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ABSTRACT: Most current hydrogel actuators suffer from either poor
mechanical properties or limited responsiveness. Also, the widely used
thermo-responsive poly-(N-isopropylacrylamide) (PNIPAM) homo-
polymer hydrogels have a slow response rate. Thus, it remains a
challenge to fabricate thermo-responsive hydrogel actuators with both
excellent mechanical and responsive properties. Herein, ultrafast
thermo-responsive VSNPs-P(NIPAM-co-AA) hydrogels containing
multivalent vinyl functionalized silica nanoparticles (VSNPs) are
fabricated. The ultrafast thermo-responsiveness is due to the mobile
polymer chains grafted from the surfaces of the VSNPs, which can
facilitate hydrophobic aggregation, inducing the phase transition and
generating water transport channels for quick water expulsion. In
addition, the copolymerization of NIPAM with acrylic acid (AA)
decreases the transition temperature of the thermo-responsive PNIPAM-based hydrogels, contributing to ultrafast thermo-
responsive shrinking behavior with a large volume change of as high as 72.5%. Moreover, inspired by nature, intelligent hydrogel
actuators with gradient structure can be facilely prepared through self-healing between the ultrafast thermo-responsive VSNPs-
P(NIPAM-co-AA) hydrogel layers and high-strength VSNPs-PAA-Fe3+ multibond network (MBN) hydrogel layers. The obtained
well-integrated gradient hydrogel actuators show ultrafast thermo-responsive performance within only 9 s in 60 °C water, as well as
high strength, and can be used for more practical applications as intelligent soft actuators or artificial robots.
KEYWORDS: biomimetic, gradient, hydrogel actuators, ultrafast thermo-responsiveness, high strength

1. INTRODUCTION
In nature, most plants have an instinct gradient structure and
can respond to external stimuli by hydration or dehydration of
their cells,1 or through a redistribution of water inside the
tissues.2 Inspired by the behaviors of natural plants, intelligent
materials have been fabricated, which can generate deforma-
tions or movements according to external stimuli such as
temperature,3−5 humidity,6 light,7 pH,8 chemicals, or sol-
vents.9,10 Among all of the artificial materials, hydrogels have a
chemically or physically cross-linked three-dimensional poly-
meric network structure, which can absorb and retain a large
amount of water and generate large deformations.11 Therefore,
flexible and intelligent hydrogel actuators have drawn a lot of
attention and shown promising applications as biomedical
devices and soft robots.12,13 So far, numerous attempts have
been made to create intelligent hydrogel actuators, such as via
the introduction of responsive nanoparticles within hydro-
gels,14,15 or through the fabrication of a bilayer hydrogel
structure consisting of one responsive hydrogel layer and
another nonresponsive substrate layer.16−18 However, the
common responsiveness or mechanical properties are still
not enough for practical utilization.

Among various external stimuli, temperature can be easily
applied and adjusted. One of the best known thermo-
responsive polymers is poly-(N-isopropylacrylamide), namely
PNIPAM.19,20 Upon heating, the PNIPAM can go through a
phase transition from hydration state to dehydration state in
aqueous solution, possessing a lower critical solution temper-
ature (LCST), also known as cloud point or phase transition
temperature. Normally, the PNIPAM has an LCST of 31−33
°C in water.21 The common PNIPAM homopolymer hydro-
gels are often chemically cross-linked by small molecules like
N,N′-methylenebisacrylamide (MBAA). Once they are put
into hot water with a temperature higher than the phase
transition temperature, the PNIPAM homopolymer hydrogels
will shrink gradually from the surface inwards and tend to form
a collapsed, dense polymer skin layer at the surface. The dense
polymer surface layer will inhibit further water permeation
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from the interior, and consequently, the response rate of the
common PNIPAM homopolymer hydrogels is quite limited
and slow.22 By now, several strategies have been taken to
improve the response rate of the thermo-responsive PNIPAM-
based hydrogels, such as reducing the dimension of hydro-
gels,23,24 introducing hydrophilic moieties to help with water
transportation,25,26 or incorporating mobile polymer chains to
facilitate hydrophobic aggregation.22,27 These approaches are
able to improve the response rate of PNIPAM-based hydrogels
to some extent, but the common responsive time scales are of
minutes, which are yet not fast enough for practical
applications such as intelligent soft actuators, flexible grippers,
or soft robots. Besides, the thermo-responsive PNIPAM-based
hydrogels often have a relatively low mechanical strength.
Thus, it is still a great challenge to fabricate intelligent hydrogel
actuators with both fast response rate and high strength.
Recently, based on the design of the multibond network

