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Research highlights:

e Afacile strategy two-step vacuum filtration has been developed to fabricate a NIR light-
driven bilayer actuator.
e The actuator shows templated bending orientation exposed to NIR light, and exhibits

shape memory effect.



e Complex deformation such as twist is realized due to the shape memory effect.

ABSTRACT

Smart actuators with fast and reversible changes towards external stimuli have attractive
potentials in diverse applications. Here, we present the rational design and facile
fabrication of graphene oxide (GO) /poly (N-isopropylacrylamide) (PANIPAM) hybrid
film-based bilayer actuators, which display efficient and reversible bending/unbending
behaviors in response to repeated cycles of near-infrared (NIR) light irradiations. Our
bilayer actuator comprises a layer of GO, and a layer of GO/PNIPAM (GP) hybrid,
taking advantages of the NIR absorbance and photothermal conversion capability of GO,
along with the thermo-responsiveness of PNIPAM. Upon NIR light irradiation, GO
converts absorbed light into heat, which subsequently triggers the shrinkage of
PANIPAM chains, leading to the bending of the bilayer actuator. Owning to the shape
inertness of GO to the NIR light, repeated irradiations of NIR light cause the bilayer to
shrink/relax in an asymmetric manner, consequently leading to reversible
bending/unbending behaviors of the bilayer actuator. Remarkably, our actuator shows
templated bending orientation once exposed to NIR light, and exhibits shape memory
effect due to the incomplete recovery of PNIPAM chains. This shape memory effect is
retained in rectangular strips cut from the original disk-shaped bilayer and is exploited

to selectively achieve either bending or twisting deformation. As an interesting example



for potential practical utilization, a smart NIR light-driven forklift capable of lifting

goods has been built by pinning one side of the bilayer film.

Keywords: Graphene oxide; PNIPAM; NIR actuator; Smart forklift truck

1. Introduction

Smart actuators offer a well controllable and reversible shape variations in response
to environment stimuli, such as pH value, temperature., electricity, chemical energy,
solvent, humidity, and light [1-9], and have great potential for developing innovative
smart products, such as wearable computers, artificial muscles, electronic skins, smart
microrobots, and so on [10,11]. Therefore, numerous research efforts have been
dedicated to the rational design and construction of smart actuators on the basis of
various material systems, including shape-memory alloy or polymers, stimuli-

responsive materials, gels, liquid crystalline polymers and conjugated polymers [12-

18].

With the purpose of developing novel smart actuators, lightweight and cost-effective
carbon materials have been widely selected as preferred candidates owning to their
enchanting advantages, such as mechanical robustness, chemical/physical stabilities,
and high dimension variation properties [19]. In particular, as a new member in the
carbon family, graphene and its derivatives s (e.g., graphene oxide, GO) have shown
remarkable promise for fabricating smart actuators, because of their favorable

physical/chemical properties (e.g., large surface area, extraordinary flexibility,



mechanical strength, conductivity, thermal conductivity, as well as excellent
biocompatibility) [20-23]. To date, GO-based smart actuators have been engineered for
both fundamental and applied research. Qu et al., successfully developed fiber-type
smart actuators and robots via the laser reduction of GO fibers [24]. Sun et al.
described a facile photoreduction strategy for constructing GO/reduced GO bilayer
actuators utilizing focused sunlight irradiation [25]. These actuators employ water
molecules as triggering molecules, i. e., when exposed to moisture, the GO layer swells
as a result of the water-adsorption-induced expansion [26,27]. On the contrary, the
reduced GO layer shows insignificant deformation, due to the fairly low level of water
adsorption [14,28], resulting in asymmetric swelling, which accordingly induces
reversible bending/unbending behaviors of the bilayer actuator. However, the motions
of these actuators tend to be simple bending or straightening, more complicated

performance such as twist is hardly realized.

