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Recent advances in hydrogels in terms of fast stimuli
responsiveness and superior mechanical performance

Abu Bin Imran, Takahiro Seki and Yukikazu Takeoka

This review addresses the potential development of polymer hydrogels in terms of fast stimuli responsiveness and superior

mechanical properties. The slow response and mechanical weakness of stimuli-sensitive hydrogels have been considered as the

main barriers for their further development and practical application. It has been a dream of scientists to have fast stimuli-

responsive hydrogels with superior mechanical performance. In this review, the principal reasons behind the poor stimulus

sensitivity and mechanical strength of polymer gels are highlighted, and we present some pioneering physical and chemical

efforts aimed at fabricating hydrogels with high stimuli sensitivities and/or superior mechanical properties.
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INTRODUCTION

Polymer hydrogels (hereafter called ‘hydrogels’) are three-dimensional
polymer networks in which the voids are filled with water. These
hydrogels are widely used in a variety of industrial and consumer
products such as oil dewatering systems, mechanical absorbers,
diapers and contact lenses. One of the most remarkable areas of
research on hydrogels in the past few decades has been their stimulus
sensitivity. Hydrogels composed of stimuli-responsive polymers rever-
sibly alter their shape and volume in response to small variations in
the environment, such as pH, temperature, light and electric and
magnetic fields, thereby changing their physico-chemical characteris-
tics.1 Among all of the available environmentally responsive hydrogels,
temperature-responsive hydrogels have attracted the most attention
because of the facile tuning of their properties. In particular, poly(N-
isopropylacrylamide) (poly(NIPA)) hydrogels have been widely inves-
tigated as thermosensitive hydrogels. Poly(NIPA) has a low critical
solution temperature (LCST) at around 32 1C in water. The flexible
coil of poly(NIPA) (soluble) converts into a compact globular state
(insoluble) at the LCST, and this conformational change is reversible.2

Thus, hydrogels composed of poly(NIPA) undergo a reversible volume
change at a similar transition temperature in water. Poly(NIPA)
hydrogels have potential applications in drug delivery systems, ther-
apeutic agents, diagnostic devices, biomaterials, cell cultivation,
biocatalysts, sensors, microfluidic devices, actuators, optical devices
and size-selective separation among others.3–5

A recent subject that has attracted much attention in the field of gel
science is the fabrication of hydrogels with the rapid stimuli respon-
siveness and superior mechanical properties required for many appli-
cations of stimuli-responsive hydrogels. The creation of durable

hydrogels that exhibit reversible and rapid changes in shape or
volume, the likes of which are found in living organisms such as
muscle, has been a challenge for materials chemists. Hydrogels
synthesized from monomer solutions by radical polymerization, a
general-purpose method for making synthetic hydrogels, however, face
several constraints. The inherently weak mechanical properties caused
by underlying spatial inhomogeneity during polymerization and
extremely slow responsiveness caused by critical slowing down and
vitrification during the shrinking process restrict the widespread use of
these hydrogels.6 Although some approaches have been developed to
improve the stimuli sensitivities and mechanical properties of hydro-
gels, it remains a challenge to design ideal gel networks with a
combination of desired properties.

In this review, we will begin by introducing some pioneering work
in the synthesis of hydrogels with fast stimuli responsiveness specifi-
cally attributed to chemical modifications. Work based on thermo-
sensitive NIPA as a monomer has been the main focus of attention.
Although hydrogels synthesized through these techniques improve
stimuli sensitivity to a greater extent, in most cases, not enough
attention has been given to the mechanical properties of these
hydrogels, and these properties have not been improved. We will
therefore review some recently developed novel methods to improve
the mechanical properties of hydrogels and discuss the application
of these methods for preparing stimuli-responsive hydrogels with
superior mechanical performance.