(MBN), many tough and stretchable MBN hydrogels have
been prepared.28−45 In previous research, ionic nanocomposite
VSNPs-PAA-Fe3+ physical hydrogels were constructed through
a combination of multivalent vinyl functionalized silica
nanoparticles (VSNPs) as “analogous covalent cross-linking”,
physical hydrogen bonds, and Fe3+-mediated ionic interac-
tions.31 Under stretching, the rupture of the dynamic physical
interactions could dissipate energy, giving rise to excellent
mechanical properties. What’s more, the reversible nature of
the noncovalent ionic interactions and hydrogen bonds
endowed the VSNPs-PAA-Fe3+ hydrogels with outstanding
self-healing abilities.
In this work, involving multivalent VSNPs, thermo-

responsive VSNPs-P(NIPAM-co-AA) hydrogels were synthe-
sized via ultraviolet (UV) polymerization. The mobile polymer
chains grafted from the surfaces of multivalent VSNPs are
expected to facilitate hydrophobic aggregation upon heating,
inducing the phase transition and generating water transport
channels for quick water expulsion. Additionally, the
copolymerization of NIPAM with AA can decrease the
transition temperature (TT) of the thermo-responsive
PNIPAM-based hydrogels, and the larger supercooling degree
may further accelerate the thermo-responsive shrinking rate.
Furthermore, simply through self-healing between the fast
thermo-responsive VSNPs-P(NIPAM-co-AA) hydrogel layers
and strong VSNPs-PAA-Fe3+ MBN hydrogel layers, well-
integrated gradient hydrogels can be fabricated. Hence, the
obtained integrated gradient hydrogels with both fast thermo-
responsiveness and high strength are promising to be used as
thermo-responsive soft actuators.

2. EXPERIMENTAL SECTION
2.1. Materials. N-isopropylacrylamide (NIPAM) was provided by

TCI Shanghai. Acrylic acid (AA) was purchased from Beijing
Chemical Reagent Factory, purified by distillation under reduced
pressure, and stored in a 4 °C refrigerator before usage. Vinyl-
triethoxysilane (VTES) and N,N′-methylenebisacrylamide (MBAA)
were purchased from Acros Company. 2,2′-Azobis(2-methylpropio-
namidine) dihydrochloride (AIBA) was provided by J&K Chemicals
Co., Ltd. Ferric chloride hexahydrate (FeCl3·6H2O) was provided by
Tianjin Jinke Institute of Fine Chemical Engineering. Deionized water
with a resistivity of 18.2 MΩ cm at 25 °C was produced by a water
purification system (GN-RO-100) and used throughout the experi-
ments. All reagents were of analytical grade.
2.2. Preparation of the Vinyl Functionalized Silica Nano-

particles (VSNPs). As was described in the previous work,29,32 a
suspension with VSNPs in water was prepared using a universal sol−

gel reaction. In a typical preparation process, VTES (1.0 g) and
deionized water (8.0 g) were mixed, sealed, and put into a water-bath
shaker with the power of 120 rpm at 25 °C. After 12 h, a transparent
suspension with uniform dispersion of VSNPs in water was obtained.
The average diameter of the VSNPs was around 3 nm through a
transmission electron microscope measurement.29

2.3. Preparation of the Thermo-Responsive VSNPs-P-
(NIPAM-co-AA) Hydrogels. The thermo-responsive VSNPs-P-
(NIPAM-co-AA) hydrogels were prepared via a one-step ultraviolet
polymerization. Typically, NIPAM and AA monomers (the whole
monomer content was fixed at 20 wt %) as well as deionized water
were uniformly mixed. Next, the VSNP suspension and MBAA (0.01
wt % relative to the whole monomer content) were added into the
above mixture and dispersed under ultrasonic, obtaining a transparent
and homogeneous mixture, which was later cooled down in an ice-
water bath. Then, the AIBA photoinitiator aqueous solution (0.1 mol
% to the whole monomer content) was added, mixed, and degassed
under ultrasonic for 5 min. Afterward, the above uniform mixture was
injected slowly into a pre-assembled mold (80 mm × 80 mm × 1
mm) made up of two pieces of transparent quartz glass and a silicone
spacer. Later, the polymerization was carried out under ultraviolet
irradiation (50 W power and 365 nm wavelength) in the ice-water
bath for 3 h. After removal of the mold, the thermo-responsive
VSNPs-P(NIPAM-co-AA) hydrogel was obtained, sealed, kept in a
polyethylene bag, and stored in a 4 °C refrigerator. VSNPs-
P(NIPAM-co-AA) hydrogels with different monomer ratios were
prepared; to be specific, the molar ratio of NIPAM to AA was varied
from 5:5, 6:4, 8:2 to 10:0. VSNPs-P(NIPAM-co-AA) hydrogels with
different AA and VSNP contents were prepared. The VSNPs-
P(NIPAM-co-AA) hydrogel is referred as “PNxAy-Vm”, where “N”
and “A” represent NIPAM and AA, respectively, while “x” and “y”
denote their corresponding molar ratios and “V” refers to VSNPs,
with “m” being the concentration. Specifically, when the VSNP
content is 0.5 wt % relative to the whole monomer weight, “PNxAy-
Vm” can be abbreviated as “PNxAy”. For example, “PN6A4” stands
for the VSNPs-P(NIPAM-co-AA) hydrogel whose monomer ratio of
NIPAM to AA is 6 to 4 and VSNP content is 0.5 wt % of the whole
monomer.
2.4. Preparation of the High-Strength VSNPs-PAA-Fe3+

