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A B S T R A C T   

Smart hydrogel actuators which respond to external stimuli have attracted great attention and shown good 
application prospects in many fields as their simplicity and reliability, while the challenges remain in terms of the 
relatively low driving force, responsive velocity and deformation amplitude considering the structure-dependent 
actuation behavior. Here, we propose a thermosensitive hydrogel-based actuator with bioinspired bilayer 
structure by applying a textured airlaid paper to induce the formation of heterogeneous construction. This 
nature-inspired design benefits the hydrogel-based actuator rapidly bidirectional actuation, realizing excellent 
bending velocity (140.6◦ s− 1 within first 5 s) and bending amplitude (850.0◦ within 30 s) in hot water, powerful 
recovery in cool water and remarkable reproducibility upon external environmental stimulus by optimizing the 
texture orientation and mechanical property of airlaid paper. The excellent bonding between airlaid paper and 
hydrogel also endows the actuator satisfactory stability for circularly operation under water environment for 
weeks. The programmable deformation and devisable functionality are further realized by propagable and 
elaborate design for architecture and component of responsive hydrogel, favoring the hydrogel-based actuator 
alterable ethanol-sensitive ability, photothermal drivability and regenerability. This bilayer hydrogel-based 
actuator provides promising potentials for the applications in soft robots, smart actuators, artificial muscles, 
and intelligent human-machine technologies.   

1. Introduction 

The development of soft actuators is an important area of research 
considering their three-dimensional controllable and programmable 
shape transformation upon the trigger of specific external environ-
mental stimuli [1–4], such as pressure [5,6], temperature [7–9], light 
[10,11], pH [12,13], ions [14,15], solvent [16,17], electric and mag-
netic fields [18–20]. As one of the most typical and outstanding repre-
sentatives, hydrogel actuator can enable the development of 
manipulators or grippers [6,7], microfluidic valves [21,22], drug de-
livery systems [23], tissue engineering [24,25], active optical lenses 
[26], multifunctional sensors [27,28] and artificial muscles [29]. The 
stimuli-responsive properties of hydrogels are a prerequisite for hydro-
gel actuators, however, homogeneous hydrogels usually only achieve 
macroscopic expansion/contraction by swelling/deswelling under 

homogeneous stimulus, which restricts their further application. A 
promising approach in this respect is to replace in-plane deformation 
with out-of-plane deformation (bending/unbending) by constructing the 
inhomogeneous structure of hydrogel. Until now, a variety of aniso-
tropic structures, including bilayer structures [7,8,12,13,30,31], 
gradient structures [22,32], patterned structures [33,34], oriented 
structures [17,35,36] and some others [37,38] have been designed and 
fabricated. Among these, bilayer structures are particularly attractive 
because of their flexible and diversified design in the two-layer hydro-
gels with structure and performance difference [12,13,30,31]. However, 
the delamination at the interface after multiple deformation is still major 
limit for their long-term engineering applications, and the challenges 
remain in terms of the relatively low driving force, responsive velocity 
and deformation amplitude of hydrogel actuators. 

Nature is always a perpetual source of inspiration for scientists to 
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research hydrogel actuators. The biomimetic actuating systems based on 
natural systems such as inchworm [39], fish [40], chameleon [41], 
Mimosa [42], Venus flytrap [43] and sunflower [44] have been pro-
posed to promote the performances of hydrogel actuators. In addition, as 
one type of carnivorous waterwheel plant, the Aldrovanda vesiculosa is 
tenfold faster than Venus flytrap at snap-traps, and its underwater traps 
can shut within approximately 20–100 ms. This super-fast motion is 
mainly due to its unique layered and striated motor zones (Fig. 1a1-a3), 
allowing the outer epidermal cell layers to bend due to the rapid loss of 
turgor at inner epidermal cells upon triggering by action potentials 
[45–47]. Inspired by the layered structure of motor zones of Aldrovanda 
vesculosa, we herein present a hydrogel-based actuator with similar 
bilayer structure, namely a thermosensitive Poly 
(N-isopropylacrylamide) (PNIPAM) hydrogel layer as the active layer 
and a striated thin airlaid paper as the textured passive layer. Compared 
to traditional fibrous paper, the airlaid paper, as one of nonwovens, is 
composed of cellulose fibers and polyester fibers, and has rough striped 
structure and excellent stability in water [48,49]. It can also be flexibly 
treated by different solutions, such as acerbic, alkaline, organic or 
polymer solvents to changes its mechanical property, which is greatly 
helpful for the construction of heterogeneous structure and the 
improvement of actuation behavior of hydrogel-based actuator in an 
aqueous environment. This thermo-responsive deformation of the 