FAST STIMULI-SENSITIVE HYDROGELS

The volume phase transition7–9 of hydrogels between the swollen state
and collapsed state in response to various types of stimuli indicates
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that hydrogels can be used as smart materials. Here, the term ‘smart’
refers to materials that are sensitive to changes in the environment.
Unfortunately, however, the slow response of hydrogels, which is an
inherent characteristic of the volume phase transition phenomenon
caused by a critical slowing down, has prevented them from being
developed for new technologies. Moreover, vitrification during the
shrinking process also contributes to the slow change in volume. After
a temperature jump, a dense skin layer forms on the surface of
poly(NIPA) hydrogels that inhibits water loss from the inner portion
and, consequently, slows down the volume change.10 Without the
volume phase transition, in which the volume change of hydrogels is
drastic but continuous, the characteristic duration of the volume
change can be much shorter than in a discontinuous system.
The relaxation time of the volume change of hydrogels, however, is
highly dependent on the size of the hydrogel, as the swelling and
deswelling of hydrogels is a diffusion process. According to the
Tanaka-Fillmore theory, the shrinking rate is inversely proportional
to the square of the smallest spatial dimension of the hydrogel.
As a result, large, bulky hydrogels typically exhibit slow changes
in volume.6

To date, many physical processes have been developed to obtain
high thermosensitivity in poly(NIPA) hydrogels, including the follow-
ing: preparations of phase-separated heterogeneous structures11,12 and
macroporous or mesoporous structures,13–15 gel formation via
vacuum synthesis,16 as well as freezing techniques.17,18 As an example,
a poly(NIPA) hydrogel with a phase-separated heterogeneous network
structure can be prepared by polymerization at a temperature above
the LCST or in particular mixed solvents, including solvents composed
of H2O and an organic solvent such as acetone, phenol or tetra-
hydrofuran. A pore-forming component such as sodium chloride,
glucose, poly(ethylene glycol) (PEG), SiO2 or a hydrophilic or hydro-
phobic additive can be introduced into the pregel solution. The
subsequent removal of this pore-forming component from the hydro-
gel network provides a macroporous network with fast thermorespon-
siveness. The basic mechanism of all these processes involves the effect
of micro- or macro-level manipulated structures, which are much
larger than molecular level structures, on the quick volume change by
the expulsion or absorption of water molecules from or into the
hydrogel network. These processes, however, are not suited for some
practical applications, as the hydrogels lose their mechanical strength,
toughness and optical transparency because of their spongy structures.
We will not further discuss such porous hydrogels; rather, we will
primarily focus on the strategies used to obtain fast thermoresponsive
hydrogels using chemical techniques by which the gel networks are
modified at the molecular level. Some of the basic techniques used are
mentioned below.

Comb-type poly(NIPA)-grafted gels
Yoshida et al. prepared comb-type poly(NIPA)-grafted gels as follows.
First, a chain transfer agent was used to synthesize various linear
poly(NIPA)s with different molecular weights and one amino end
group. Next, the amino group was converted into an acrylate group
that could polymerize with other vinyl monomers. Finally, the
semitelechelic linear poly(NIPA)s with acrylate end groups were
polymerized with NIPA and small amounts of a crosslinker. Poly
(NIPA) chains with one freely mobile side end were thereby grafted
onto the polymer networks (Figure 1a).19,20 These grafted polymer
chains can respond faster than crosslinked poly(NIPA) chains and
form hydrophobic nuclei in response to a rise in temperature
(Figure 1b). The aggregated nuclei then form many channels for the
diffusion of water to enhance the shrinking rate of the crosslinked

segment of the hydrogel with respect to non-grafted traditional
poly(NIPA) hydrogels.

Similarly, the application of a living radical polymerization method
to prepare a comb-type grafted polymer network significantly
enhances the deswelling response of poly(NIPA) gels.21,22 Liu et al.21

used reversible addition-fragmentation chain transfer polymerization
to synthesize a functional poly(NIPA) hydrogel (Figure 2). This
hydrogel consisted of dangling chains, mainly caused by a chain
transfer reagent that markedly retarded the crosslinking reaction and
showed accelerated shrinking kinetics and higher swelling ratios
compared with conventional hydrogels.

