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A B S T R A C T   

Shape memory polymer (SMP) has demonstrated practical applications, including aerospace structures, medical 
devices, and flexible electronics. The programmability and controllability provide essential convenience for 
many device applications. Imperfectly, once a programmed temporary shape is deployed into a permanent shape, 
it cannot recover to the programmed shape without being reprogrammed. Here, through differential thermal 
expansion material synergistic design constructing stress-mismatching structure. The bilayer actuator is con-
structed, featuring excellent mechanical strength and toughness, responsive to light, humidity and electric field. 
The multi-dimensional cross layer of carbon material and intrinsic humidity response of shape memory polyurea 
(SMPU) is an active layer and PET is a passive layer. The bilayer actuator bends 140◦ within 5 s under 30 V 
voltage and recovers quickly within 20 s. Controlling the angle of light, the wheeled robot could crawl back and 
forth 20 cm, also achieving the bionic actuators, and deployable structures with an automatic roll-unfold.   

1. Introduction 

Stimuli-responsive materials, transforming their shape and func-
tionality facing external stimuli, possess diverse applications including 
bio-inspired robots [1–3], soft manipulators [4,5], alarm actuating [6], 
protective equipment [7,8], and deployable solar arrays [9,10]. Shape 
memory polymer (SMP), a stimuli-responsive material with program-
mability, has been applied in the space deployable structure [11], 
deploy the national flag on Mars [12] through electricity, light, and 
magnetic field to trigger shape recovery with large deformation capa-
bility. Concentrating on studying SMP includes one-way, two-way, and 
multiple shape memory effect [13]. Then, one-way and multiple SMP 
have one or more temporary shapes with irreversible unidirectional 
recovery [14]. Compared with one-way SMP, two-way SMP is capable of 
reversible deformation between two despised shapes and consists of 
liquid crystal elastomers (LCEs) [15,16], and semi-crystalline polymers 
[17,18]. Deformation of LCEs depends on anisotropic-to-isotropic of 

mesogens, leading to contraction and expansion with only axial 
contraction and torsion without large area folding deformation ability 
[19,20]. Besides, semi-crystalline polymers have an ability of crystalli-
zation induced elongation and melting-induced contraction, but this 
demonstrate a small reversible strain so that it cannot be applied to large 
reversible deformation structure. Most SMP in deployable structures 
with a one-way shape memory effect, demonstrate that one program can 
only be expanded once at a time meaning that folding again requires 
reprogramming, which is difficult to accomplish on the space station 
[12]. Besides, two-way SMP will have a remarkable application in se-
lective filtration, self-programmable window shades so that it is neces-
sary to development of reversible actuators with rapid response to 
multiple stimuli [21,22]. 

Different from the deformation mechanism of SMP, a bilayer stimuli- 
responsive material is capable of reversible deformation based on un-
balanced structural properties, such as the coefficient of expansion 
variance [23], and humidity-response [24,25]. The bilayer structure 
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consists of a passive layer and an active layer that is composed of by 
some electrical, light, and magnetic responsive materials, such as iodine- 
doping rGO/rGO [26], GO-CNT/PDMS [27], CNT/PC [28], and PEDOT: 
PSS/PDMS [29], which demonstrate high responsive sensitivity as well 
as reversibility. The bilayer structure can actively deform according to 
the set pattern under external stimuli, and also recover after removing 
external stimuli, mainly including bending and torsional deformation, 
such as a flower-shaped actuator [30], leaf-shaped actuator [29], and 
gripper actuator [26]. Specifically, bilayer actuators are mostly focused 
on an instinctive bending deformation based on an asymmetric expan-
sion without preprogrammed temporary shape [31–33]. 

Therefore, integrating the programming of SMP with the reversible 
actuation of a bilayer structure, reversible responsive material is 
promising application in more convenient deployment structures. 
Herein, we construct an ingenious bilayer strategy for developing multi- 
responsive actuators applying in bionic actuators and deployment 
structures, which consist of three components: (1) intrinsic humidity 
response PU providing programmability. (2) 1D graphene and 2D car-
bon nanotubes interact to improve electrical conductivity. (3) PET as a 
passive layer to ensure unbalanced stimulus response behavior. The 
passive layer was inert to stimulus environment, converting the isotropic 
volume change to a macroscopic bending deformation [29]. The bilayer 
actuator possesses multiple stimulus-responsive capability and is trig-
gered by humidity, electric field and simulated sunlight, attributing to 
humidity-responsive poly-hydroxyl and carboxyl groups, electric- 
thermal and photo-thermal of CNTs and GO. We demonstrate the 
application of the PU@CNTs-GO/PET bilayer actuator in bionic actua-
tors (e,g., artificial flower, mimosa, wheeled robot, and wing of the 
butterfly) and programmed folding structures in spatial deployment 
structures by 300–2500 nm simulated sunlight, and a voltage limiter. 