On the other hand, photoresponsive materials offer programmable and reversible
mechanical functionalities in photomechanical actuators, owning to their merits such as
contactless actuation, local and remote control, omitted use of connecting wires or
electrodes [29]. As a branch of photoresponsive materials, NIR-responsive
nanocomposites have attracted numerous attentions thanks to their minimal invasion,
and high transparency in the “biological window” [30]. They are usually composed of
NIR-absorbing nanomaterials, e.g., anisotropic metal nanostructures, carbon nanotubes

and graphene/GO, with a variety of soft matrices [31-35]._ While GO exhibit optical



absorption in visible and NIR region, it shows a great photothermal conversion
efficiency in the NIR band [36,37]. When incorporated into polymer matrices, it can
convert absorbed NIR light into thermal energy, increasing the temperature of
nanocomposites. The photothermal effect renders it an optimal candidate material for
fabricating new type of photomechanical smart actuators. Furthermore, free standing
GO films can be easily prepared by vacuum-assisted filtration macroscopic assembly
of GO dispersions. As a result, GO can act as both photothermal heater and supporting

matrix in the smart actuator.

Herein, we describe the fabrication of a novel NIR light-driven bilayer actuator, via a
facile two-step vacuum filtration method. Our bilayer actuator consists a layer of GO,
and a layer of GO/PNIPAM (GP) hybrid. The GO layer was formed via the by
filtration method, and subsequently coated with a layer of GO/Poly(N-
isopropylacrylamide) (GO/PNIPAM, GP) by vacuum-assisted filtration assembly. The
thermo-responsive PNIPAM swells below the lower critical solution temperature
(LCST, ~32 °C) and shrinks above the LCST in water [38]. The NIR-absorbing GO
sheets convert absorbed NIR light into thermal energy, which triggers the shrinkage of
PANIPAM chains. Since the shape of the GO layer remains unaffected by the NIR
light, repeated cycles of NIR light irradiations induce the asymmetric
shrinkage/relaxation of the bilayer, thus endowing the reversible bending/unbending

capability of the bilayer actuator.



Intriguingly, our bilayer actuator has shown “templated” bending orientations, and
displays a shape memory effect, which can be attributed to the incomplete recovery of
PNIPAM chains. Owning to this shape memory effect, complex performance such as
twist has been achieved, and a smart NIR light-driven forklift truck has been

constructed.

2. Experimental

2.1 Materials. Graphite was purchased from Uni-Chem. N, N-dimethyl formamide
(DMF), Ether, ethanol, N-isopropylacrylamide (NIPAM), and 2,2’-Azobis-
(isobutyronitrile) (AIBN) were purchased from Sinopharm Chemical Reagent Co., Ltd.
NIPAM was recrystallized from a mixture of hexane and benzene (5:1 v/v). AIBN was

recrystallized from ethanol.

2.2 Synthesis of PNIPAM and GP mixture. A typical procedure for synthesizing
PNIPAM was performed as follows: the NIPAM (1g) was first dispersed in ethanol (10
mL) under the protection of N> flow, then the initiator AIBN (5.8 mg) was added and
the polymerization was carried out at 70 °C for 2 hours. Afterwards, the products were
precipitated in a large excess of ether, and the white polymer was collected by
filtration, dried at 40 °C under vacuum overnight. The molecular weight of PNIPAM is

8049 Da (Fig. 1(a)).

PNIPAM (3 mg) and GO (25 mg) were mixed together in water (10 ml) for 24 hours

at room temperature, denoted as GP (Fig. 1(b)).



2. 3 Fabrication of soft GO/GP bilayer actuator. To prepare the GO/GP bilayer film,
GO aqueous (0.5 mL, 5 mg/mL) dispersion was filtrated through an acetate fiber
Millipore filter (0.45 um in pore size and 47 mm in diameter). Subsequently, the GP
(10 ml, 2.8 mg/mL) aqueous dispersion was filtrated through the first layer to form the

bilayer actuator.