Poly(NIPA) hydrogels with micellar structures for water pathways
Noguchi et al.23 grafted surfactants capable of micelle formation on
the polymer network of a poly(NIPA) gel (Figure 3a). These grafted
surfactants form micelle structures at temperatures above the LCST
(Figure 3b). In the shrinking process, trapped water molecules are
quickly squeezed out through the hydrophilic channels between the
hydrophilic outer shells of the micelles; consequently, the hydrogel
shrinks rapidly. A pendant micelle structure can also be introduced
into the polymer chains to improve their thermosensitivity.24

Figure 1 (a) Schematic illustration of the deswelling kinetics of hydrogels

shrinking beneath their phase-transition temperatures. (b) Time course of

deswelling for hydrogels undergoing shrinking at 40 1C in response to a

stepwise temperature change from 10 1C. NG: traditional poly
(N-isopropylacrylamide) (PNIPA) hydrogel; GG: comb-type grafted PNIPA

hydrogel; 2900, 4000 and 9000 are the molecular weights of the grafted

chains. (Reproduced with permission from Kaneko et al.20)
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Interpenetrating polymer network gels with low skin layer formation
Gil and Hudson25 developed an interpenetrating polymer network
(IPN) of silk fibronin/poly(NIPA). The silk fibronin reduces skin

layer formation; consequently, a fast deswelling rate is observed
for the hydrogel (Figure 4). Poly(NIPA) hydrogels with an IPN
structure exhibit slightly improved mechanical strength: The compression
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modulus and tensile modulus of IPN-poly(NIPA) hydrogels are,
respectively, 3.5 and 16.8 times higher than those of conventional
poly(NIPA) hydrogels.26 A semi-IPN created by combining poly
(acrylic acid) and a porous poly(NIPA) hydrogel also shows fast
responses to both temperature and pH changes.27 If a small amount
of hydrophilic moieties is introduced into the hydrogel network,

hydrophobic aggregation on the hydrogel surface decreases; conse-
quently, the formation of a thick, impermeable skin layer is protected
to give fast thermoresponsiveness.28,29 When large amounts of hydro-
philic moieties are used, however, the hydrogel drastically loses its
deswelling kinetics.

As mentioned above, the formation of stimuli-sensitive water
pathways and the inhibition of skin layer formation during the
contraction of hydrogels are the primary ways used to obtain fast
stimuli-responsive hydrogels. All of the fast stimuli-responsive hydro-
gels discussed above have the potential to be smart hydrogels, but their
mechanical properties, homogeneity, biocompatibility and reversibil-
ity need to be improved for applications that require mechanical
durability.

HYDROGELS WITH STRONG MECHANICAL PROPERTIES

Free-radical polymerization of a random crosslink between
monomers and crosslinkers results in both lightly and heavily
crosslinked regions in gel networks, and these different types of
regions introduce spatial inhomogeneity into hydrogels. Chemical
crosslinks fix the polymer chains to different segments with different
lengths. Under deformation, most of the stress is thereby localized
on the shortest polymer chains, and soon the crosslinked polymer
networks split into several pieces. This mechanical weakness at the
molecular level is also sustained at the macro level; thus, conventional
hydrogels are mechanically fragile by nature. Recently, various
research groups have reported mechanically superior hydrogels. In
this section, these mechanically superior hydrogels will be reviewed
briefly.

Figure 4 Illustration of the interpenetrating polymer network (IPN) of silk

fibronin/poly(N-isopropylacrylamide) (poly(NIPA)). The poly(NIPA) network

undergoes expansion/aggregation in response to temperature, whereas the

b-sheet structure of fibronin remains intact and enhances the mechanical

properties of the hydrogel network. (Reproduced with permission from Gil

and Hudson.25)
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Slide-ring gels
A polymer network in which the polymer chains are tied together by
slide-ring pulleys is considered to show unique mechanical properties,
as the elasticity of the gel is a consequence of only the chain’s topology.
Ito and co-workers30–33 prepared such a ‘slide-ring’ (SR) gel and
showed its unique properties. SR gels can be prepared from a
polyrotaxane architecture consisting of a number of cyclic molecules
(a-cyclodextrin, a-CD) threaded onto a long linear polymer chain
(PEG), followed by trapping the cyclic molecules by capping with
bulky end groups (Figure 5). Some of the cyclic molecules are then
chemically attached to form a figure-eight structure and form the SR
gel. The figure-eight crosslinks can move along the long polymer axis
to minimize local stress in the gel, similar to pulleys, and this sliding
motion gives rise to remarkable physical properties in SR gels
(Figure 6). SR gels are considered an intermediate between physical
gels and chemical gels, as the polymer network is not formed by either
covalent crosslinks, as in chemical gels, or attractive interactions, as in
physical gels. This pulley effect has been confirmed through analysis of
the static structure of SR gels under uniaxial deformation using small-
angle neutron scattering34,35 and small-angle X-ray scattering.36 A
prolate pattern perpendicular to the deformation direction, which is
known as a normal butterfly pattern or an almost isotropic pattern,
has been reported for SR gels. This pattern is evidence of the pulley
effect in SR gels and represents the first observation of a normal
butterfly pattern in any polymeric gel. The sliding mode of a-CD in
polyrotaxanes and that of crosslinking junctions in SR gels have also
been observed in quasi-elastic light scattering studies37 and dynamic
light scattering studies.38 SR gels have high stretchability, reaching up
to 24 times their original length without hysteresis. In the stress–strain