2. Experimental section 

2.1. Materials 

Poly(propylene glycol) bis(2-aminopropyl ether) (ED, Mn = 2000 g 
mol− 1), methylene-bis(4-cyclohexylisocyanate) (HMDI, 99 %), D-Tryp-
tophan (DTP, 98 %) and N,N-dimethylacetamide (DMAc, 99.8 %), CNTs 
and nanographene sheets were purchased from Macklin (China). 1,3- 
Diamino-2-propanol (DMPP, 97 %) was purchased from Aladdin 
(China). PET was purchased from Shanghai Baixin Material Co. LTD. 

2.2. Preparation of PU film 

DMAc was drastically dried by the 4A molecular sieve about above 
48 h, and ED2000 was dehydrated keeping 1 h at 120 ◦C in vacuum. 
Minutely, 50 wt% D2000(2.5 g) in DMAc was added into 50 wt% HMDI 
solution stirring acutely at room temperature for 0.5 h. Subsequently, 
the reaction solution was placed in ice bath with 7 wt% DMPP (0.7 g) in 
DMAc being added stirring 3 h. Then, 0.3 g DTP was added the reaction 
system stirring 24 h at room temperature. Finally, the reaction gunk was 
poured onto a glass plate and dried overnight to obtain light yellow PU 
film. 

2.3. Preparation of the PU@CNTs-GO/PET bilayer actuator 

Firstly, the active layer of ink was prepared. The ink was composed of 
equal GO nanoplates and CNTs (20 %), and PU (60 %) in DMAc stirring 
48 h to a homogeneous black viscous liquid. Next, the ink was deposited 
by spin coating at a rate of 800 rpm for 30 s onto the PET film. The 
bilayer composite film was dried in the oven at 80 ◦C. Finally, a laser 
cutter cut the composite film into a set shape. 

2.4. Characterization 

Scanning electron microscope (SEM, SU5000) was employed to test 

the section of the bilayer actuator. Mechanical properties were charac-
terized by the testing machine (SHIMADZU, AGS-X-10KN), and the 
strain rate was 30 mm/min at room temperature. Atomic Force Micro-
scopy (AFM) was employed to character surface morphology in wet and 
dry state. The simulated sunlight source was 200–2500 nm (QFS2500). 

3. Results and discussion 

3.1. Structural analysis of PU film 

Different from these composite materials by adding agarose, MXene, 
and cellulose to achieve humidity response [34,35], we fabricated an 
intrinsic humidity-responsive PU because of a large number of hydroxyl 
and carboxyl groups in the molecular structure. This preparation process 
was shown in Fig. 1a, firstly, through stepwise polymerization to get an 
isocyanate-sealed prepolymer, which continued to react with trypto-
phan. Owing to a large of tryptophan and the hydroxyl groups in the 
chain, the fabricated PU was super sensitive to moisture forming un-
balanced intermolecular H-bonding resulting in macroscopic deforma-
tion. As shown in Fig. 1b, the film could quickly rolled up on the wet 
filter paper with recovering on a dry filter paper. This process corre-
sponding to schematic diagram of microstructure change was shown in 
Fig. 1bii, and 1biv respectively, the absorbed water broken the H- 
bonding in PU molecules under water stimulus, while H-bonding would 
re-built under recovering to dry state and was reversibility. As shown in 
Fig. 1c, the pore size of the film in a dry state was completely different 
from a humidity state with an obvious increase. The pore was formed by 
the phase-separated structure, when the presence of water in the mo-
lecular network leading to a big expansion of phase separation nano-
structures [36]. Moreover, the dynamic process of absorption and 
desorption was mapped in the change of weight along with time in 
Fig. 1d, demonstrating that unbalanced expansion could be reversibly 
transformed only by variation of relative humidity. Multistage H- 
bonding could improve polymer strength and toughness resulting high 
strength and ductility of PU in Fig. 1e, because H-bonding as non- 
covalent sacrificial bonds was capable of extending the local damage 
at the crack tips to the entire polymer network to achieve energy 
dissipation and absorption [37,38]. Particularly, the H-bonding was 
broken when the PU film was exposed in moisture leading that strength 
of PU molecular network was weakened and the ductility was increased. 
Water molecules break the original intermolecular H-bonding cross- 
linked network in Fig. 1bii, and form slippable intermolecular H- 
bonding with side chain –OH and –COOH in Fig. 1biv, increasing the 
ductility of PU. From microstructure to mechanical properties to 
macroscopic deformation, it was fully demonstrated that the PU film 
was super sensitive to humidity. Herein, it was expected that PU film had 
ultra-sensitive human humidity response, and could bend quickly when 
finger closed, when finger was removed, it enabled recover original state 
reversibly (Fig. S1), and we could see clearly from Fig. S2 that there was 
no obvious deterioration of bend-recovery curves after 30 cycles. 