2. 4 Characterization. The thicknesses were carefully determined using scanning
electron microscopy (SEM). SEM images were obtained with SEM (Quanta 400 FEG).
SEC analysis was conducted on a modular system consisting of a Waters 1515 pump, a
717 plus autosampler, and a 2410 refractive index detector. DMF was used as the
mobile phase at a flow rate of 1.0 mL/min at 40 °C. Thermogravimetric analysis
(TGA) was carried out on a Perkin-Elmer Pyris 6 TGA instrument thermal analyzer at
a heating rate of 10 °C /min under N> atmosphere. X-ray diffraction (XRD) analysis
was performed on X’Pert-Pro MPD diffractometer with a Cu Ka radiation source at
room temperature (the angle measurement accuracy is 0.02°). The sample was heated
on the hot stage at 45 °C. Atomic Force Microscope (AFM, Dimension Icon) images
were obtained in the tapping mode on a Multimode 8 model scanning probe
microscope, for which the GO dispersion was drop-casted onto freshly cleaved mica
surfaces. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectra were obtained with Bruker Vertex 70. Mechanical properties at room
temperature were tested by Instron-3365 with gauge length of 10 mm, at the loading

rate of 0.5 mm/min, and the relative humidity was 50% during the tensile test.



The bending/unbending process of GO/GP film and GO/GP strip were recorded with
a digital camera (Canon EOS 70D). The bending curvature of the actuator was
determined by fitting the optical image of the curved strip to a circle with a certain size
(Fig. S5). A NIR light source (250 W, 0.76~25 um, Philips BR125) was used for
photoactuation. The temperature change of the samples was recorded in real time by an
infrared camera (E40, Flir system). The stress generated by the actuator strip was
measured on the universal testing machine (KJ-1065A) with on/off the NIR light

irradiations.

3. Results and Discussion

3.1 Preparation and characterization of GP and GO/GP

As shown in Fig. 2, bilayer actuators were fabricated via a two-step vacuum
filtration method. The GO layer was first prepared by vacuum filtration, and then the
aqueous dispersion of GP was filtered through the GO layer to form the bilayer, as a
result of the vacuum-assisted self-assembly. GO contains a variety of oxygen
containing functional groups, such as epoxy groups, carboxylic acid groups and
hydroxyl groups, which provide abundant active sites for forming hydrogen bonds
[26], and hence the amide groups in PINPAM can lead the polymer to attach to the GO
sheets via hydrogen bonds [39-41]. The AFM image (Fig. S1) of an individual GP
sheet shows hairy surfaces, indicating the interaction between GO and PINPAM
[41,42]. The mass fraction of PNIPAM in GP layer was determined through TGA

curves (Fig. 3(a)) by measuring the weight loss between 350 °C and 500 °C. The



grafted polymer was 5.9 wt% which was less than feed ratio, corresponding to the
volatilization of stored water in the polymers. All the samples show a certain weight
loss below 100 °C, attributable to the volatilization of stored water in the film, which is
essential for the swelling/deswelling transitions of PNIPAM chains [43].
Furthermore, we examined the FTIR spectrum to verify the chemical bonds between

GO and GP film. (Fig. S2)

To further investigate the structure of GO/GP hybrids, XRD patterns of GO, GP,
and GO/GP films were recorded (Fig. 3(b)). The peak for pure GO was observed at 26
=9.08°, suggesting that the interlayer distance is 9.74 A, agreeing well with previous
literatures [44-47]. When the PNIPAM is intercalated between the GO sheets via
hydrogen bond, the peak shift to 7.85°, revealing the increased interlayer distance of
11.24 A. Meanwhile, the GO/GP films show a peak at 7.64° with almost the same
position to that of GP films, and a broad peak centered at 9.08° of bilayer films, which

verifies the bilayer structure.

Fig. 3(c) shows the temperature variation of the nanocomposite films upon
photoirradiation of NIR. It increased from room temperature to 48 °C within 1.5 min of
NIR light irradiation, and then decreased to room temperature within 4.5 min after the
light was turned off, demonstrating the effective photothermal conversion of GO,
which can cause the temperature switch between above- and below- LSCST of
PNIPAM. In addition, GO can serve as supporting matrices in the bilayer actuator.