bilayer hydrogel-based actuator can be realized when environment 
temperature is above and subsequently below the lower critical solution 
temperature (LCST) of PNIPAM hydrogel, resulting in the contraction 
and expansion of hydrogel network (Fig. 1b2-d2) and a fast, reversible, 
bidirectional bending/recovery action (Fig. 1b1-d1). Compared with the 
traditional double-layer hydrogel structure, our design presents excel-
lent actuation performance, typical bending velocity of 140.6◦ s− 1 

within first 5 s and bending amplitude of 850.0◦ in hot water, powerful 
recovering to the initial state within 2 min in cool water, and reversed 
bending to the maximum bending amplitude of 1377.1◦ within 5 min. 
Meanwhile, a series of controllable and programmable deformations are 
realized by well-designed patterned architectures. The universality for 
constructing the bilayer hydrogel-based actuator is verified by changing 
the component and type of responsive hydrogel or physical property of 
passive layer, favoring the actuator alterable ethanol-sensitive ability, 
photothermal drivability and regenerability. 

2. Material and methods 

2.1. Materials 

N-isoproplacrylamide (NIPAM) monomer, purified by tertiary 
recrystallization, was purchased from Shanghai Aladdin Chemical Agent 

Fig. 1. Schematic illustration of the thermo-responsive deformation mechanism of the bilayer hydrogel-based actuator. (a1-a3) Schematic illustration of the 
morphology of Aldrovanda vesiculosa at different parts including (a1) overall view, (a2) an opening trap, and (a3) striated motor zones. (b1-d2) Schematic rep-
resentation of the actuation behavior and corresponding hydrogel network of bioinspired bilayer hydrogel-based actuator in (b1, b2) contraction state, (c1, c2) 
original state, and (d1, d2) expansion state. The PNIPAM hydrogel presents a volume contraction after dehydration when the external ambient temperature is higher 
than the LCST of PNIPAM, resulting in the actuator bends toward the hydrogel side in hot water (b1,b2). Conversely, when the environment temperature is below the 
LCST of PNIPAM, the contracted hydrogel network would generate swelling, recovering and even expansion exceeding its original volume, resulting in actuator 
recovering (c1,c2) and reverse bending toward paper side in cool water (d1,d2). This bending-recovery process is reversible. 
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Co., Ltd (China). The synthetic hectorite “Laponite XLG” ([Mg5.34Li0.66 
Si8O20(OH)4]Na0.66) was purchased from Rockwood Chemicals Co., Ltd 
(China), and used as the inorganic clay after drying at 130 ℃ overnight. 
Acrylamide (AAM), N-N′-methylenebis(acrylamide) (MBAA), 1-Hydrox-
ycyclohexyl phenyl ketone (Irg. 184), 2–2′-azo-bis-(2-methyl-
propionamidine) (V-50), 2-acrylamido-2-methylpropanesulfonic acid 
(AMPS), methanol, hydrochloric acid (HCl), N-methyl-2-pyrrolidone 
(NMP), ethanol, Poly(vinyl alcohol) (PVA 1788), Chitosan (CS, low 
viscosity, ＜200 mPa s), Glutaraldehyde, carbonnanotube (CNT) and 
Sodium hydroxide (NaOH) were purchased from Shanghai Aladdin 
Chemical Agent Co., Ltd (China). Airlaid paper, stored at 60 ℃, was 
purchased from Suzhou TaiNuo Purification Co., Ltd (China). All other 
chemicals used in this work were commercially available and analytical 
pure, and were used without any further purification. Deionized water 
(18.25 MΩ cm at 25 ℃) from a ultra-pure water system (Shanghai 
GaoSen Instrument Equipment Co., Ltd) was used throughout the 
experiments. 