curve of SR gels, a J-shaped curve without any hysteresis loop has been
reported, which is completely different from the stress–strain curves of
both physical and chemical gels (Figure 7).39,40 The mechanical
strength of SR gels has been reported to be similar to that of
mammalian skin, vessels and tissues. SR gels become stiffer as the
extension ratio reaches the fracture point; therefore, they could be
used as a substitute for various types of biomaterials. Koga and
Tanaka41 reported a molecular simulation of Brownian dynamics
using a simple model of a polymer network with trifunctional sliding
junctions to study the elastic properties of SR gels compared with
conventional polymer gels. SR gels exhibit a huge transient overshoot
in the swelling and shrinking process at a stepwise change in solvent
from 0.1 M NaCl aqueous solution to water and from water to acetone,
respectively. This overshoot occurs approximately 20 min after chan-
ging the solvent and is assumed to be closely related to the pulley
effect. Depending on solvent composition, the volume change of SR
gels has been used to prepare stimuli-responsive photonic band gap
materials using a closely packed colloidal crystal as a template in which
the structural color changes.42 Furthermore, the modification of a-CD
by some stimuli-sensitive groups can provide SR gels with stimuli
sensitivity. For example, a new type of photoresponsive polymer gel
has been developed by introducing an azobenzene moiety on the
a-CD of polyrotaxane.43 This azobenzene-modified SR gel exhibits
enormous photo-induced deformation and characteristic transient
overshoot behavior during expansion.

Tetra-PEG gels
Solving the inherent inhomogeneity of hydrogel network structures is
one of the best ways to improve the mechanical properties of
hydrogels. A novel hydrogel named a ‘tetra-PEG gel’ was reported
by Sakai et al.,44,45 in which the combination of two symmetrical
tetrahedron-like macromers of the same size resulted in a homo-
geneous, almost ideal network structure. In that study, four-armed
PEG was used to prepare two types of macromers with a tetrahedron-
like structure: tetra-amine-terminated PEG and tetra-succinimidyl
ester-terminated PEG (Figure 8). Mixing two macromer solutions
under controlled pH forms amide bonds between the terminal amino
groups and the succinimidyl ester groups; thus, a highly homoge-
neous, symmetrical, tough tetra-PEG hydrogel network is formed
(Figure 9a). Unlike conventional hydrogels, the formation of topolo-
gical inhomogeneities such as dangling chains, entanglements and

Figure 6 Schematic diagram of slide-ring gels with freely movable

figure-eight crosslinks functioning like pulleys. (Reproduced with permission

from Ito.31)

Figure 7 Stress–strain curves of slide-ring gels with different gelation times.

Slide-ring gels show non-affine curves without a hysteresis loop.

(Reproduced with permission from Okumura and Ito.39)
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loops is negligible in tetra-PEG gels. Dynamic light scattering results
suggest that tetrahedral macromers connect to each other alternately
to form a network with a characteristic length corresponding to a two-
arm length. Tetra-PEG gels can be well fitted to available theoretical
scattering functions (the Ornstein–Zernike function), and no obser-
vable excess scattering appears in the small-angle neutron scattering
results.46 Young’s modulus of tetra-PEG gels is proportionally corre-
lated to polymer volume fractions, indicating the absence of entangle-
ments in the network.47 It has been observed that the compressive
strength of tetra-PEG gels is on the order of a few to tens of MPa for a
120 mg ml�1 gel made from a macromer with Mw¼10 000. This
strength is as high as that of articular cartilage (Figure 9b). The
technique to prepare the homogeneous structure of tetra-PEG gels
could be used to prepare stimuli-sensitive hydrogels composed of
other functional polymers.