Hydrogels. According to the recent research on the fabrication of
tough ionic nanocomposite physical hydrogels,29 the high-strength
VSNPs-PAA-Fe3+ hydrogels were prepared through a simple one-pot
in situ polymerization. Simply put, AA monomer (20 wt % relative to
the hydrogel) and deionized water were uniformly mixed. Next, a
VSNP suspension (0.5 wt % relative to AA) and FeCl3·6H2O (0.5 mol
% relative to AA) were added into the above mixture and dispersed
under ultrasonic, yielding a transparent and homogeneous mixture,
which was later cooled down in an ice-water bath. Then, the AIBA
photoinitiator aqueous solution (0.1 mol % to monomer AA) was
added, mixed, and degassed under ultrasonic for 5 min. Later, the
uniform suspension was injected slowly into a pre-assembled mold
(80 mm × 80 mm × 1 mm) made up of two pieces of transparent
quartz glass and a silicone spacer. Afterward, the polymerization was
carried out under ultraviolet irradiation (50 W power and 365 nm
wavelength) at room temperature for 3 h. After removal of the mold,
the high-strength VSNPs-PAA-Fe3+ hydrogel was obtained, sealed,
and stored in a polyethylene bag.
2.5. Fabrication of the Gradient Hydrogels. The gradient

hydrogels were fabricated through self-healing between the thermo-
responsive PNIPAM-based hydrogel layers and the high-strength
VSNPs-PAA-Fe3+ hydrogel layers. To be specific, after the respective
preparation of the thermo-responsive hydrogel layers and the high-
strength hydrogel layers, they were then carefully stacked, sealed, and
kept in a 4 °C environment for 24 h for adequate self-healing and
integration.
2.6. Characterizations. 2.6.1. Determination of Volume Phase

Transition Temperature (TT) of the Thermo-Responsive Hydrogels.
The volume phase transition temperatures (TT) of the thermo-
responsive PNIPAM-based hydrogels were determined using the
simplest, most convenient cloud point method.21 The hydrogel
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samples were first cut into 5 mm × 5 mm × 1 mm cuboids before
testing, which were then put into heating stage and observed with a
microscope. The temperature program was set from 4 to 40 °C, with a
1 °C min−1 heating rate and 5 min holding time at each temperature.
The morphologies of the hydrogels at different temperatures were
recorded by photographs. Upon heating, the thermo-responsive
PNIPAM-based hydrogels underwent an obvious macroscopic phase
separation change from transparent to opaque. The exact temperature
at which the hydrogel went suddenly opaque was defined as its TT
(Figure S1).
2.6.2. Dynamic Shrinking Behaviors of the Thermo-Responsive

Hydrogels. For the investigation of the dynamic volume-shrinking
behaviors of the thermo-responsive PNIPAM-based hydrogels, the
hydrogel film samples were precut into the size of 20 mm × 10 mm ×
2 mm, then sealed and kept in a 4 °C refrigerator. During
examination, these films were quickly immersed into a hot water
bath. In the meantime, the real-time dynamic shrinking process of
these hydrogel films was recorded with a digital camera. Afterward,
the dimensions of the hydrogels at different times were measured
from the digital photos intercepted from these videos. The shrinking
degree in the length of the hydrogel is expressed as L/L0, where L is
the length of the hydrogel at some specific time during shrinking and
L0 is the initial length of the hydrogel sample; the value of L0 is 20
mm in this case. For the thermo-responsive VSNPs-P(NIPAM-co-AA)
hydrogels with different AA contents and varied VSNP concen-
trations, their shrinking degrees in length (L/L0) in 60 °C water are
plotted against time. In regard to each curve, the slope at the very
beginning is defined as the response rate of the relative hydrogel.
In addition, dynamic shrinking behaviors of the PNIPAM-based