2.2. Preparation of PNIPAM-clay nanocomposite hydrogel 

The synthetic procedure for PNIPAM-clay (NC) nanocomposite 
hydrogel was the same as that reported previously [7]. Typically, uni-
form aqueous solution containing NIPAM monomer, crosslinker 
(Laponite XLG), and photoinitiator (Irg. 184) was prepared. The cross-
linker (Laponite XLG, 10–100 mmol L− 1) was first dispersed in water 
and stirred for 4 h. Then, the NIPAM monomer (1.0 mol L− 1) was added 
into the clay suspension and stirred in an ice-water bath for another 2 h. 
Subsequently, photoinitiator solution (2.26 mg Irg. 184 was dissolved in 
100 μL methanol) was added into former solution in ice-water bath with 
stirring. The concentration ratio of photoinitiator to monomer was fixed 
at 0.2 wt%. Throughout all experiments, oxygen was excluded from the 
system by a continuous infusion of nitrogen. Then, the precursor solu-
tion was injected into the molds (40 mm × 10 mm in length × width) 
with two transparent quartz glass plates and a silicon rubber spacer with 
a specific shape. Finally, the system was exposed to the ultraviolet 
irradiation (365 nm, 250 W) for 3 min in ice-water bath to obtain the NC 
hydrogel after peeling off the mold. A series of PNIPAM hydrogels with 
different clay proportions were prepared by changing the clay concen-
tration from 1 × 10− 2 mol L− 1 to 10 × 10− 2 mol L− 1 and the corre-
sponding samples were defined as NCx (x = 1, 3, 5, 7, 10) hydrogels. 

2.3. Preparation of P(AAm-co-AMPS) hydrogel 

AAm (0.887 g, monomers), AMPS (0.180 g, monomers), MBAA 
(0.035 g, a chemical cross-linker), V-50 (0.045 g, a photoinitiator) were 
dissolved in 8.86 mL deionized water and stirred to obtain a homoge-
nous solution. Then, the precursor solution was transfused into a reac-
tion cell composed of two transparent quartz glass plates and a silicon 
rubber spacer. After UV irradiation (365 nm, 250 W) for 4 min, the P 
(AAm-co-AMPS) hydrogel was obtained. 

2.4. Modification of airlaid paper and leaf 

The airlaid paper was physically or chemically modified by soaking it 
in different liquids overnight, and then dried under vacuum at 50 ℃. 
The modified liquids included 1 mol L− 1 HCl, NMP, ethanol, PVA so-
lution, CS solution and CNT-including suspension. The PVA solution 
(10 mg mL− 1) was prepared by dissolving PVA powder in deionized 
water at 60 ℃. The CS solution (10 mg mL− 1) was formed by dissolving 
CS powder in 1% acetic acid and deionized water. The CNT-including 
suspension (5 mg mL− 1) was produced by dispersing CNT and surfac-
tant sodium dodecyl sulfate (SDS, 1:2 wt%) in deionized water and 
sonicating for 30 min. The modified papers were successively called as 
“Paper-HCl”, “Paper-NMP”, “Paper-ethanol”, “Paper-PVA”, “Paper-CS”, 
and “Paper-CNT” and cut into specific sizes before use. Note that both 
“Paper-PVA” and “Paper-CS” were cross-linked by soaking in 1% 

glutaraldehyde solution for 24 h. The air-dried maple leaf was rinsed 
with deionized water. The fresh camphor leaf was picked and washed, 
then transferred into 10% NaOH solution and boiled for 10 min. After-
wards, a soft bristle brush was used to remove excess flesh, leaving a 
complete vein skeleton. All modified leaves were pressed at 60 ℃ for 
30 min to form films. 

2.5. Preparation of bilayer hydrogel-based actuator 

The airlaid paper with suitable dimensions (40 mm × 10 mm in 
length × width) and silicon rubber spacer with variable thickness were 
successively placed on the glass plate. The precursor solution mentioned 
above was injected into the mold with another glass plate to seal the 
vessel. Then the bilayer hydrogel-based actuator was prepared after in- 
situ polymerization under UV irradiation (365 nm, 250 W) (Fig. 2a1- 
a4). 

2.6. Characterization 

The surface and cross section morphologies of the samples were 
observed by a field-emission scanning electron microscopy (SEM, S- 
4800, Hitachi, Tokyo, Japan) at an acceleration voltage of 3 kV. Before 
the measurement, the samples were frozen in liquid nitrogen and then 
freeze-dried for more than 24 h at − 80 ℃ with a freeze-dryer (Shanghai 
Leewen Scietific Instrument Co., Ltd.). The volume phase transition 
temperature of the hydrogel was analyzed on a differential scanning 
calorimeter (DSC, TA DSC Q200, USA) by heating the hydrogel from 
25 ℃ to 50 ℃ at a scanning rate of 5 ℃ min− 1 under nitrogen. For the 
tensile mechanical properties of the papers and hydrogels, the samples 
were cut into a test rectangular shape (40 mm in length, 10 mm in 
width), and were evaluated by using the mechanical testing machine 
(Instron 5943, USA) at a displacement rate of 10 mm min− 1. The 
Young’s modulus of samples was obtained by calculating the slope of the 
stress-strain curve at strain of 0–5%. In order to evaluate the binding 
force between airlaid paper and hydrogel, the samples were fixed to the 
glass sheet for interface peel test by using the mechanical testing ma-
chine at a rate of 10 mm min− 1. At least five samples were tested for 
each experimental condition to obtain statistically reliable values. 