Homogenous hydrogels by a click reaction
Malkoch et al. used click chemistry to prepare a well-defined, PEG-
based homogeneous hydrogel network with superior mechanical
strength.48,49 In that approach, copper (I)-catalyzed 1,2,3-triazoles
formed from azides and terminal acetylene were used for a specific
click reaction (Figure 10).50 The unreacted azide and/or acetylene

groups allow the incorporation of various additives and functional
groups in the hydrogel network without affecting network formation,
and the gelation can be performed under mild conditions at room
temperature. The click technique forms a gel network via controlled
crosslinking, providing an ideal gel network and resulting in improved
swelling and mechanical behaviors. Hydrogels prepared by a click
reaction using long PEG (Mn¼10 000) have true stress of B2390 kPa
and elongation at a break of B1550%. No studies have yet reported
the stimuli sensitivity of click gels, but we believe that these gels will
exhibit interesting stimuli sensitivity because of their well-defined and
homogeneous gel network.

Nanocomposite hydrogels
Creative crosslinker structures such as those found in SR gels are also a
good way to improve the mechanical properties of hydrogels. Har-
aguchi and Takehisa51 used various types of clay particles as cross-
linkers to prepare nanocomposite hydrogels (NC gels). They first
reported NC gels prepared by in situ free-radical polymerization of
NIPA in the presence of uniformly dispersed inorganic exfoliated clay
particles (clay platelets) in aqueous media (Figure 11). The clay
platelets function as multifunctional crosslinkers: the ends of the
polymer chains adsorb strongly on the surface of the clay platelets
by ionic and coordination interactions.52 The intercrosslinking dis-
tance is equivalent to the distance between neighboring clay particles

Figure 9 (a) Schematic illustration of a model structure for a tetra-PEG gel

formed at C* (the concentration defining the border between dilute and

semidilute regions). Red and blue spheres represent tetra amine-terminated

poly(ethylene glycol) (PEG) and tetra-succinimidyl ester-terminated PEG,

respectively. (b) Stress–strain curves of an agarose gel (square), acrylamide

gel (triangle) and tetra-PEG gel (circle). (Reproduced with permission from

Sakai et al.44)
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and is very large. In the elongated state of NC gels, these large, flexible
polymer chains are capable of being highly and reversibly elongated
without breaking the short polymer chains, giving superior mechan-
ical strength to NC gels. NC gels also exhibit high levels of deforma-
tion on elongation, compression, tearing, bending, twisting and
knotting.53,54 Depending on the kind of clay particles and monomer
used for NC gels, these gels can generally be elongated to more than
1000% of their original length (Figure 12). The modulus value and the
fracture energy of NC gels are also much higher than those of
conventional poly(NIPA) gels.55 By increasing concentration of clay
platelets (Cclay) up to 25 mol%, NC gels exhibit noteworthy increases
in strength, modulus and fracture energy without sacrificing elonga-
tion at break.56 Irrespective of the nature of polymer and clay content,
NC gels are generally very transparent, indicating the formation of
uniform network structures with fewer spatial inhomogeneities, unlike
that found in conventional hydrogels. The static and dynamic struc-
tures of NC gels as a function of the Cclay have been reported by

studies using small-angle neutron scattering, small-angle X-ray scat-
tering and dynamic light scattering.57–59 NC gels using NIPA with
small amounts of clay platelets exhibit higher swelling ratios and faster
deswelling compared with conventional poly(NIPA) gels.60,61 In con-
trast, with increasing Cclay , the mobility of poly(NIPA) chains gradu-
ally decreases because of the high crosslinking density; consequently,
the deswelling rate also decreases. Moreover, when a large amount of
clay is used, the thermosensitivity of NC gels is completely lost.55

However, given that NC gels are essentially a kind of physical gel, their
network structure can be dissolved in certain environments. Even so,
NC gels are very useful for many applications.