3.2. Structure of the actuator 

Different from traditional SMP with one-way effect, this actuator was 
composed of active/passive two layers of films with a reversible effect. 
In Fig. 2a, the preparation process was that the conductive ink was 
evenly coated onto PET film. An active layer of the conductive ink with 
humidity response, was constructed by a multi-dimensional structure of 
thermal materials and shape memory PU. The conductive ink, a black 
viscous liquid (PU@CNTs-GO) was shown in Fig. 2b, and the molecular 
network consisted of 1D GO nanosheets, 2D CNTs, and a polyhydric PU 
network terminated by tryptophan with carboxyl to improve humidity 
responsive sensitivity in Fig. 2c. Cross-sectional SEM image of 
PU@CNTs-GO active film had a dense and ordered layered structure, 
featuring of PU as “concrete” between CNTs-GO without visible gaps or 
voids in Fig. 2e. Besides, the uniform distribution of C, and O elements 
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the was presented by energy dispersive spectroscopy (EDS) without 
obvious aggregates in Fig. 2f, indicating evenly dispersed CNTs-GO 
nanoparticles [35]. The actuator had great flexibility and foldability in 
Fig. 2d. Section microstructure of the two-phase film was shown in 
Fig. 2g, clearly, the thickness of a passive and active layer was 0.04 μm, 
and 0.01 μm, respectively. A thin active layer benefited to improve the 
rapid sorption/desorption of humidity and expansion/flattening of 
heating [29]. 

3.3. Deformation mechanism of the actuator 

The bilayer actuator was composed of two materials with unbal-
anced thermal expansion coefficients that was the foot of driving force. 
Specifically, the deformation mechanism was shown in Fig. 3a under 
different stimulus conditions. The active layer was particularly sensitive 
to humidity because of a large number of –OH and –COOH that could 
absorb water to expand resulting in increasing of the distance between 
molecules, while the volume of the PET layer remained basically 

Fig. 1. (a) Chemical structure of humidity-responsive PU. (b) Macroscopic deformation of the film before (i) and after (ii) exposure to high humidity corresponding 
molecular structure (ii) and (iv). (c) Microscopic structural changes of the film in dry (i) and exposure humidity air (ii). (d) Variation of the weight of the film under 
RH 100 % and 25 % air. (e) Comparison of stress–strain curves with dry and soaked-12 h in water. 
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unchanged, and the closely connected two layers naturally bend in 
Fig. 3i. In contrast, in response to thermal stimulation in Fig. 3ii, the 
molecular chains of the active layer shrink and CNTs-GO had a smaller 
coefficient of thermal expansion than PET, so a natural bend occurred. 
Further, because the varying degrees of volume expansion and segment 
contraction were physical changes, and when the stimulus was removed, 

those changes would automatically recover. For example, whenever it 
came to electric fields, light, the active layer was triggered to produce 
contraction, leading to bending deformation toward an active layer, and 
the bending deformation was reversible along with the flattening of 
expansion in Fig. 3b. Demonstrably, in Fig. 3c, a simple pattern was 
triggered to bend nearly 180◦ under applying a 30 V voltage, 

Fig. 2. (a) Preparation process of the actuator. (b) Ropy conductive ink. (c) Molecular network structure of conductive ink. (d) The folded state of actuator. (e) SEM 
image of PU@CNTs-GO active film. (f) Corresponding EDS image. (g) Sectional microstructure of the actuator. 
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corresponding uniform IR thermal image along the current in Fig. 3d. 
Further, combined with IR imaging and temperature variation, the 
thermal uniformity and response rate of the actuator were investigated. 
Obviously, the IR thermal imaging of the actuator was uniform owing to 
no phenomenon of only local heat, and the surface temperature 
increased with the increase of voltage, corresponding to temperature 
curve with time along with fast rate of heating and cooling in Fig. 3f. 

