionized water for several days. Similar to the

PAAm–Alg case, hydrogels with no ionic crosslinking were

prepared by immersing the as-prepared hydrogels in deionized
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water immediately after the polymerization. Single network

PAA hydrogel was prepared as the control by replacing the

Alg stock solution with 0.1M NaOH solution in the polymer-

ization solution preparation step.

Characterization

Tensile Test. Tensile test was performed on equilibrium swollen

hydrogels using an EZ-S mechanical tester (Shimadzu, Japan).

Tensile samples were prepared by cutting the hydrogels into 40

mm 3 5 mm strips. The cross-head speed was 10 mm/min and

a 10 N load cell was used in all measurements. All experiments

were performed at least five times on two separately made

batches of hydrogels. The results presented here are the average

values with standard deviations.

Indentation Test. Modulus of hydrogels was measured using an

indentation technique. The EZ-S mechanical tester was used in

the compression mode with a 2 N load cell and the cross-head

speed of 0.1 mm/min. A plastic head (acrylate) with a flat tip

(0.990 mm in diameter) was used as the indenter to apply force

to the hydrogel surface. The relationship between applied force

(F), indentation depth (d) and reduced modulus (E�) is:27

F52aE�d (1)

ðE�Þ21
5ð12m2

1ÞE21
1 1ð12m2

2ÞE21
2 (2)

where a is the indenter radius, E1 and E2 are the indenter and

substrate moduli, m 1 and m 2 are the Poisson’s ratios of the in-

denter and the substrate, respectively. When the indenter is

made of a material which is much stiffer than the substrate

(E1 � E2) the first part on the right hand side of eq. (2)

becomes negligible. By substituting the Poisson’s ratio of the

swollen hydrogel substrate m 2 with 0.5, the eqs. (1) and (2)

reduce to:

F5ð8=3ÞaE2d (3)

Here, F and d were recorded from the indentation tests and a

was the radius of the indenter tip (0.495 mm). To obtain the

hydrogel modulus, the applied force was plotted against

indentation depth for d � 100 lm. The slope of the linear fit

was then used to calculate E2 using eq. (3).

Fracture Test. Fracture was investigated as the propagation of a

crack throughout the hydrogel at a constant speed. A trouser

tear test was performed on 7.5 mm 3 50 mm samples with a

pre-existing central cut (30 mm) dividing the specimens into

two equal legs. The legs were then pulled apart (10 mm/min)

while the crack propagated down the centre of the specimen.

Fracture energy (Gc ) was determined by:

Gc52F=h (4)

where F is applied force and h is sample thickness. All experi-

ments were repeated at least five times.

Swelling Ratio. Swelling ratio was expressed as the ratio of

hydrogel mass before and after drying. The mass of fully swollen

hydrogels was recorded (Ws) first, then hydrogels were dried

completely at 60�C for several days. The mass of dried samples

was measured again (Wd). The swelling ratio (Q) was deter-

mined as:

Q5Ws=Wd (5)

At least three repeats were carried out on samples from two

separately made batches of hydrogels.

RESULTS AND DISCUSSION

Swelling Ratio

The equilibrium swelling ratios of the PAAm- and PAA-based

hydrogels prepared with different Alg concentrations are shown

in Figures 1 and 2. A clear difference was observed in all cases

between samples prepared with and without ionic crosslinking.

In ionically crosslinked PAAm–Alg and PAA–Alg IPN hydrogels,

a higher Alg concentration resulted in lower swelling ratios,

with slightly higher swelling occurring when a smaller concen-

tration of chemical crosslinker (MBAA) was used. The swelling

ratio of PAAm hydrogels decreased from 15–30 (depending on

the degree of chemical crosslinking) to 8–10 as the Alg concen-

tration was increased from 0 to 4 wt %. A similar trend was

observed for ionically crosslinked PAA–Alg IPN hydrogels

Figure 1. Equilibrium swelling ratios of PAAm-based hydrogels in deionized water as a function of Alg concentration in the polymerization solution.

MBAA chemical crosslinker concentration in the polymerization solution was (a) 0.5 mol % and (b) 0.2 mol %. Ionically crosslinked hydrogels obtained

by first immersing the hydrogels in 2 wt % CaCl2 solution are represented by filled symbols and hydrogels without ionic crosslinking by open symbols.