hydrogels with different AA contents (VSNPs concentration was fixed
at 0.5 wt %) in 50 and 40 °C water were also investigated and
compared with the 60 °C measurement (Figure S2). Apparently, for
each hydrogel, when the environmental temperature was higher, with
a larger temperature difference as the external driving force, the
thermo-responsive shrinking process became faster.
2.6.3. SEM Observation of the Gradient Hydrogels. Scanning

electron microscopy (SEM) morphologies of the freeze-dried gradient
hydrogels were observed by a tabletop SEM with Bruker XFlash

detector 410-M. Before SEM observation, the gradient hydrogels were
cut into small pieces and then frozen in liquid nitrogen for about 10
min. Afterward, they were lyophilized by a CHRIST Freeze Dryer for
48 h. The samples were sputtered with gold before observation and
then visualized under a scanning electron microscope at an
accelerating voltage of 10 kV.
2.6.4. Mechanical Measurements. For the measurements of the

mechanical properties of the thermo-responsive PNIPAM-based
hydrogels, hydrogel samples with the size of 40 mm × 10 mm × 2
mm were prepared, sealed, and kept in a 4 °C refrigerator. Uniaxial
tensile measurements were carried out using a Shimadzu AGS-X
universal testing machine at 10 °C temperature (below the transition
temperatures of the thermo-responsive hydrogels), with the cross-
head speed being 100 mm min−1 and the initial sample length
between the jaws being 15 mm. During the test, the force applied on
the hydrogel samples and the distance of deformation were recorded.
Afterward, the tensile stress−strain curves were plotted, where stress σ
was defined as the force applied on the hydrogel sample (F) divided
by the initial cross-sectional area of the sample (A), that is σ = F/A,
and strain ε was determined as the distance of deformation (Δx)
divided by the initial gauge length (x0), namely ε = Δx/x0. Similarly,
VSNPs-PAA-Fe3+ hydrogel samples with the same size as above were
made and tested under the same conditions. Also, the mechanical
properties of the integrated gradient hydrogels were measured under
the same testing parameters.
2.6.5. Demonstration of the Gradient Hydrogels as Thermo-

Responsive Actuators. For the investigation of the thermo-responsive
actuation behaviors of the gradient hydrogels, the gradient hydrogel
integrated from the thermo-responsive VSNPs-PN6A4 hydrogel and
the high-strength VSNPs-PAA-Fe3+ hydrogel was chosen. Then it was
cut into cross-shaped grippers, sealed, and kept in a 4 °C refrigerator.
During the experiments, these cross-shaped grippers were taken out
and quickly put into a 60 °C hot water bath with some target objects
inside, such as a transparent PMMA ball (0.1 g), a Miffy toy (0.5 g)
made by ABS resin, and a PLA screw (1.0 g). Meanwhile, the real-
time capture behaviors of these cross-shaped grippers were recorded
by a digital camera (Videos S1, S2, and S3).

Figure 1. Thermo-responsive VSNPs-P(NIPAM-co-AA) hydrogels. (a) Synthesis and network structure of the hydrogels. The polymer network is
constructed through the multivalent VSNPs (green balls), noncovalent hydrogen bonding (blue balls), and covalent cross-links by MBAA (black
balls). AA monomer has carboxylic acid groups (in light blue), while NIPAM has both hydrophilic amide groups (in dark blue) and hydrophobic
isopropyl groups (in red). (b) Schematic illustration of the mobile grafted polymer chain ends.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Network Structure of the Thermo-
Responsive VSNPs-P(NIPAM-co-AA) Hydrogels. Figure 1a
shows clearly the synthesis and network structure of the
thermo-responsive VSNPs-P(NIPAM-co-AA) hydrogels.
Firstly, a suspension with VSNPs in water was prepared from
vinyltriethoxysilane (VTES) by a universal sol−gel reaction.

Then, through a simple UV polymerization, the thermo-
responsive VSNPs-P(NIPAM-co-AA) hydrogels were synthe-
sized by growing polymer chains from the initiated radicals on
the surfaces of multivalent VSNPs under UV irradiation. As
reported in the previous work, a series of nanocomposite
hydrogels were prepared by grafting polymer chains from the
surfaces of VSNPs through free-radical polymerization.28−31