3.4. Electric-thermal actuation performance of the actuator 

PU@CNTs-GO, an active layer with a stable mud-brick structure had 
excellent electric-thermal. To investigate the electrical response per-
formance of the actuator, we designed a beam-shaped structure, and 
researched actuation performance influence corresponding different 
beam-shape structure. As shown in Fig. 4a, the actuator was able to 
quickly bend to 140◦ applying 30 V voltage within 7 s with a defor-
mation rate of 20◦/s that was 4 times the recovery rate of SMP by 
heating [39], which indicated that the actuator had a large bending 
deformation ability and fast response performance. Notably, this 
bending angle was capable of automatic recovery with a recovery rate of 

96 % when removing a voltage (Movie S1), because part of the molec-
ular chain was permanently deformed leading not 100 % recovery. As 
shown in Fig. 4b, when the voltage was off, the actuator was capable of 
recovering to the original within 14 s, which was reversible, control-
lable, and different from a one-way shape memory actuator only pro-
gramming loops one at a time. The current flow direction directly 
affected the actuation performance of the actuator, so three beam 
structures were prepared (namely S1, S2, and S3) with the same di-
mensions (5 mm wide, 35 mm long) but different beam width (5, 10, and 
15 mm, respectively) to demonstrate actuation performance difference. 
Minutely, three kinds beam width was shown in Fig. 4c. When applying 
same 20 V voltage, the surface temperature S1, S2 and S3, was 32, 40, 
and 70 ◦C respectively. When applying same 30 V voltage, the surface 
temperature S1, S2 and S3, was 70, 90, and 120 ◦C respectively, which 
indicating that S3 had highest electric-thermal effect due to minimum 
resistance. PU had excellent thermal stability with minimum thermal 
decomposition temperature of 226 ◦C (Fig. S3) to ensure stable opera-
tion at 120 ◦C. The difference of temperature directly affected the 
deformation ability. As shown in Fig. 4d, the bending rate and recovery 
rate of S1, S2, and S3 were evaluated by applying 30 V voltage. 

Fig. 3. (a) Mechanism of reversible deformation of actuator. (b) Bending direction under different stimuli. (c) An electrically driven bending deformation and 
corresponding IR thermal image. (d) IR thermal image under different voltage. (e) Temperature variation curve with time. 
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Maintaining the same bending angle of 140◦, the bending rate of S1, S2, 
and S3 was 14, 20, and 28◦/s, which indicating that S3 had the fastest 
response speed due to most excellent electrothermal effect. However, 
the recovery rate of S1, S2, and S3 was 97 %, 96.5 %, and 94 %, and S3 
had the lowest recovery rate because the high temperature could cause 
irreversible deformation of the chain segments. By comprehensive 
comparison, S2 has a suitable response performance. Hence, the influ-
ence of voltage on S2 actuation performance was analyzed systemati-
cally in Fig. 4e. Applying 10 V voltage generated a temperature of 30 ◦C 
leading to small expansion imbalance with a bending of below 10◦, 
which indicated that the temperature of below 30 ◦C could triggered the 
actuator. 

Increasing to 20 V could generate about 40 ◦C temperature, and 
triggered a bending angle of 140◦ within 7 s. The removal of voltage 
enabled the bending angle to recovery an original state, which indi-
cating that the actuator could be driven at a lower temperature. 
Applying a 30 V voltage generated about 90 ◦C, and triggered a bending 
angle of 170◦ within 9 s, which demonstrated that the increase in 
voltage would cause the bending speed and angle to increase. As shown 
in Fig. 4f, bending and recovery of the actuator was reversible and 
repeatable stability. 

3.5. Potential applications in bionic actuators 

Controllable deformation ability along with the customizability of 
drive pattern and deformation path made it possible to achieve a variety 
of deformation applications for bioinspired active structures possessing 
perception and actuation capabilities. For electrical-driven actuator, the 
specific deformation path depended on the current flow direction. Just 
like a night flower with the future of closing during the day and 
blooming at night, the flower actuator converted a drooping petal state 