In order to evaluate the actuation behaviors of the bilayer hydrogel- 
based actuators, two glass jars loaded with deionized water were heated 
to 20 ℃ (cool water) and 50 ℃ (hot water), respectively. The hydrogels 
were all cut into strips of 40 mm in length and 10 mm in width, one end 
of the long axis of the hydrogel was secured with a clamps, and the other 
end was in free suspension. Subsequently, the hydrogel strip was 
immersed vertically in hot water, and the strip bended quickly toward 
the hydrogel side in response to the high temperature. Once the 
maximum bending angle was reached, the strip was transferred to cool 
water again to recover and even bend in the other direction. The whole 
dynamic process was recorded with a digital camera to determine the 
bending angle of hydrogel by the screenshot at different time points. The 
bending angle-time relations were acquired by analyzing print screens 
with Image J software. The bending angle was determined by the 
deformation central angle as reported in previous research (Fig. S1) [8, 
22,32,44]. The bending amplitude was defined as the difference be-
tween the maximum bending angle and the initial bending angle. 
Bending velocity was calculated according to the bending angle in the 
corresponding time period. The bending-recovery test was repeated 20 
times to demonstrate the cycle performance. The above procedure was 
repeated five times for each sample to evaluate the reliability of the 
results. 

2.7. Finite-element analysis 

The finite element analyses were performed to reveal the stress dis-
tribution and demonstrate the swelling mechanism of the multiple 
patterned bilayer hydrogel-based actuators. An explicit model was 
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constructed in commercial package ABAQUS 6.14. The solid elements 
C3D8H were employed to characterize the three-dimensional hydrogel 
structure. The temperature shift was applied to the bilayer hydrogel- 
based actuators with different patterns, such as texture orientation of 
airlaid paper layer, the specific deformation of capital letters (“ZSTU”), 
and different grippers, to reveal the stress distribution. 

3. Results and discussion 

3.1. Microstructure of the thermosensitive bilayer hydrogel-based 
actuator 

The porous airlaid paper is composed of cellulose fibers and poly-
ester fibers and has a thickness of about 250 µm. The optical and SEM 
images obviously show the rough cellulose fiber bundles with striped 
structure at the obverse side of airlaid paper (Fig. 2b1; Fig. S2a,b, 
Supporting information) and smooth polyester fibers with random dis-
tribution at the reverse side of airlaid paper (Fig. 2b2; Fig. S2c,d). Ac-
cording to the bioinspired synergism, the contact between the reverse 
side of airlaid paper (polyester fibers) and hydrogel is not only condu-
cive to their close combination with each other, but also facilitates the 
actuation behavior by exposing the striated structure at the obverse side 
of the airlaid paper (cellulose fibers). From the SEM images of pure 
PNIPAM hydrogel without airlaid paper, the gel exhibits isotropic 
porous microstructure with the pore diameter about 20 µm (Fig. 2c1- 
c2). While the hydrogel-paper bilayer presents an interpenetrating 
interface due to the interconnection between the paper fibers and the 
hydrogel network (Fig. 2d1-d4) with the thickness ratio of the paper 
layer to the hydrogel one about 1:4 (Fig. 2d1, hpaper/hhydrogel = 1:4, the 
thickness of the hydrogel layer is about 1000 µm). 

3.2. Temperature-responsive actuation behavior of bilayer hydrogel-based 
actuators 

3.2.1. Effect of hydrogel layer on actuating performance 
PNIPAM hydrogel as a well-known thermal-responsive polymer has 

obvious changes in volume and pore diameter before and after the phase 
transition due to the volume contraction after dehydration when the 
external ambient temperature is higher than the LCST of the active layer 
(Fig. S3). While the passive layer retains unchanged, resulting in the 
actuator bends toward the hydrogel side in hot water (Fig. 1b1). 
Conversely, when the environment temperature is below the LCST of the 
active layer, the contracted hydrogel network would generate swelling, 
recovering and even expansion exceeding its original volume, resulting 
in actuator recovering and reverse bending toward paper side in cool 
water (Fig. 1c1,d1) [50,51]. Therefore, the anisotropic actuation motion 
is primarily induced by the large mismatch in volume change and stress 
of these two layers. The actuating performance of the bilayer 
hydrogel-based actuator under temperature stimulus was evaluated by 
measuring the bending angle-time relations and bending velocity in 
water (Fig. S1). Here, we define an effective actuation force (Feaf ) to 
evaluate the actuation performance [7,42,52,53], the larger this value, 
the better actuation performance. This Feaf can be described through a 
simple equation 