Here, in the reaction precursor of the thermo-responsive

Figure 2. Thermo-responsive behaviors of the PNIPAM-based hydrogels composed of VSNPs. (a) Shrinking curves for length change (L/L0)
against time, (b) response rate, (c) volume shrinking ratio (ΔV/V0) against time, and (d) equilibrium volume shrinking ratio (ΔV/V0) of the
PNIPAM hydrogels with varied VSNP contents in 60 °C water. (e) Illustration of the network structure transformation upon heating of the
thermo-responsive PNIPAM-based hydrogels composed of VSNPs, showing the facilitated hydrophobic aggregation of the mobile grafted polymer
chains, which can generate water transport channels inside the hydrogels and assist in quick water expulsion.
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VSNPs-P(NIPAM-co-AA) hydrogels, the initiator tended to be
adsorbed on the surfaces of VSNPs due to their large specific
surface areas.29,31 Under UV irradiation, the initiator would
generate radicals, and free-radical polymerization was initiated
at the vinyl groups on the surfaces of the VSNPs. The initiation
and chain propagation from the surfaces of VSNPs could lead
to the formation of grafted polymer chains with one terminus
attached to one VSNP and the other hanging freely in water.
The hydrogel network was constructed through multivalent
VSNPs with grafted polymer chains like nano-brushes,31

noncovalent hydrogen bonding, and covalent cross-links
among polymer chains. As is shown in Figure 1b, the grafted
P(NIPAM-co-AA) chains from the surfaces of VSNPs were
relatively mobile with free chain ends, which could facilitate
hydrophobic aggregation and thus induce volume phase
transition upon heating, contributing to fast thermo-
responsiveness. A detailed investigation of the network
structure of hydrogels with grafted polymer chains was
systematically discussed in the previous work.28 The molecular
weight of the grafted polymer chains was measured by gel
permeation chromatography (GPC). Simply by varying the
contents or diameters of the VSNPs, the length, density, and
mobility of the grafted polymer chains could be easily adjusted.
The existence and density of free chain ends of the hydrogels
can be revealed based on the theory of rubber elasticity with
tensile mechanical data, and the mobility of the grafted
polymer chains can be confirmed by differential scanning
calorimetry (DSC) measurements.46,47 In addition, when pH <
4, the copolymerization of NIPAM with AA could enhance the
attraction between the neighboring polymer chains through
hydrogen bonding and decrease the TT of the PNIPAM-based
hydrogels.19,20 These factors were able to improve the response
rate of the thermo-responsive hydrogels.

3.2. Response Performance of the Thermo-Respon-
sive VSNPs-P(NIPAM-co-AA) Hydrogels. To investigate the
response performance of the thermo-responsive PNIPAM-
based hydrogels with different VSNP contents, dynamic
volume-shrinking behaviors of the hydrogel film samples
were recorded in 60 °C water. Figure 2a shows the shrinking
curves for length change versus time of the PNIPAM hydrogel
films with varied VSNP contents, and Figure 2b shows their
response rates calculated from the initial slopes of the
shrinking curves in Figure 2a. Figure 2c,d displays the relevant
volume shrinking ratio against time and the equilibrium
volume shrinking ratio of PNIPAM hydrogels with varied
VSNP contents, respectively. Obviously, in Figure 2a−d, the
VSNP contents had a notable influence on the shrinking
behaviors of the thermo-responsive PNIPAM-based hydrogels.
In regard to the PNIPAM hydrogels chemically cross-linked by
0.5 wt % MBAA, both ends of the polymer chains were
relatively constrained by the network and immobile. Thus,
when immersed in hot water above the TT, along with the
expulsion of water, the hydrogel shrank gradually from the
surface inwards, and a dense polymer skin layer tended to form
at the surface, which would inhibit further water permeation
from the interior. Consequently, the PNIPAM hydrogels cross-
linked by 0.5 wt % MBAA showed a slow response rate at the
very beginning (Figure 2a,b), and restricted the equilibrium
volume shrinking ratio of only 38.6% to the original volume,
shown in Figure 2c,d. By contrast, the hydrogels of VSNPs-
PNIPAM containing 0.25−0.5 wt % VSNPs and only 0.01 wt
% MBAA exhibited drastically increased initial response rates.
The VSNPs-PNIPAM hydrogel network was constructed
through the multivalent VSNPs with grafted polymer chains
like nano-brushes,31 and thus, the grafted polymer chains were
relatively mobile with free chain ends. In this case, when the