In some cases the error bars are too small to be seen.
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(Figure 2), although much higher swelling ratio (2–10 times)

was recorded in comparison with ionically crosslinked PAAm–

Alg IPN hydrogels. The equilibrium swelling ratio of PAA–Alg

IPN hydrogels decreased from 40–100 to 12–24 with increasing

Alg from 0 to 3 wt %. Since the pH of the polymerization

solution was quite basic when PAA-based hydrogels were

synthesized, the resulting PAA network was negatively charged.

Charged polyelectrolytes generally swell more than neutral

hydrogels, so it is expected that the PAA-based hydrogels

swelled more than PAAm-based hydrogels.

Surprisingly, the equilibrium swelling of both PAAm- and PAA-

based hydrogels without ionic crosslinking showed the opposite

trend with increased swelling in the hydrogels prepared with

higher Alg concentrations. To assess the stability of these hydro-

gels, samples of both ionically crosslinked and non-ionically

crosslinked hydrogels were fully dried and their dry mass was

determined. Samples of each hydrogel were also stored in

deionized water (with daily change of water) for 1 week, then

fully dried and weighed. The difference in dry mass of the

as-prepared and water-immersed samples was assumed to be

due to the loss of alginate from the gel during water immersion.

The amount of alginate dissolved as a proportion of the alginate

in the as-prepared samples is given in Figure 3. For the non-

ionically crosslinked samples, almost all of the alginate was dis-

solved during water immersion and between 20–40% of Alg was

removed from PAAm–Alg hydrogels that were first ionically

crosslinked. The implication of these observations is that the

non-crosslinked Alg can be readily removed from the PAAm

network by dissolution and there is no stable chemical coupling

between the Alg and PAAm (in contrast to as recently

claimed13). Ionic crosslinking of the Alg improves its retention

within the PAAm network, however, a large amount of the

biopolymer can still be removed for the level of ionic crosslink-

ing used in this study.

The equilibrium swelling ratios reflect the crosslink density

formed in the hydrogels. Increasing the amount of either chemi-

cal or ionic crosslinking by addition of higher concentrations of

MBAA or alginate, respectively, reduces the equilibrium swel-

ling. For the non-ionically crosslinked hydrogels, the swelling in

water removes almost all of the Alg so the swelling ratio reflects

the topography of the PAAm or PAA covalently crosslinked

network. The swelling of the hydrogels increased when higher

Alg concentrations were used and the hydrogels were not ioni-

cally crosslinked. Alginate increases significantly the viscosity of

the monomer solution and the decreased molecular mobility

likely reduces the number of covalent crosslinks that can form

during the free radical polymerization of AA or AAm. It is im-

portant to note that the reduced covalent crosslinking also

occurs in the ionically crosslinked hydrogels, although the ionic

crosslinking reduces the equilibrium swelling and masks the

increased swellability of the covalent network.

Tensile Mechanical Properties

Young’s moduli and tensile strengths of PAAm-based hydrogels

are presented in Figures 4 and 5 as a function of Alg

Figure 2. Equilibrium swelling ratio of PAA-based hydrogels in deionized water as a function of Alg concentration in the polymerization solution.

MBAA concentration in the polymerization solution is (a) 0.5 mol % and (b) 0.2 mol %. Ionically crosslinked hydrogels are represented by filled sym-

bols, and hydrogels with no ionic crosslinking by open symbols. Inset in (a) magnifies the ionically crosslinked PAA-Alg hydrogels with 0.5 mol %

MBAA.

Figure 3. Alginate loss during immersion in water for 1 week from

PAAm-based hydrogels that were initially ionically crosslinked or prepared

with no ionic crosslinking.
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concentration in the polymerization solution. A steady increase

in the Young’s modulus and tensile strength was observed for

the ionically crosslinked hydrogels as the Alg concentration

increased [Figures 4(a) and 5(a)]. In contrast, the moduli and

strength of the non-ionically crosslinked hydrogels decreased

with increasing Alg content [Figures 4(b) and 5(b)]. The

decrease was most noticeable for the tensile strength. The

strengths and moduli of the non-ionically crosslinked hydrogels

were considerably smaller than the equivalent ionically cross-

linked gels. A small increase in modulus and strength was pro-

duced when the chemical crosslinker concentration was

increased at all Alg levels and for both ionic and non-ionic

crosslinking.