Double network gels
Gong et al. prepared double network (DN) gels, previously known as
IPN gels, with superior mechanical strength and toughness.62 DN gels
can be synthesized by two kinds of crosslinked polymer networks, in
which one network is made from heavily crosslinked rigid poly-
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electrolyte polymer and the other is made from lightly crosslinked or,
in some cases, an uncrosslinked, flexible uncharged polymer (Fig-
ure 13). At first, a moderately tight crosslinked gel is formed. After
swelling, this first network in a solution of a second monomer with
little or no crosslinking agent is used to prepare the second network.
Given that the first network is highly swollen in the second monomer
solution, the second network is effectively entangled with the first
network to form a very strong DN gel.62–67 The first network
contributes to an increase in elastic stress, whereas the second network
contributes to an increase in strain. Numerous polymer pairs have
been used to optimize the characteristic behaviors of DN gels, and the
methyl-propane sulfonate polymer/acrylamide polymer pair has been
found to be the most promising. Methyl-propane sulfonate polymer/
acrylamide polymer-based DN gels exhibit both hardness (elastic
modulus of 0.3 MPa) and toughness (compressive strength of
B20 MPa) (Figure 14). The tearing fracture energy of methyl-propane
sulfonate polymer/acrylamide polymer-based DN gels under
optimized conditions can be as high as 103 Jm�2, much higher than
that of acrylamide polymer (B10 Jm�2) and methyl-propane sulfo-
nate polymer gels (B0.1 Jm�2) alone.68,69

The structure and property relationships of DN gels have been
studied by small-angle neutron scattering,70 dynamic light scatter-
ing,71 molecular dynamics simulations,72,73 modeling of crack forma-
tion74 and void formation.71 Entanglements between two polymer
networks are a prerequisite condition in all cases for the toughness of
DN gels.75 After the innovation of DN gels, some research groups
began studying various avenues of research with DN gels, but no
detailed observations of stimuli sensitivity have been reported thus far,
except in the work of Liang et al.76 Recently, they reported a fast and
high solvent-triggered force generation considering their mechanical
toughness for very thin DN gels. As high-level inhomogeneities are the
origin of superior toughness of DN gels, the stimuli sensitivity of bulk
DN gels could be very complex. Moreover, in such IPNs, the stimuli
sensitivities for each polymer become seriously impaired because of
interactions between the polymers. Thus, it might be considerably

Figure 11 Network structure models for nanocomposite hydrogels (NC gels)

and conventional gels. (a) Schematic representation of a 100-nm cube of an

NC gel consisting of uniformly dispersed (exfoliated) inorganic clay and two

primary types of flexible polymer chains, w and g, grafted onto two

neighboring clay sheets and one clay sheet, respectively. In the model, only

a small number of polymer chains are depicted for simplicity. (b) Elongated
structure model for NC gels. (c) Conventional gel network structure model.

(Reproduced with permission from Haraguchi and Takehisa.51)

Figure 12 Load-strain curves of nanocomposite hydrogels (NC gels) with
different clay contents (increasing clay content from NC1 to NC9). The

approximate data for conventional gels are also depicted for comparison. All

hydrogels had the same polymer/water ratio (10:1 (w/w)). (Reproduced with

permission from Haraguchi et al.53)

Figure 13 Structural model of a methyl-propane sulfonate polymer/

acrylamide polymer double network gel. (Reproduced with permission from

Nakajima et al.66)
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difficult to design a stimuli-sensitive hydrogel with good mechanical
properties simply using a DN gel. As the mechanical properties of DN
gels are substantially superior, however, these gels should have broad
applications.

OUR APPROACH FOR MAKING HYDROGELS WITH FAST

STIMULI SENSITIVITY AND SUPERIOR MECHANICAL

PERFORMANCE

Here, we report a facile and universal approach to introduce the slide-
ring phenomenon into conventional hydrogels in order to obtain