Upon photoirradiation, the film temperature rapidly increases to the LCST of



PNIPAM. Volume contraction occurred along the whole film caused by the shrinkage
of PNIPAM chains in GP layer, while the layer of GO exhibited fewer changes due to
the lack of PNIPAM chains. Consequently, the films bent toward the GP films as
shown in Fig. 3(d) and Supplementary Movie S1. Upon irradiation, the device bends
along a central axis. The final shape and bending angle are determined by the size and
shape of the substrate of the GP circular film, as well as the content of GP. It is
noteworthy neither GP nor GO film alone bends significantly upon irradiation (Fig. S3
and Fig. S4), and the robust attachment of GP to GO enables the contraction of GP
layer upon irradiation to be translated into device bending. When the light is switched
off, the device subsequently opens (unbends), showing the reversible deformation in

response to the on/off switch of light irradiation.

3.2 Investigation of the shape memory effect of the GO/GP bilayer actuator.

Interestingly, the GO/GP strips, which were cut from the original pre-bending
circular GO/GP films, have shown a shape memory effect. The bimorph is cut into a
strip (dimension of 20 mm X 5 mm) along varied orientations relative to the pre-
bending axis (Fig. 4). Strip GO/GP-P is cut from the direction parallel with bending
axis (Fig. 4(a)), strip GO/GP-V is cut from the direction perpendicular to the bending
axis (Fig. 4(b) and Supplementary Movie S2), and strip GO/GP-45° is cut from the
direction in 45 degree with the bending axis (Fig. 4(c)). One end of the strip was
clamped. All the strips were heated by the NIR light for 2 min. Interestingly, the

bending behaviors of the rectangular strip depend on the cutting orientation. The

10



parallel strip did not show any obvious bending upon the NIR light irradiation of 2
min. Under the same conditions, the vertical strip exhibited bending like the original
films. Furthermore, strip GO/GP-45° noticeably twists under the NIR light. These
results collectively reveal that the GO/GP actuator has shape memory effect. In other
words, the bending deformation of the individual rectangular strips replicate their

respective deformations exhibited before they were cut from the circular actuator.

More importantly, all the GO/GP devices bend in the same way over many
bending/unbending cycles, indicating that the bending direction is permanently
templated into the actuator. To rationalize this behavior, we defined the shape of the
circular GO/GP film after bending upon NIR irradiation as the “permanent shape”.
Because the circular film is symmetric, it tends to bend into a tube configuration,
which minimizes the resistance to bending [27]. And then all parts of circular film can
memorize” this state. After the light is turn off, they have the ability to recovery to the
unbent state. Also, they are able to bend back to the tube shape when the light is
switched on again (temperature increased). Therefore, each portion of the circular
bilayer device is templated to bend in the orientation along which it originally bent as
part of the uncropped “parent” circular actuator (Fig. 4), eventually enabling the
reproducible shape change of the materials with temperature variations. This
reproducible bending behavior is considered to be responsible for the shape memory

effect observed in our bilayer actuator.

11



To further understand the mechanism of shape memory effect of our actuator, we
investigated the strutural and confomational changes of PNIPAM intercalated between
GO nanosheets. It is acknowledged that PNIPAM chains undergo a structural
reorganization from expanded random-coil to tightly packed globule above LCST in
water [38]. Fan et al., have fabricated prepared the GO-PNIPAM hybrids via in situ
free-radical polymerization [41], and found that the structural recoganization of
PNIPAM chain on substrate is the same as that in water, that is, when GP was heated
above LCST of PNIPAM, the shrinage and “coil-to-globule” transition of the PNIPAM

chains occurs on GO surfaces.