Similar trends in tensile mechanical properties were also

observed in ionically crosslinked PAA–Alg IPN hydrogels pre-

pared with various Alg concentrations (Figure 6). PAA-based

hydrogels without ionic crosslinking were extremely fragile and

unsuitable for tensile testing. Both the Young’s modulus and

tensile strength of ionically crosslinked PAA–Alg hydrogels

increased with increasing Alg content and with higher degree of

chemical crosslinking. When compared with PAAm–Alg hydro-

gels, the PAA–Alg hydrogels had considerably smaller tensile

strength and Young’s modulus. The Young’s modulus of ioni-

cally crosslinked PAAm–Alg IPN hydrogels was 2–6 times larger

than that of PAA–Alg IPN hydrogels, and their tensile strength

was 4–7 times larger than that of PAA–Alg IPN hydrogels.

Indentation Testing

Stiffness of PAAm- and PAA-based hydrogels was also investi-

gated using an indentation method. An indentation test can

be used to measure the local modulus of a non-uniform ma-

terial such as the gradient hydrogel of interest here. Indenta-

tion testing is also useful in characterizing the modulus of

gels that are too brittle for tensile testing. It is important to

note that when an indenter is pressed on a fully immersed gel

the recorded force is time-dependant as the indentation pres-

sure causes a readjustment in the equilibrium water content.28

The stress relaxation, however, has an exponential correlation

with time and is not significant at short times.29 Here, the

experiments were performed in air with the maximum inden-

tation depth of 100 lm at the indentation speed of 0.1 mm/

min. Thus, the total experimental time scale is 60 s, which

remains short enough to avoid any stress relaxation.24 No

stress relaxation was observed during the course of indenta-

tion experiments.

Figure 4. Young’s modulus of (a) ionically crosslinked PAAm–Alg IPN hydrogels and (b) PAAm-based hydrogels with no ionic crosslinking. Alginate

concentration represents the initial concentration of Alg in the polymerization solution. Note different y-axis scales are used in each figure.

Figure 5. Tensile strength of (a) ionically crosslinked PAAm–Alg IPN hydrogels and (b) PAAm-based hydrogels with no ionic crosslinking. Alginate con-

centration represents the initial concentration of Alg in the polymerization solution. Note different y-axis scales are used in each figure.
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The moduli obtained from the indentation test [eq. (3)] of

hydrogels with different amounts of Alg are compared with the

Young’s modulus obtained from the tensile test (Figure 7). The

moduli obtained from the indentation test were of the same

order of magnitude as the Young’s moduli obtained from the

tensile test. Both tests showed the same trends in terms of the

effects of Alg content and level of crosslinking (ionic and cova-

lent) on the moduli. In general, the agreement between indenta-

tion and tensile moduli for PAAm-based hydrogels is considered

to be very good (with the exception of those with no ionic

crosslinking and 0.5 mol % MBAA) considering the difficulties

in measuring strain accurately in a tensile test. However, the in-

dentation moduli of PAA–Alg IPN hydrogels were considerably

smaller than the tensile moduli. Disagreements between modu-

lus results from tensile and indentation tests have been reported

previously for biological tissues with orders of magnitude devia-

tions (kPa in indentation verses MPa in tensile).30 These large

deviations were attributed to the fact that most of biological

tissues are not homogeneous entities and indentation test probe

local mechanical properties while the bulk properties are being

measured in a tensile test.25 The IPN samples prepared here

were macroscopically uniform, so it remains unknown as to

reasons for the large discrepancy in moduli obtained for the

PAA–Alg hydrogels. Not shown in Figure 7 are the moduli of

PAA-based hydrogels prepared without ionic crosslinking, since

tensile testing was not possible with these brittle samples.

Indentation tests were performed on these hydrogels giving

moduli of 11–13 kPa and �5 kPa for 0.5 mol % MBAA and 0.2

mol % MBAA, respectively, and regardless of the concentration

of Alg used.

Comparison of Moduli and Swelling Ratios

It is intriguing to note that rather small additions of Alg can

produce major changes in the network structure and mechanical

properties. To more clarify the nature of the network topologies,

the Young’s modulus of neutral PAAm-based hydrogels are

Figure 6. Tensile properties of ionically crosslinked PAA–Alg IPN hydrogels: (a) Young’s modulus and (b) tensile strength. Alginate concentration repre-

sents the initial concentration of Alg in the polymerization solution.

Figure 7. Modulus determined by indentation testing on (a) PAAm-based hydrogels and (b) PAA-based hydrogels. Ionically crosslinked hydrogels are

represented by filled symbols, and hydrogels with no ionic crosslinking are represented by open symbols. The level of covalent crosslinker (MBAA) is as

indicated. Solid lines are the best linear fit, and dotted lines indicate the equal indentation and tensile moduli.
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shown in Figure 8 plotted against the hydrogel swelling ratios.