highly mechanically stable and fast stimuli-responsive hydrogels. We
focused on the exploitation of the intriguing properties of polyro-
taxanes as crosslinkers in the synthesis of stimuli-sensitive hydrogels.
A sparsely dispersed polyrotaxane was used, consisting of larger
numbers of a-CD and long PEG (Mw¼35 000) molecules in the
presence of bulky-end 1-adamantanamine groups in the polymer
axis, which prevented the dethreading of a-CD. The hydroxyl groups
of a-CD or a-CD derivatives of polyrotaxanes were modified by
isocyanate monomer (2-acryloyloxyethylisocyanate) through the for-
mation of a stable carbamate bond, resulting in the hydrophobic
polyrotaxane crosslinker, MPR and hydrophilic polyrotaxane cross-
linker, MHPR, respectively.77–79 The solubility and degree of substitu-
tion (DS) (0rDSr18), that is, the average number of substituted
hydroxyl groups per a-CD molecule, could be tuned by changing the
derivatives of a-CD or the amount of isocyanate monomer. Hydrogels
were fabricated using conventional free-radical polymerization of
thermosensitive NIPA monomer or using several types of ionic
comonomers in the presence of MPRs or MHPRs as crosslinkers
(Figure 15). As a result, we obtained mechanically superior poly
(NIPA) hydrogels: rotaxane-NIPA (RN) gels or ionic rotaxane-NIPA
(iRN) gels. Moreover, these new types of crosslinkers could easily be
applied to a wide range of monomers to synthesize hydrogels by free-
radical polymerization and improve their stimuli responsiveness and
mechanical properties. RN gels exhibit irregular swelling behavior and
resemble graft or block copolymer gels in that the volume phase
transition temperature of RN gels is similar to that of conventional
poly(NIPA) hydrogels.

Depending on the amount of hydrophilic crosslinker, MHPR,
higher swelling ratios have been reported for RN gels.78,79

In water, RN gels exhibit a sharp volume phase change around the
LCST of poly(NIPA). After a sudden temperature jump, RN gels
shrink isotropically without creating any deformation on their surface,
and the rate of deswelling is very fast. Two stages of relaxation of the
volume change have been observed in RN gels during the shrinking
process, but most of the change occurs in the first stage. The first-stage

Figure 15 Schematic representation of the preparation of hydrophobic and hydrophilic polyrotaxane crosslinkers (MPR and MHPR) and their applications to

the preparation of rotaxane-(N-isopropylacrylamide) gels in dimethylsulfoxide. (Reproduced with permission from Bin Imran et al.78)

Figure 14 Stress–strain curves for hydrogels under uniaxial compression.

Circles: methyl-propane sulfonate polymer gel (water content: 90 wt%);

squares: acrylamide polymer gel (water content: 90wt%); triangles: methyl-

propane sulfonate polymer-acrylamide polymer double network gel (water

content: 90wt%). (Reproduced with permission from Gong et al.62)
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relaxation time t1 for RwiN gels (MPR-based gels) and RwsN (MHPR-
based gels) gels is 1.26�102 and 2.11�102 s, respectively, whereas the
second-stage relaxation time t2 is 1.27�104 and 6.1�103 s, respectively
(Figure 16).78 The second-stage relaxation for RN gels might be
derived from the final rearrangement of aggregated nuclei to reach
equilibrium-shrunken states. Above the LCST, the crosslinked poly
(NIPA) chains of conventional poly(NIPA) gels form a phase-sepa-

rated insoluble globular structure and the fixed crosslinking facilitates
the formation of an insoluble skin layer on the surface. Water
molecules cannot pass through this impermeable skin layer. On the
other hand, the dynamic nature of the crosslink points may help to
aggregate polymer networks to reach the complete collapsed state
before forming any impermeable skin layer on the surfaces of RN gels.
The micro- and macro-level spatial inhomogeneities and local stresses

Figure 16 (a) Fast-shrinking kinetics of cylindrical RwiN and RwsN hydrogels after a temperature jump from 20 to 40 1C. Inset in part a): plots of ln[d(t)/d(0)]

versus time to calculate the relaxation times at different stages of rotaxane-(N-isopropylacrylamide) (RN) gels. The relaxation times were determined from the

slopes (�1/t) of each straight line at different stages. (b) Micrographs of morphological changes of cylindrical RN gels in water after a sudden temperature