Feaf = Fhaf − Fhr +Fpaf − Fpr (1)  

where Fhaf is the actuation force caused by temperature responsive 
volume contraction/expansion of hydrogel layer, Fhr is the resistance of 
hydrogel layer, including its own gravity, pressure of water, internal 
stress, etc. Fpaf is the actuation force of paper layer, which can be 
ignored because of the insensitive to temperature for paper layer. Fpr is 
the resistance of paper layer. According to this equation, we can quali-
tatively evaluate the actuation performance of bilayer hydrogel-based 
actuator. 

As a typical bilayer structure, the component and relative thickness 

Fig. 2. Preparation and morphology characterization of the bilayer hydrogel-based actuator. (a) Schematic illustration of the fabrication process of the bilayer 
hydrogel-based actuator; SEM images of (b1) obverse side and (b2) reverse side of airlaid paper; SEM images of (c1) obverse side and (c2) reverse side of PNIPAM 
hydrogel; SEM images of cross section of bilayer structure at different locations including (d1) overall view, (d2) top layer, (d3) middle interface, and (d4) bot-
tom layer. 
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of hydrogel layer and texture orientation and mechanical property of the 
paper layer will influence the actuating performance of bilayer 
hydrogel-based actuator. Herein, a series of PNIPAM hydrogels with 
different clay proportions (NCx, x = 1, 3, 5, 7, 10) were first prepared. 
The DSC results show that with the increase of clay concentrations in the 
range of 10–100 mmol L− 1, the LCST of NC hydrogel increases gradually 
form 31.8 to 33.3 ℃ (Fig. S4) and the thermos-responsive volume- 
changing rate will decrease [7,54]. This could be attributed to the 
restricted coil-to-globule phase transformation of NIPAM chains by 
steric hindrance of clay platelets at sufficiently high clay concentrations 
[54,55]. The clay concentration in the reaction system greatly influence 
the actuation behavior of bilayer structure at a given hpaper/hhydrogel of 
1:4. The bilayer NC1 hydrogel-based actuator demonstrates a bending 
deformation towards hydrogel side under the generated Fhaf due to the 
volume shrinking of hydrogel in the 50 ℃ hot water and gradually re-
verts to its original state in the 20 ℃ cool water (Fig. S5a,b). The bilayer 
NC3 hydrogel-based actuator presents a quicker bending deformation to 
123.7◦ in the first 5 s and to 608.6◦ at 30 s in the hot water, and quick 
recovery in the cool water within 2 min (Fig. 3a1). The bending velocity 
and maximum bending angle decrease with the further increase of clay 
concentration in the reaction system (Fig. S5c,d), until the mechanical 
force caused by the conformational change in NC10 hydrogel is too little 

to support regular bending. Theoretically, the Fhr and Fpr basically 
remain constant, while the Fhaf decreases with the increase of clay 
concentration, resulting in the gradual decrease of Feaf and the reducing 
of actuation performance of bilayer hydrogel-based actuator. Notewor-
thily, the tight connection between the paper layer and the PNIPAM 
hydrogel one is verified by the interface peel test. During the peeling 
process, no interface delamination is observed until the hydrogel layer 
was broken (Fig. S6), indicating the strong combination between PNI-
PAM hydrogel and paper layer. 