into a closed petal state under electric field stimulation in Fig. 5a, but the 
deformation was not ideal because complex path. Analogously, a 
mimosa actuator was demonstrated in Fig. 5b, when was stimulated by 
an electric field, achieve close to 60◦ of protective contraction just 3 s 
like a mimosa, and deformation stability after 8 s. However, because the 
paths were not exactly the same, the amount of contraction was not the 
same, demonstrating that the actuator was not suitable for complex 
deformation when driven by electric field. Some simple bending de-
formations can be used as smart sensors, such as a voltage-limiting 
protective part [40]. As shown in Fig. 5c, a 20 V voltage-limiting pro-
tective part was demonstrated, when the inflow voltage above 20 V, the 
overvoltage circuit was connected to triggered the bilayer actuator to 
bend, which signal was received by a sensor to send an alarm; when the 
voltage was lower 20 V, the bilayer could not bend without object 
covered sensors. Inversely, the alarm would be triggered with inflow 
voltage of above 20 V owing to bending of bilayer covering the sensor. 
Thus, the bilayer actuator can be a new approach to apply in warning 
device overvoltage circuit. 

Different from the electric-driven actuator with single deformation, 
light-driven actuator could achieve complex deformation. To demon-
strate the dexterous deformation of the bilayer actuator by light, we 
simulated some bionic structures for verification. The chameleon’s 
tongue can stretch to twice its own length in as little as 70 ms, taking 
down prey quickly and accurately [41]. As shown in Fig. 6a, we fabri-
cated a 5 cm-retroflex bilayer actuator with a structure of the active 
layer in outer layer to simulate the chameleon’s tongue. The retroflex 
bilayer actuator could quickly tongue with 20 mm just 6 s applying an 
NIR laser (0.5 W/cm2), and automatically shrink to crimp state just 3 s 
after removing NIR laser (Movie S2), which was promising in soft crimp 
robots. The outer active layer was contracted by the photo-thermal ef-
fect, showing a flattening deformation trend, resulting in the extension 

Fig. 4. (a) The bending deformation of the actuator applying an electric field. (b) The recovery process of the actuator removing an electric field. (c) The surface 
temperature of the three samples under different voltages. (d) Controlling constant deformation 140◦, deformation time and recovery rate of three samples under 30 
V voltage. (e) Bending angle of S2 under different voltages. (f) Repeatability test under 30 V voltage. 
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of the soft crimp robots. Besides, we designed a wheel robot that could 
move forward or backward by intermittently changing the direction of 
NIR laser. When the incident angle of IR light was 45◦, the top of the 
wheel was subjected to thermal contraction producing centripetal force 
to push the wheel forward 30 mm only 22 s in Fig. 6b. On the contrary, 
when the incident angle of photo was − 45◦, the wheel robot could 
reverse motion back to the starting point in Fig. 6c (Movie S3), which 
indicating that the development of intelligent wheeled robots was 
possible by reasonable design and precise control of the surrounding 
environment. Many plants in nature can sense external stimuli to 
regulate their flower petals. For example, a flower-shaped actuator in 
Fig. 6d, closed fleetly beyond 90◦ deformation within 5 s applying a 
simulated sunlight, when sunlight was off, the actuator recovered to its 
original blooming shape only 21 s, which simulated a closing – blooming 
deformation process (Movie S4). A constant switch to control sunlight 
enabled the actuator like a butterfly to keep fluttering wings in Fig. 6e, 

similar to the deformation mechanism of electric-thermal that thermal 
stimulation triggered the unbalanced phase change [42,43]. Compared 
with applying an electric field, sunlight was more convenient, and the 
actuator shape was not limited, which improved potential application 
value in soft biomimetic robot. 

3.6. Reversible actuation incorporating programmability of SMPU 

The advantage of SMP is programmable property that fixed a specific 
temporary shape adapting to the complex environments and enable it to 
recover original shape byapplying a specific stimulus, which were 
demonstrated in biomimetic intestinal stents [44], aerospace field [45]. 
A typical one-way shape memory process was shown in Fig. 7a, the 
bilayer actuator was fixed into a rolled-up temporary shape, recovering 
to the original shape by heating, but it could not recover again tempo-
rary shape, which was restricted by programming one loop at a time. A 

Fig. 5. (a) Closure – blooming flower-shaped actuator. (b) Mimosa-shaped actuator. (c) Schematic diagram of a 20 V voltage-limiting protective part.  