jump from 20 to 40 1C. Scale bar: 200mm. (Reproduced with permission from Bin Imran et al.78)
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inside the polymer networks of RN gels can automatically be homo-
genized and relaxed by movement of the mobile crosslink points.
Thus, RN gels shrink by the growth of nucleation without going
through the unstable spinodal decomposition mechanism, resulting in
very fast shrinking rates. Although RwiN gels reach an equilibrium-
shrunken state very quickly and isotropically, hydrophobic aggregation
of the water-insoluble MPR gives the gel permanent opacity in the
collapsed state. To overcome this problem, the hydrophilic polyrotax-
ane crosslinker MHPR has been used to prepare RwsN gels. The
hydrophilicity of the crosslinker retains the homogeneity of the RwsN
gel network and restricts the formation of aggregated globules,
permitting the poly(NIPA) chains inside the gel network to move
and rotate freely along the long polymer axis under deformation. RN
gels exhibit much smaller storage moduli E ¢ and loss moduli E 00 than
do conventional poly(NIPA) hydrogels in the frequency ranges
studied, indicating the very soft nature of RN gels. When a frequency
is applied to RN gels, the poly(NIPA) chains inside the gel network
squeeze enough. Because of the sliding and rotating ability of the
crosslinks in the RN gels, however, the poly(NIPA) chains can
gradually equalize this tension. These movable crosslinks allow the
poly(NIPA) chains to relax under deformation, whereas the fixed
crosslink networks of conventional poly(NIPA) hydrogels cannot
avoid localization of the stress to short poly(NIPA) chains and soon
lose their mechanical integrity. An increase in the amount of cross-
linker or temperature results in increases in both E ¢ and E 00 in both
water and dimethylsulfoxide. Thus, the softness or hardness of RN gels
seems to be well controlled. Although RN gels prepared by hydro-
phobic and hydrophilic polyrotaxane crosslinkers show significant
improvements in various respects, they do not show appreciable
tensile strength under deformation. The shrinkage of the crosslinkers
in water may obstruct the fluid movement of a-CD, which could
prevent improvement of the mechanical properties of RN gels.

When a small amount of ionic comonomer (for example, sodium
acrylate) is introduced into RN gel networks, the electrostatic repulsion
between the ionic groups and the osmotic pressure due to the presence
of the counter ions increases the dispersity of the polymer chains
attached to a-CD through the long PEG chains, thereby, enhancing
the mechanical strength of the hydrogel (A Bin Imran et al., in
preparation). The discontinuous volume changes of iRN gels with
temperatures could be changed to continuous ones only by changing
the pH of the aqueous medium from acidic to basic. iRN gels show
normal butterfly patterns in their small-angle X-ray scattering profiles,
strongly suggesting the presence of sliding crosslinks that effectively
reduce spatial inhomogeneities. The polymer chains in conventional
hydrogels are stretched and organized in the stretching, and the frozen
structures are displaced along the stretching direction without any
notable changes in shape, indicating that spatial inhomogeneity increases
in the stretching direction and gives an abnormal butterfly pattern in the
scattering pattern. In contrast, the spatial inhomogeneities of iRN gels
do not increase in the stretching direction because of the presence of
movable crosslinks; consequently, normal butterfly patterns appear
in the scattering profile. iRN gels exhibit high levels of deformation
with elongation, compression, tearing, bending and twisting and do
not readily tear at any cut or notch. The elongation at the break of
iRN gels is very high (B1000% strain) and decreases with increasing
amounts of crosslinker. Interestingly, the tensile strength of iRN gels is
similar to that of SR gels. The high mechanical integrity of iRN gels
suggests that iRN gels could potentially be used as biomaterials, as
the softness of the gels would reduce the mechanical and frictional
irritation to surrounding tissues. The phenomena observed in iRN
gels could successfully be exploited for the development of materials

with diverse applications, such as photosensitive materials, biomedical
applications, drug delivery systems, smart actuators, contact lenses,
artificial cartilage/joints, artificial blood vessels, wound healing
materials, shock-absorption materials and adhesives.

CONCLUSIONS

The techniques described in this review are very promising for
improvement of the stimuli sensitivity and mechanical properties of
hydrogels. If a hydrogel can be developed that combines high-quality
mechanical performance with fast stimuli responsiveness, it could be
widely used for applications ranging from biomedical to commercial.
Advanced techniques to improve the mechanical properties and fast
stimuli sensitivity of hydrogels simultaneously are expected to expand
the range of applications for hydrogels. Among all the hydrogels
described, only NC gels and RN gels have been reported to have
both fast deswelling kinetics and superior mechanical strength.
Research in this area is still in its rudimentary stage and must go
further to significantly improve the applications of hydrogels in
diverse areas.
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