Figure 3. Thermo-responsive behaviors of the VSNPs-P(NIPAM-co-AA) hydrogels. (a) Shrinking curves for length change (L/L0) against time,
(b) response rate (black) and transition temperature (blue), (c) volume shrinking ratio (ΔV/V0) against time, and (d) equilibrium volume
shrinking ratio (ΔV/V0) of the VSNPs-P(NIPAM-co-AA) hydrogels with varied AA contents in 60 °C water. VSNP contents are fixed at 0.5 wt %.
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ambient temperature became higher than the TT, the hydrogen
bonds among polymer chains as well as those between polymer
and water were disrupted. Then, the long and mobile grafted
polymer chains could dehydrate easily and aggregate rapidly to
form a hydrophobic aggregation, inducing the phase transition.
Meanwhile, as illustrated in Figure 2e, the grafted polymer
chains tended to curl up and form a hydrophobic aggregation
around the relatively fixed multivalent VSNP cross-linking
points, thus generating some water transport channels inside
the hydrogels, which could assist in water expulsion. In
addition, with multivalent VSNPs connecting the polymer
network, the whole network would be dragged to collapse and
squeeze out the entrapped water quickly through the water
transport channels, contributing to the ultrafast thermo-
responsive shrinking performance with a large equilibrium
volume shrinking ratio of 72.5% relative to the original volume,
as shown in Figure 2c,d. The introduction of grafted polymer
chains into PNIPAM-based hydrogels has also been proven by
others to increase the deswelling rate of the PNIPAM
hydrogels, such as by copolymerization of NIPAM monomers
with PNIPAM macromonomers,22 by graft polymerization
from the surfaces of microgels27 or clay sheets.46,47 Overall, the
PNIPAM hydrogels with freely dangling polymer chains could
shrink more rapidly, owing to their easier change in
conformation, as for the flexible and mobile polymer chains.
However, in regard to the VSNPs-PNIPAM hydrogels with
more VSNPs of 0.75−1.0 wt %, the grafted polymer chains
were shorter and less mobile;29 therefore, the response
behaviors became slower. Besides, a large number of VSNPs
would cause a high cross-linking density in the VSNPs-
PNIPAM hydrogels. As a consequence, due to the polymer
chains with much more restricted mobility, the VSNPs-
PNIPAM hydrogels composed of 1.0 wt % VSNPs possessed a
slower response rate and smaller equilibrium volume shrinking
ratio of 65.7% relative to the original volume.
Figure 3a shows the shrinking curves for length change

versus time of the VSNPs-P(NIPAM-co-AA) hydrogel films
containing different AA contents in 60 °C water with VSNPs
fixed at 0.5 wt %. Figure 3b shows the response rates calculated
from the initial slopes of the shrinking curves in Figure 3a. It is
noteworthy that the copolymerization of NIPAM with AA
could decrease the TT of the PNIPAM-based hydrogels, which
was decreased further with more copolymerized AA. The
higher supercooling degree could generate a larger driving
force for the phase transition of the VSNPs-P(NIPAM-co-AA)
hydrogels. Therefore, along with the decrease in TT, the initial
response rates were observably improved, as shown in Figure
3b. The TT was determined using the simplest, most
convenient cloud point method (Figure S1). To be specific,
the TT of the VSNPs-PNIPAM hydrogels was 31 °C and that
of the VSNPs-P(NIPAM-co-AA) hydrogels was decreased to
15 °C on increasing the copolymerized AA to 50 mol %. As is
mentioned above, PNIPAM can go through a phase transition
from the hydration state to the dehydration state in aqueous
solution at TT values of 31−33 °C upon heating.21 By
modifying the molecular structure, the TT of the PNIPAM-
based polymers can be changed.19,20 In addition, as is
confirmed by the volume shrinking ratio against time in
Figure 3c, the VSNPs-P(NIPAM-co-AA) hydrogels consisting
of a higher amount of AA presented much faster thermo-
responsiveness. Moreover, it is worth mentioning that as for
the VSNPs-P(NIPAM-co-AA) hydrogels with an original water
content of 80 wt %, the water content was decreased to 50 wt

% at a volume shrinking ratio of 60%. The decrease in water
contents of the VSNPs-P(NIPAM-co-AA) hydrogels from 80
to 50 wt % implied the greatly improved tensile strength from
20 to 170 kPa, namely there was a self-enhancement in the
mechanical properties during the thermo-responsive volume
shrinking process (Figure S3). However, in regard to the
equilibrium volume shrinking ratio relative to the AA contents
shown in Figure 3d, the VSNPs-P(NIPAM-co-AA) hydrogels
with more copolymerized AA had a slightly reduced volume
shrinking ratio because there was a lesser number of thermo-
responsive PNIPAM moieties in the VSNPs-P(NIPAM-co-AA)
hydrogels.
3.3. Design and Actuating Mechanism, Mechanical,

and Thermo-Responsive Properties of the Integrated
Gradient Hydrogel Actuators. Figure 4 demonstrates the