Our study unveils that the PNIPAM intercalated between GO nanosheets exhibits the
structure variation different from that in water or on 2D substrate. Specificly, the
curvature-time curve of strip can be divided into three parts (Fig. 5(a)). The curvature
was determined by fitting the curved strip using a circle with a certain size (Fig. S5).
The Fig. 5(b) depicts the GO/GP strip model at the three regimes. In the first regime (

[ ), the curvature has rapidly increased. When subject to NIR irradiation, GO adsorbs
NIR light and photothermally increases the local temperature, and then the intercalated
PNIPAM shows the “‘coil-to-globule’’ transition as demonstrated above. In the second
regime (II), when the light is turned off, the bent GO/GP strip recovers to its original
shape immediately. PNIPAM is subjected to the “globule-to-coil” transition, which is
relying on the content of water in the GO-PNIPAM hybrids. Hence the intercalated

water between GO nanosheets contributes to the rapid recovery of the strip. In the third

12



regime (III), the recovery speed decreases. This can be rationalized as follows: with the
consumption of the intercalated water, the polymer only can absorb extra water from
environment, which makes the water-dependent relaxation slower than that in the
second regime, that is, the configurations of PNIPAM chains were partly locked. Duo
to the low content of surrounding water and confined effect of GO layers, PNIPAM
chains can not transit to the original state completely, which is crucial for the shape
memory effect. Accordingly, compared with the initial curvature, the strip has not

compeletly recovered.

We heated the GO/GP film by hot plate to imitate the irradiation process and
investigated the interlayer space of GO and GP. As the temperature increased from
room temperature to 45 °C, the peak position of GO shifted from 9.08° to 10.68° (the
change of interlayer space from 9.73 A to 8.27 A), indicating the loss of intercalated
water molecules (Fig. 5(c)), and the peak position of GO/GP has shifted from 7.64° to
8.92° (Fig. 5(d)) (the interlayer space changes from 11.56 A to 9.90 A), suggesting the
shrinkage of PNIPAM chains. These results have demonstrated the microstructure
change of the bilayer actuator at the first stage. After cooling, the GO peak position
returned to the 9.08°, which indicated the GO absorbed the water from the environment
and recovered the interlayer lamellar structure. However, the GO/GP peak position
changed to 7.82°, slightly different from the initial peak position of GO/GP (7.64°),

suggesting PNIPAM chains have not completely swollen between the GO sheets. As a

13



result, the strip has not completely recovered to the initial state, which is consistent

with the curvature changes in the Fig. 5(a).

We further assessed the reproducibility of actuator, which is an important property
for the practical applications. Fig. 6(a) displays five cycles of bending/unbending
performance of the rectangular strip cut perpendicular to the initial bending axis. When
exposed to cycling NIR light, the films show bending/unbending changes, which
synchronized with the on/off switch of the light irradiations and were highly reversible
without noticeable deterioration, demonstrating the device’s instant and reversible

response to the NIR light.

4. Smart device

The stress generated by the actuator under NIR irradiation was further examined by
subjecting a strip-shaped sample (3x30 mm) to a constant strain (0.5 %) using
universal material testing machine. The stress generated by the actuator of GO/GP-V
was 10 MPa (Fig. 6(b)) but the ultimate tensile strength of GO/GP-P (Fig. 6(c)) was
only 3 MPa (Fig. 6(d)) like pure GO (Fig. 6(c)). The stress is nearly two orders of
magnitude higher than that of mammalian skeletal muscle (0.35 MPa) [48]. These
results suggest that only rectangular bilayers cut from a certain orientation contributes
to the enhancement of the stress generated by the actuator, corroborating the presence
of the shape memory effect of the actuator. Also, the tensile test results show that the
GO/GP films have beneficial machine properties with higher modulus (8.42 GPa) (Fig