In addition, the relative thickness of the paper layer and the hydrogel 
layer also greatly affects the actuating performance of the bilayer 
hydrogel-based actuator (Fig. S7). It should be noticed that the iso-
tropous monolayer hydrogel without airlaid paper (hpaper/hhydrogel =

0:4) shows only volume contraction/expansion without obvious 
bending behavior in cool water or hot water. With the hpaper/hhydrogel 
increasing form 1:3 to 1:7, the actuating performance increases first and 
then decreases, with the maximum bending velocity in the first 5 s and 
bending amplitude for the first 30 s obtained in the bilayer system with 
hpaper/hhydrogel = 1:3. Since the hpaper/hhydrogel affects both Fhaf and Fhr, 
the actuating performance will be decreased due to the reduced external 
output force for the bilayer system with greater hpaper/hhydrogel [8,56]. 
The finite element simulation vividly shows the programmed bending 

Fig. 3. Effect of mechanical property of paper layer treated by different solution on actuation performance of bilayer hydrogel-based actuators. (a-c) Optical 
photographs of bidirectional deformation process of bilayer hydrogel-based actuators with different mechanical property of paper layer. The bilayer strip was 
immersed vertically in hot water or cool water with the hydrogel side towards left (Scale bars were 1 cm.) (d) Schematic illustration of paper modulus related 
bending mechanism of the bilayer hydrogel-based actuators. The paper layer with lower modulus would reduce the resistance of actuator during deformation, 
resulting in faster bending rate and greater bending angle, vice versa. The relationship between the bending angle and time of different actuators in (e) hot water or 
(g) cool water, respectively. The overall bending amplitude and the initial bending velocity during the first 5 s or 60 s of different actuators in (f) hot water or (h) cool 
water, respectively. (i) Comparison of bending amplitude and bending velocity between our bilayer hydrogel-based actuator and other hydrogel-based actuators. All 
bilayer structures were prepared with NC3 hydrogels at a given hpaper/hhydrogel of 1:4. 
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process of bilayer hydrogel-based actuators with different stages 
(Fig. S8). These results indicate that the specifically actuating perfor-
mance of bioinspired bilayer hydrogel-based actuator can be precisely 
adjustable by intentionally optimize the experiment parameters for 
broadly potential applications in certain situations. 

3.2.2. Effect of airlaid paper layer on actuating performance 
Commercial airlaid paper has a certain orientation for rough cellu-

lose fiber bundle (Fig. 2b1). Therefore, we first focus on the effect of 
texture orientation of airlaid paper on the actuating behavior of bilayer 
hydrogel-based actuator. We define the angle between the direction of 
fiber bundle arrangement and the direction of long axis of strip-shaped 
actuator as the orientation angle of paper. As shown in Fig. 4, the bilayer 
actuator with different orientation angles of paper (0◦, 30◦, 45◦, 60◦, and 
90◦) could be designed and exhibit multimodal deformation when 
exposed to hot water (Movie S1). The bilayer actuators with 0◦ and 90◦

orientation angles could produce bending deformation along the short 
and long axes (Fig. 4a1 and e1), respectively, while the bilayer actuators 
with 30◦, 45◦ or 60◦ orientation angles can be twisted into a helix with 
the helix radius increasing with the orientation angle (Fig. 4b1-d1). In 
fact, different deformation models have the same deformation direction, 
that is, bending occurs in the direction perpendicular to the texture 
orientation of strip-shaped actuator under the temperature stimulation 
[14,57,58]. These deformations can be simulated and predicted by 
constructing a finite element modeling of the shape transformation 
(Movie S2). The calculated stress distribution during deformation for all 
actuators presents a nice consistency in the theoretical simulation and 
experimental results (Fig. 4a2-e2, a3-e3), confirming the accurately 
controllable structure and programmable deformation of bilayer 
hydrogel-based actuator. The experiment results and force analysis also 
confirm that the mechanical anisotropy is closely related to the defor-
mation model. Under the condition of keeping other parameters 
consistent, the direction of Feaf determines the deformation direction 
and the deformation form. Our experiment results verify that the 
anisotropic fiber bundle structure of airlaid paper brings its distinctively 
mechanical anisotropy (Fig. S9a-c). With the increase of orientation 
angle of airlaid paper, the maximum stress and Young’s modulus 

gradually decrease, while the corresponding strain increases. Mean-
while, the bilayer actuators formed by PNIPAM hydrogel and different 
orientated papers also have anisotropic mechanical property (Fig. S9d-f) 
except for the relatively unchanged maximum strain when compared to 
the pure airlaid paper. Therefore, when the hydrogel layer undergoes 
isotropic volume contraction and generate isotropic actuating forces 
under temperature stimulation, the bilayer actuators are more likely to 
deform along the direction perpendicular to the texture orientation of 
strip-shaped actuator, and result in various deformation forms just like 
bending helix because the paper layer provides less resistance in this 
direction (possible one order of magnitude lower). In short, the direction 
of the paper’s texture determines the direction of actuator deformation. 