design and actuating mechanism of the integrated gradient
thermo-responsive hydrogel actuators. By means of self-healing
between the thermo-responsive hydrogel layers and the high-
strength hydrogel layers, integrated gradient hydrogels are
facilely fabricated. Adequate self-healing can be realized by
virtue of the reversible noncovalent interactions between
different hydrogel layers. Then, because the different portions
of the integrated gradient hydrogel actuators have different
thermo-responsive volume transition behaviors, bending action
can be achieved under the temperature stimulus. To be
specific, when the surrounding temperature becomes higher
than the TT of the thermo-responsive PNIPAM-based hydrogel
portions, they will go through obvious volume shrinking. By
contrast, the nonresponsive VSNPs-PAA-Fe3+ hydrogel
portions have no volume change. Thus, due to the difference
in volume changes between the thermo-responsive and the
high-strength hydrogel portions upon heating, the integrated
gradient hydrogel actuators will bend towards the thermo-
responsive PNIPAM-based hydrogel side. Based on the above
design, biomimetic integrated gradient hydrogel actuators with
fast thermo-responsiveness and high strength can be achieved,
in which the fast thermo-responsive PNIPAM-based hydrogel
portions on one side provide a rapid response rate and the
strong VSNPs-PAA-Fe3+ hydrogel portions on the other side
offer high strength.
Through a simple UV polymerization, the high-strength

VSNPs-PAA-Fe3+ MBN hydrogels were prepared by growing
polymer chains from the initiated radicals on the surfaces of
VSNPs. The hydrogel network was constructed with the
VSNPs as multivalent cross-linking points, noncovalent
hydrogen bonds, and Fe3+-mediated ionic interactions among
PAA chains. The VSNPs-PAA-Fe3+ hydrogels showed high
strength owing to the rupture of the dynamic interactions for
energy dissipation under stretching.31 Moreover, the reversible
hydrogen bonds and Fe3+-mediated ionic interactions among

Figure 4. Design and actuating mechanism of the gradient thermo-
responsive hydrogel actuators.
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the PAA chains endowed the hydrogels with great self-healing
abilities. Therefore, the hydrogels could be used to fabricate
thermo-responsive gradient hydrogels by means of self-healing
with the thermo-responsive PNIPAM-based hydrogels con-
taining dynamic bonds, and thus, the obtained gradient
hydrogels could be endowed with a high tensile strength as
well.
Figure 5a shows the scanning electron microscopy (SEM)

observation of the integrated gradient hydrogels. Clearly, the
portions of the thermo-responsive VSNPs-PN6A4 and the
strong VSNPs-PAA-Fe3+ in the gradient hydrogel exhibited
different porous microstructures and they were well integrated
through self-healing with no obvious interface. The excellent
self-healing was ascribed to the dynamic hydrogen bonds and
Fe3+-mediated ionic interactions among the carboxyl groups in
the polymer chains between different hydrogels. Especially, the
diffusion of both the polymer chains and Fe3+ at the interface,
and the recombination of these dynamic interactions were of

great importance to the self-healing process, which could be
enhanced by increasing the healing time and temperature.31,38

On the contrary, many layered hydrogels combined through an
interpenetrating network via layer-by-layer photopolymeriza-
tion often have noticeable interfacial layers,18 which are likely
to separate during deformations or movements. Figure 5b
compares the tensile stress−strain curves of the thermo-
responsive VSNPs-PN6A4 hydrogel, the VSNPs-PAA-Fe3+
hydrogel, and their integrated gradient hydrogel. Obviously,
the thermo-responsive VSNPs-PN6A4 hydrogel showed
relatively poor mechanical properties with a tensile strength
of no more than 30 kPa and small elongation at break. In
contrast, the VSNPs-PAA-Fe3+ hydrogel had excellent
mechanical properties with a high tensile strength of 400 kPa
and a large elongation at break of 1250%. This is attributed to
the dynamic dissociation of hydrogen bonds and Fe3+-
mediated ionic interactions under stretching to dissipate
energy, and VSNPs acting as multivalent cross-linking points

Figure 5. SEM micrograph and mechanical properties of the integrated gradient hydrogel composed of the thermo-responsive VSNPs-P(NIPAM-
co-AA) hydrogel and the high-strength VSNPs-PAA-Fe3+ hydrogel. (a) SEM micrograph showing different porous microstructures and the dotted
zone showing complete integration through self-healing with no obvious interface. (b) Tensile stress−strain curves of the thermo-responsive
VSNPs-PN6A4 hydrogel, the VSNPs-PAA-Fe3+ hydrogel, and their integrated gradient hydrogel.