Fig. 6. (a) retractile actuator like chameleon tongue by nir drive. (b and c) The process photographs and ir thermal images of the wheel robot. (d) Closure – blooming 
flower applying simulated sunlight. (e) Butterfly-shaped actuator corresponding IR thermal images. 
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breakthrough, integrating the reversible actuation of the bilayer actu-
ator and shape memory programmability of PU, overcame the defects of 
irreversible of one-way shape memory effect and the problems of bilayer 
actuation without programmability. To better understand the pro-
gramming process and structure of the bilayer actuator, a model dia-
gram was presented in Fig. 7b. Notably, the green represented a passive 
layer, while the active layer was programmed into the outer layer with a 
6 cm long rectangle rolled into a cylinder. As shown in Fig. 7c, rolled-up 
shape was smoothly deployed to 6 cm only 40 s with a flattening speed 
of 1.2 mm/s in Fig. 7cii. Definitely, when the simulated sunlight was off, 
the bilayer was able to recover the original rolled-up shape only 24 s 
with a recovery speed of 2.5 mm/s, and the process could continue all 
the time only by controlling a light source switch. Corresponding to the 
IR thermal image in Fig. 7ciii and civ, simulated sunlight generated 
120 ◦C to trigger the active layer to unfold (Movie S5). To demonstrate 
the deformation ability and stability of the actuator, five cyclic tests 
were in Fig. 7d. The rolled up actuator was nearly 100 % flattened, and 
the recovery volume was basically stable at 4.5 cm. Generally, the 
bilayer actuator possessed a two-way shape memory effect with large 
deformation, quick response, and being remotely triggered by sunlight, 
which was possible to apply in space deployable structure. 

3.7. Future application concepts in space deployable structure 

The reversibility, photothermal-driven and stability of the actuator 
had been discussed, and we established some application models. For a 
deployable structure of space and the lunar surface, the intensity of 
sunlight could provide enough photo-thermal effect to trigger the 
bilayer actuator to deploy [12]. As shown in Fig. 8a, the bilayer actuator 
was designed to a folded flag state, and the flag was unfolded when 

exposed to the light, applying in the lunar surface flag unfolding struc-
ture (Movie S6), which did not require any additional mechanical force 
to drive. Similarly, the bilayer actuator simulated a satellite flexible 
solar panel. Theoretically, when a satellite was in the sunlight, the 
flexible wing structure would unfold to carry out work and be able to 
tighten in the absence of sunlight. Diversely, in Fig. 8b, the bilayer 
actuator was fixed directly to one end of the solar panel without pre-
programmed shape. Then, the active layer expanded to roll up when 
stimulated by light, so that solar panels normally receive sunlight to 
generate electricity. Finally, the bilayer was very promising in dustproof 
for solar panel battery of Mars rovers because this structure did not 
require complex structural design and bearing capacity calculation like 
satellite flexible solar panel. As we all know, the rover would deposit a 
lot of dust, affecting its power generation efficiency. The bilayer actu-
ator would lay flat on the solar panel to shield it from dust without 
sunlight, and roll up and take away the dust without affecting the solar 
panel work when there was sunlight, which demonstration process was 
shown in Figs. S2 and S3. In conclusion, the actuator as a reversible 
ingenious structure, achieved remote controllable deformation just by 
making proper use of sunlight. 

4. Conclusion 

Aiming at extending the one-way shape memory effect for reversible 
deformation, we designed a multi-stimulus responsive bilayer actuator, 
with excellent sensitivity to electricity, simulated sunlight/infrared 
light, and humidity. Applying a 30 V voltage, the bilayer actuator was 
capable of bending 140◦ within 5 s and achieving deformation of some 
bioinspired structures by designing the path of the current, such as 
tuberose, and mimosa. When the temperature was above 40 ◦C, the 

Fig. 7. (a) A programming process of one-way shape memory effect. (i) Original shape of single-layer PU composite film. (ii) Programming temporary shape. (iii) 
Recovery to permanent shape. (b) Structure diagram of bilayer actuator and circumference of deformation. (c) Reversible driving of bilayer actuator. (i) The folded 
state of programming, and (ii) unfolded state with a light on, corresponding IR image (iii) and (iv). (d) Five cycles curve of displacement and temperature as time. 
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bilayer actuator could be activated to bend 140◦. Simulated sunlight was 
able to trigger the bilayer to bend toward the light source, and by con-
trolling the light source, it could open and close like a flower, stir its 
wings like a butterfly, retractile actuator like a tongue of a chameleon 
and a wheel robot, which was used in bionic actuator. Combining the 
programmability of SMPU with the reversibility deformation of the 
bilayer actuator, a series of deployable structures were demonstrated. 
The actuator as a reversible ingenious structure, achieved remote 
controllable deformation just by making proper use of sunlight, which 
was promising in the spatial deployable structure, especially in Mars 
rover intelligent dustproof film. 
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