In order to further improve the actuating performance, an effective 
strategy is to reduce the Fpr in Eq. (1), namely change the mechanical 
properties of the paper layer in a specific method. Therefore, we adopted 
a series of physical or chemical treatments by soaking the airlaid paper 
in different liquids including ethanol, HCl, NMP, PVA, and CS solutions 
to adjust the mechanical property of airlaid paper. From the SEM im-
ages, we can see that the bundles of cellulose fibers gradually break 
down into smaller fibers after being treated with acid (Paper-HCl, 
Fig. S10c) or strong solvent (Paper-NMP, Fig. S10d). The fiber surfaces 
are also loaded with a layer of molecular film after being treated with 
polymer solution (Paper-PVA and Paper-CS, Fig. S10e,f). Moreover, the 
paper’s thickness, areal density, the maximum stress and Young’s 
modulus decrease for HCl and NMP treated samples, while the samples 
treated by polymer solution display an opposite rule (Fig. S11). In 
particular, the Young’s modulus of Paper-HCl and Paper-CS are 
2.14 ± 0.16 MPa and 17.84 ± 1.17 MPa, respectively, presenting a 50% 
reduction and 320% increase when compared to the untreated paper 
(4.28 ± 0.44 MPa). The changes in the mechanical property of paper 
layer greatly affect the actuating performance of bilayer hydrogel-based 
actuators. With the increase of Young’s modulus of modified paper, the 
actuating performances of bilayer hydrogel-based actuators (NC3) 
decrease significantly (Fig. 3a-c; Fig. S12) because the paper layer with 
lower modulus will reduce the resistance of actuator during deforma-
tion, resulting in faster bending rate and greater bending angle (Fig. 3d). 
Of particular note is that the bilayer hydrogel-based actuator prepared 

Fig. 4. Effect of texture orientation of airlaid paper layer on actuating performance. (a1-e1) Design of actuators, (a2-e2) simulation of stress distribution, and (a3-e3) 
experiment results demonstrate a nice consistency in the theoretical simulation and experimental results for multimodal deformation of bilayer hydrogel-based 
actuators with different orientation angles of airlaid paper layer including (a) 0◦, (b) 30◦, (c) 45◦, (d) 60◦ and (e) 90◦ in hot water. All of the actuators were pre-
pared by NC3 hydrogels with hpaper/hhydrogel = 1:4. Scale bars were 1 cm. 
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with HCl treated paper demonstrates unprecedented temperature- 
responsive deformation with an astonishing 703.2◦ bending within 5 s 
and 850.0◦ bending amplitude in 30 s in hot water, and 2-min recovery 
ability and reversed bending up to 1377.1◦ within 5 min when it is 
transferred to cold water (Fig. 3e-h; Movie S3). This bilayer hydrogel- 
based actuator exhibits excellent reversible and repeatable responsive-
ness, and could perform cycled deformation at least 20 times during 
heating and cooling processes without any noticeable loss of perfor-
mance (Fig. S13). The optimized bilayer hydrogel-based actuator has 
more significant advantages in actuating performance, showing faster 
bending velocity (140.6◦ s− 1 in the first 5 s) and larger bending ampli-
tude (850.0◦) when compared to many reported temperature-responsive 
hydrogel-based actuators (Fig. 3i). 

3.3. Applications and devisable functionality of bilayer hydrogel-based 
actuators 

Based on the proposed bilayer structure, we design a series of pattern 
architectures to implement some special deformation. In order to realize 
this purpose, an airlaid paper with special design and geometry pattern 
was used for the construction of temperature-sensitive bilayer hydrogel- 
based actuators. Typically, four letter actuators with alterable geometry 
patterns and inhomogeneous structures are elaborately designed 
(Fig. S14). The well-designed actuators with local bilayer structures can 

perform the adjustable bending direction and bending amplitude via the 
local inhomogeneous volume shrinkage and stress distribution in order 
to realize the complexly controllable motion of soft actuators in hot 
water. In order to realize the bending of two ends of actuators towards 
completely opposite directions (such as “Z”, “S” and “T”), the paper 
layer at joints are controlled to be opposite (Fig. S14). The theoretical 
simulation and experimental results agree well with each other, pre-
senting the deformation of capital letters “ZSTU” (the English abbrevi-
ation of Zhejiang Sci-Tech University) in hot water (Fig. 5a-d; Movie S4 
and Movie S5). Some temperature-controlled grippers with three arms, 
four arms and five arms are demonstrated from both practically and 
theoretically to accomplish petal-type closing and opening at an alter-
nating hot and cold environment (Fig. S15). A wireless or wired capture 
and transportation of a tin foil paper ball can also be realized by a three- 
arm gripper with bilayer structure (Fig. S16). 