Two distinct regimes can be seen in Figure 8. The Young’s mod-

ulus of ionically crosslinked PAAm–Alg IPN hydrogels is much

more sensitive to the swelling ratio compared to the PAAm-

based hydrogels prepared without ionic crosslinking. The

power-law exponent for ionically crosslinked PAAm–Alg IPN

hydrogels is, respectively, 22.65 and 22.35 for 0.5 mol % and

0.2 mol % MBAA. In the classic rubber elasticity theory,31 the

predicted power-law exponent for the modulus of a swollen

polymer network versus swelling ratio is 23 for a h solvent and

22.3 for an athermal solvent (Supporting Information). The

experimentally determined Young’s modulus and swelling ratio

for the ionically crosslinked PAAm–Alg IPN hydrogels are close

to these theoretical values.

In contrast, the moduli of non-ionically crosslinked PAAm-

based hydrogels were relatively insensitive to the swelling ratio.

The power-law exponents were 20.08 or 20.33 for the two dif-

ferent MBAA crosslinking ratios. As described above, the Alg is

almost completely removed from the non-ionically crosslinked

hydrogels during equilibration in water. The resultant equili-

brated networks are then simply PAAm single networks swollen

to equilibrium with water and the equilibrium modulus reflects

the extent of dilution and chain extension. The equilibrium

swelling ratios of these single networks are much higher than

an equivalent network with ionically crosslinked Alg (Figure 1).

Increasingly higher swelling ratios eventually cause the network

chains to become fully extended, so that the classical rubber

elasticity theory no longer applies. The result of the chain

extension in these highly swollen PAAm single networks is

higher than expected moduli.32

Fracture Toughness

It has recently been reported that PAAm–Alg hydrogels can

show remarkably high toughness.13 The recent work of Sun

et al. considered only the toughness of as-prepared gels and it is

not known if the high toughnesses reported by these workers

are retained at equilibrium swelling. Here, we report tough-

nesses for PAAm–Alg hydrogels prepared with different amounts

of MBAA chemical crosslinker and Alg contents and swollen to

equilibrium in deionized water. In Figure 9(a), the toughness of

ionically crosslinked PAAm–Alg IPN hydrogels decreased

monotonically as the MBAA concentration increased. The

toughest hydrogels with only 0.2 mol % MBAA in the polymer-

ization solution had fracture energy of 217 6 11 J/m2. In con-

trast, hydrogels with 2 mol % MBAA had fracture energy of 27

6 6 J/m2. Sun et al. reported a peak in toughness at 0.06 wt %

MBAA (�0.027 mol % based on monomer) when the MBAA

content was increased from 0.03 wt % (�0.014 mol %) to 0.12

wt % (� 0.055 mol %).13 In IPN hydrogels consisting of two

interpenetrating covalent networks (so-called “double network

hydrogels”) where a loosely crosslinked second network is

formed within a tighter first network, the toughness also passes

through a maximum as the crosslink density of the loose second

network decreases.17 The ionic–covalent IPN hydrogels investi-

gated here consist of a tighter ionically crosslinked Alg network

and a more loosely crosslinked PAAm network. The increase in

Figure 8. Young’s modulus of PAAm-based hydrogels as a function of

equilibrium swelling ratio, for ionically crosslinked IPN hydrogels (filled)

and hydrogels with no ionic crosslinking (open). Lines are the best

power-law fit. The 23 slope is indicated from rubber elasticity theory for

a swollen network in a h solvent.

Figure 9. Fracture energy of ionically crosslinked PAAm–Alg IPN hydrogels as a function of (a) MBAA and (b) Alg concentration in the polymerization

solution. Alg concentration in (a) is 4 wt % and MBAA concentration in (b) is 0.5 mol %.
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toughness of these hydrogels with decreasing crosslink density

of the PAAm network is consistent with the results presented

previously for double network hydrogels and similar PAAm–Alg

hydrogels prepared with a wider range of MBAA

concentrations.

The fracture energy of the PAAm–Alg hydrogels (0.5 mol %

MBAA) increased with increasing Alg content [Figure 9(b)].

Sun et al. reported a peak in toughness at a weight ratio of

PAAm to Alg of 5.6 for similar hydrogels tested without swel-

ling to equilibrium.13 The AAm : Alg ratio of hydrogels inves-

tigated in this study decreased from �20 (1 wt % Alg) to

�3–4 (4 wt % Alg), when Alg loss was taken into account.