Figure 6. Schematic illustrations of the integrated gradient hydrogels as thermo-responsive grippers. (a) Grab a ball, (b) grab a Miffy toy, and (c)
pull up a screw.
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to maintain the hydrogel network. After complete integration
through self-healing between the thermo-responsive VSNPs-
PN6A4 hydrogel and the strong VSNPs-PAA-Fe3+ hydrogel,
the obtained integrated gradient hydrogel exhibited a high
tensile strength of 250 kPa as well as a large elongation at break
of 1300%. Here, it needs to be mentioned that during
stretching, the weaker thermo-responsive hydrogel portion
with a shorter elongation at break would fracture before the
overall breaking of the integrated gradient hydrogel. But, as
shown in Figure 5b, the small break at around 600% of the
integrated gradient hydrogel was much larger than the
elongation at break of 230% for the weaker hydrogel layer.
Both the improvement in the strength and stretchability
indicated the synergistic effect and good integration of the
gradient hydrogels and effective mechanical strengthening
from the strong VSNPs-PAA-Fe3+ hydrogel. The elongation of
600% was enough for many application situations. Besides,
although there was a small break at around 600% as a
consequence of the partial break of the weaker thermo-
responsive hydrogel, the thermo-responsive hydrogel and
strong hydrogel were still nicely integrated during the whole
tensile test without any observed separation at the interface.
That is, even when the gradient hydrogel was fractured, the
interfacial area was still strongly adhered, indicating the
complete integration through self-healing with strong and
stable interfacial adhesion. Therefore, the integrated gradient
hydrogels with great mechanical properties are promising for
more practical applications, like soft robots and flexible
actuators.
Figure 6 demonstrates the application of the integrated

gradient hydrogels as thermo-responsive soft actuators, which
are obtained through self-healing between the thermo-
responsive VSNPs-PN6A4 hydrogels and the high-strength
VSNPs-PAA-Fe3+ hydrogels. Before testing, the integrated
gradient hydrogels were cut into cross-shaped grippers. Once
transferred from 4 °C into 60 °C water, much higher than the
TT of 20 °C for the thermo-responsive VSNPs-PN6A4
hydrogels, these cross-shaped gradient hydrogel grippers
immediately started to bend and curl up with a large bending
degree. Therefore, the hydrogel grippers were able to wrap and
capture items, such as a transparent ball, a Miffy toy, and a
screw, with an ultrafast performance of ∼9 s (Videos S1, S2,
and S3). In addition, after 9 s in 60 °C water, the VSNPs-
PN6A4 hydrogels with decreased water contents from 80 to 50
wt % exhibited greatly enhanced tensile strength (Figures 3c
and S3). Therefore, the integrated gradient hydrogel grippers
containing the thermo-responsive hydrogels with self-enhanced
mechanical properties were able to robustly encapsulate and
grab much heavier items than many other reported hydrogel
actuators.17,18 What’s more, with ultrafast thermo-responsive
actuating performance at time scales of seconds, the integrated
gradient hydrogel actuators outperform most current hydrogel
actuators, which often need several minutes to respond and
actuate.17,18 Even though, by generating a large porous
structure inside the thermo-responsive PNIPAM-based hydro-
gels, the response rate can be improved,16,24 the preparation
process is complicated, tedious, and in requirement for some
pore-forming agents. Besides, the PNIPAM-based hydrogels
with a large porous structure often exhibit a relatively low
mechanical strength, which is a distinct disadvantage for their
application as durable actuators. In comparison, simply
through self-healing between the fast thermo-responsive
hydrogels and the high-strength hydrogels, it is facile and

time saving to fabricate the integrated gradient hydrogel
actuators. Moreover, owing to the VSNPs with mobile grafted
polymer chains facilitating hydrophobic aggregation and quick
water expulsion in the thermo-responsive hydrogels, as well as
enhanced mechanical strength from the tough VSNPs-PAA-
Fe3+ hydrogels, the obtained integrated gradient hydrogel
actuators possess ultrafast thermo-responsiveness and high
strength, and are much more promising to be used as practical
intelligent flexible actuators or soft robots.

4. CONCLUSIONS
Biomimetic intelligent gradient hydrogel actuators with both
ultrafast thermo-responsiveness and high strength were
designed and fabricated in this work. Because of containing
multivalent VSNPs, the synthesized thermo-responsive
VSNPs-P(NIPAM-co-AA) hydrogels had an ultrafast response
rate, in that the mobile polymer chains grafted from the
surfaces of VSNPs could facilitate hydrophobic aggregation
and quick water expulsion. In addition, the copolymerization of
NIPAM with AA decreased the transition temperature of the
thermo-responsive PNIPAM-based hydrogels, contributing to
the ultrafast thermo-responsive shrinking performance with
large volume shrinking ratios of up to 72.5%. Moreover,
through self-healing between the ultrafast thermo-responsive
VSNPs-P(NIPAM-co-AA) hydrogels and strong VSNPs-PAA-
Fe3+ MBN hydrogels, well-integrated gradient hydrogels were
facilely fabricated. The obtained integrated gradient hydrogels
showed ultrafast thermo-responsiveness within only 9 s and a
high tensile strength of 250 kPa, and hence could be used for
more practical applications such as intelligent flexible actuators
or soft robots.
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