S6)
14



Motivated by the unique anisotropic structure and excellent bending performance of
GO/GP bilayer papers, we further designed and fabricated an interesting smart “forklift
truck”. As mentioned above, the GO/GP paper bend up and generated higher stress
under the NIR light than one layer of GO or GP. By immobilizing one edge of the
GO/GP paper, the “forklift truck” can lift up the foam substrate spontaneously and
continuously under the NIR light. In this process, the cube foam acts as a heavy object
which has been fixed on the GO/GP. With the NIR light turned on, the forklift truck
would lift the foam, which was shown in the Fig. 7(a~c) and Fig. 7(d~f), corresponding
to the first regime ( I ). And with the light off, although the moisture would increase,
the foam was still lifted due to the “lock” effect in the Fig. 7(g) corresponding to the
second regime (II). After a while, the Fig. 7(h) displays the final state of the “forklift
truck”, corresponding to the third regime (III). The dynamic bending and the lifting
forklift show that the GO/GP bilayer paper has great potential in biomimetic

applications.

4. Conclusions

In this work, a facile strategy has been developed to fabricate a NIR light-driven
GO/GP bilayer actuator. The unique characteristics of GO/GP bilayer film enable it to
form high performance NIR light-driven actuator, showing an outstanding
bending/unbending behaviour. The actuator shows interesting shape memory
behaviour with the bending orientation permanently templated into the actuator from

the first application of NIR light. Inspiringly, this study offers a strategy for producing
15



GO/GP bilayer actuators for complex deformation such as twist, and also provides a
broad platform for the development of smart device. Furthermore, the generated force
and stress test demonstrate that the GO/GP paper has great potential in the biomimetic
muscle. As a specific application, the “forklift truck™ is designed to show promising
practical applications of the GO/GP actuator. We envisage that this composites paper
enjoy potentials to promote the future development of many fields, such as artificial

muscles, robotics, smart household materials and sensing.
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Fig. 1. (a) Synthesis of the PNIPAM by the free radical polymerization and the Size
Exclusion Chromatography (SEC) curve of the obtained PNIPAM. (b) Schematic

depiction of the synthesis of GP mixture.
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Fig. 2. Schematic illustration showing the preparation protocol of a GO/GP bilayer

actuator, and the bending motion of the bilayer actuator, upon NIR light irradiation.
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Fig. 3. (a) TGA curves of GO and GP film. (b) XRD curves of GO, GP, and GO/GP
bilayer films. (c) Temperature measurement of GO, GP and GO/GP bilayer when light
is turned on (Time, 1.5 min) and off (Time, 3.5 min) exposed to the NIR. (d) A series

of optical images demonstrating the light-actuation process of bilayer of GO/GP films.

(Scale bar: 1cm).
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Fig. 4. (a, b) Rectangular strips cut from the same bilayer along different directions. (a)
Along the direction parallel to the bending axis named as GO/GP-P. (b) Along the
direction perpendicular to bending axis named as GO/GP-V. (c) Along the direction in
45 degree with the bending axis, named as GO/GP-45°. The arrows indicate the

bending axis. (Scale bar: 1cm)
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Fig. 5. (a) The plot of curvature versus time for the GO/GP-V during and after the of
NIR light irradiation showing three distinct regimes; (b) Schematic illustration of the
mechanical locomotion mechanism of the GO/GP thin film actuator. With the light
turned on, the PNIPAM and water molecules intercalated between GO nanosheets
make synergistic contributions to the bending/unbending deformation of GO/GP

bilayer; XRD curves of the GO (c) and GO/GP (d) at the different temperatures.
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Fig. 6. (a) Reversible bending/unbending behaviors of the GO/GP bilayer actuator in

response to repeated cycles of NIR light irradiations; Time-dependent stress generated

by strips of (b) GO/GP-V, (¢) GO/GP-P, (d) GO upon NIR light irradiation (red areas).
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ACCEPTED MANUSCRIPT

Fig. 7. (a-c) Schematic illustration of the lifting actuation of the “forklift truck” under

NIR irradiation; (d-h) a series of optical images showing the smart “forklift truck”
lifted the cube foam with the on/off switch of the NIR light (Scale bar: 1cm); (i)

Cartoon illustration of the “forklift truck”.
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