The fracture energy of ionically crosslinked PAAm–Alg IPN

hydrogels increased from 9 6 2 J/m2 (AAm : Alg � 20) to 70

6 2 J/m2 (AAm : Alg � 3–4) in general agreement with the

observations by Sun et al. In the covalent double network

hydrogels,9 the toughness increases rapidly with an increasing

ratio of second (loose) network to the first (tighter) network

and then levels off at higher ratios (mole ratio > 10). A dif-

ferent trend is observed in the ionic–covalent IPN hydrogels

with a peak in toughness occurring with increasing ratio of

tight (Alg) to loose (PAAm) network. The reasons for these

differences are not clear, although it is known that covalent

connections typically occur between the two covalent net-

works as a result of unreacted functional groups of the first

network participating in the second network formation

(unless the remaining unreacted groups are deliberately

removed prior to the second network polymerization17). Reac-

tion between the Alg and PAAm networks prepared here does

not occur since the Alg can be easily extracted if it is not

treated with CaCl2.

Gradient Gels as Artificial Tendons

The ability to control gel stiffness and swelling while retaining

reasonable toughness is useful for preparing gel-based artificial

muscles. Where the hydrogel is connected to a more rigid

structure, the mismatch in volume generates considerable

stress at the interface33 that can cause delamination or frac-

ture. Nature solves this problem by connecting muscle to bone

with tendons. The tendons have a stiffness that is intermediate

between the soft muscle (�1.5–3.2 kPa)34 and the hard bone

(�20–30 GPa) and a gradient in mechanical properties along

their length.35

Here, we use the ionic–covalent IPN hydrogel materials to

produce hydrogel “tendons” for connecting a hydrogel artificial

muscle to its rigid frame. A gradient in mechanical properties

and swellability was introduced by sequentially adding and

partially polymerizing layers of PAAm–Alg or PAA–Alg hydro-

gel with the desired properties (Figure 10). The highly swel-

lable and pH sensitive middle section of the sample consisted

of PAA–Alg with 4 wt % Alg. Both ends of the sample were

prepared from four layers of PAAm–Alg with the Alg content

decreasing from 4 wt % to 1 wt % from the ends towards the

centre. As expected, the PAA containing middle section of the

Figure 10. Schematic illustration of the process of making a hollow cylindrical hydrogel with gradients in its structure. Each small section is made of a

PAAm–Alg IPN with different amount of Alg, and the larger section in the middle is the pH-sensitive part made of PAA–Alg. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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gel showed considerable volume and modulus change in

response to the surrounding pH (Figure 11). The gel ends,

however, were insensitive to pH. These tendon-like ends can

be used to make stable mechanical connections to a rigid

frame.

CONCLUSIONS

PAAm–Alg and PAA–Alg IPN hydrogels were developed by

radical polymerization and covalent crosslinking of, respec-

tively, AAm and AA monomers in the presence of Alg. Ionic

crosslinking of Alg was performed by storing the as-prepared

PAAm–Alg and PAA–Alg hydrogels in CaCl2 solution. PAAm-

and PAA-based hydrogels with no ionic crosslinking were also

prepared for comparison. Increasing the Alg content of ioni-

cally crosslinked PAAm–Alg and PAA–Alg IPN hydrogels con-

siderably enhanced their Young’s modulus, tensile strength,

indentation modulus, and fracture energy. However, without

ionic crosslinking a higher concentration of Alg in the poly-

merization solution resulted in reduced modulus, strength and

toughness, and increased swelling ratio. Without ionic cross-

linking more than 90% of Alg that was added to the polymer-

ization solution was dissolved during immersion in water. It

was apparent that the presence of Alg chains during the

covalent network formation permanently changed the network

structure of PAAm and PAA. Hence, the physical and mechan-

ical properties of PAAm- and PAA-based hydrogels (both with

and without ionic crosslinking) were influenced by the Alg

concentration used in their polymerization solutions. We also

demonstrated that the fracture energy decreased with increas-

ing degree of covalent crosslinking and increased with increas-

ing Alg concentration when ionic crosslinking was performed.

Toughness values for the hybrid systems described here are

similar to previously described tough gels of similar swelling

ratio and modulus. A gradient hydrogel was made with a hol-

low channel in centre. The middle part of the hydrogel was

pH-sensitive while the rest of the hydrogel was insensitive to

pH. This structure can be useful in the field of sensors and

soft actuators where a structural gradient is required to con-

nect a stimulus-sensitive hydrogel to more rigid substrates.
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