To one’s excitement, the universality and the effectiveness of the 
proposed method in constructing bioinspired bilayer structure as soft 
actuator is demonstrated by changing hydrogel layer or paper layer. 
First, the ethanol-sensitive P(AAm-co-AMPS) hydrogel was used as a 
substitute of thermosensitive PNIPAM hydrogel to prepare bilayer 
hydrogel-based actuator, demonstrating bending deformation toward 
the hydrogel layer in the ethanol bath because of the ethanol-induced 
volume contraction, a quick recovery and reversed bending in a water 
bath (Fig. 5e; Fig. S17). By soaking the airlaid paper with CNT-including 

Fig. 5. Applications of bilayer hydrogel-based actuators and universality of the proposed method. (a1-d1) Design of actuators, (a2-d2) simulation of stress distri-
bution, and (a3-d3) experiment results of bilayer hydrogel-based actuators, demonstrating programmable deformation in hot water. Actuators with different ar-
chitectures carried out specific deformation of capital letters: (a) “Z”, (b) “S”, (c) “Z”, and (d) “U” in hot water (“ZSTU” is the abbreviation of Zhejiang Sci-Tech 
University). (e-g) The universality of the proposed method was demonstrated by changing (e) hydrogel layer or (f, g) paper layer. (e) The optical photographs showed 
that P(AAm-co-AMPS) hydrogel displayed the typical (e1) left bending (in ethanol), (e2) recovery (in water), and (e3) right bending (in water) deformation process. 
(f, g) The optical photographs showed that (f) maple leaf or (g) leaf vein skeleton was used to replace paper layer to realize the typical (f, g1) wither (in hot water) or 
(g2) bloom (in cool water) deformation process. Scale bars were 1 cm. 
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solution, the obtained bilayer actuator displays photothermal drivability 
in cool water under laser irradiation (Fig. S18). By replacing the airlaid 
paper by maple leaf or leaf vein skeleton, the bilayer actuator realizes 
the typical wither (in hot water) or bloom (in cool water) deformation 
(Fig. 5f,g; Movie S6). Based on this strategy, we can realize the 
personalized customization of actuating type and deformation mode, 
and even integrate sensor or controller to build multi-function actuator. 

At last, the regenerability of bilayer hydrogel-based actuator was 
also researched by a process of air-drying and re-swelling [59]. When 
the air-dried bilayer structure touches the cool water again, it will 
re-swell to restore the original form and function in a short time (~65 s), 
gradually swell and right bend to the maximum angle (− 339.0◦) within 
3.5 min, and then rapidly carry out the left bending in the hot water 
(~15 s) (Fig. S19). The reversible actuation process has been repeated at 
least for 20 cycles within 4 weeks, indicating its good stability (Fig. S20). 
This air-drying and re-swelling strategy significantly extends the service 
life of actuator at the expense of some actuation performance decrease. 

4. Conclusion 

Inspired by the fast underwater motion of snap-traps of the Aldro-
vanda vesiculosa, we reported a bilayer hydrogel-based actuator con-
sisting of hydrogel layer and airlaid paper layer through a simple and 
effective in-situ polymerization. By optimizing the structure-related 
parameters of the bilayer actuator, such as the component and relative 
thickness of hydrogel layer, texture orientation and mechanical property 
of the paper layer, the bilayer hydrogel-based actuator presented 
multimodal deformation with impressive bending velocity (140.6◦ s− 1 

within first 5 s) and bending amplitude (850.0◦ within 30 s) in hot 
water, and excellent recovery and bidirectional bending performance in 
cool water. Meanwhile, we designed and assembled a series of well- 
designed pattern architectures, and successfully carried out program-
mable deformation including “ZSTU” capital letters and different grip-
pers by means of the combination of theoretical simulation and 
controllable experiment. Quite interestingly, we could take advantage of 
the universality of the proposed method in constructing bioinspired 
bilayer structure as soft actuator to achieve the personalized custom-
ization of actuating type and deformation mode by arbitrarily changing 
the hydrogel layer or the paper layer. Our proposed bilayer hydrogel- 
based actuators could provide design inspiration in the field of soft 
robot, hydrogel actuator, artificial muscles, flexible electrics, and 
intelligent human-machine technology. 
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