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ABSTRACT
Graphene-based actuators featuring fast and reversible deformation under various external stimuli are
promising for soft robotics. However, these bimorph actuators are incapable of complex and programmable
3D deformation, which limits their practical application. Here, inspired from the collective coupling and
coordination of living cells, we fabricated a moisture-responsive graphene actuator swarm that has
programmable shape-changing capability by programming the SU-8 patterns underneath. To get better
control over the deformation, we fabricated SU-8 micropattern arrays with specific geometries and
orientations on a continuous graphene oxide film, forming a swarm of bimorph actuators. In this way,
predictable and complex deformations, including bending, twisting, coiling, asymmetric bending, 3D
folding, and combinations of these, have been achieved due to the collective coupling and coordination of
the actuator swarm.This work proposes a new way to program the deformation of bilayer actuators,
expanding the capabilities of existing bimorph actuators for applications in various smart devices.
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INTRODUCTION
Actuators that can convert various environmental
stimuli to mechanical works have revealed great
potential for developing smart devices such as
soft robots [1,2], micro-electromechanical systems
(MEMS) [3,4] and automatic Lab-on-a-Chip sys-
tems [5,6]. Generally, actuators can be manipulated
by various external stimuli such as humidity [7,8],
light [9–13], pH value [14], heat [15], chemicals
[16], magnetic/electric fields [17,18] and the com-
bination of two or more of them. To realize revis-
able and controllable deformation, bilayer structure
has been widely used for design and fabrication of
stimuli-responsive actuators owing to their unique
advantages of sensitive response, large-scale defor-
mation and ease of preparation [19,20]. A general
concept for developing bimorph actuators is to con-
struct an active layer and an inert layer by simple de-
position [21], filtration [20], electrospinning [22]
and spin coating [23].Under external stimuli, the ac-
tive layermay swell or shrink, whereas the inert layer
would remain unchanged. In this way, themismatch
in strain at the bilayer interface directly causes bend-

ing or twisting of the bilayer. In the past decade, to
pursue fast and large-scale deformation, great efforts
have been devoted to the development of new stim-
uli response materials (SRMs).

To date, various SRMs have been successfully
developed and employed for bimorph actuators.
For instance, hydrogel that is very sensitive to en-
vironmental humidity has been used for moisture-
responsive actuators [24]; photothermal polymers
that can convert light to heat effectively enable light
actuation [25–27]; electrothermal materials can
realize controllable deformation through electric–
thermal conversion [28]; phase-change materials
and photoisomerization effects are promising for ac-
tuator design [29]. As typical examples, Sun et al.
prepared energetic moisture-responsive actuators
comprising poly(acrylic acid)/poly(allylamine hy-
drochloride) hydrogels and UV-cured Norland Op-
tical Adhesive 63, in which the moisture changes
induced the large mismatch in hygroscopic expan-
sion of the two materials, and led to the bend-
ing behavior of the bilayer [30]. Zhang et al. re-
ported light-responsive smart curtains and motors
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based on a polycarbonate/single-walled carbon nan-
otube double-layer structure, realizing bending de-
formation [20]. Zhu et al. introduced soft elec-
trothermal actuators with a polyimide (PI)/silver
nanowire/polydimethylsiloxane (PDMS) sandwich
structure, which could bend towards the PI side
under electrical actuation [31]. Liu et al. prepared
an intelligent Cr/VO2 bi-layer claw with a size of
∼100 μm using a deposition and etching method,
and drove the claw via temperature change-induced
phase transition of VO2 [32].

Recently, graphene and graphene oxide (GO)
that possess a series of outstanding properties such
as high electrical/thermal conductivity, good me-
chanical flexibility, excellent biocompatibility and
good stability have emerged as a new type of smart
material for actuator design [33–38]. Typically,
Qu et al. successfully performed surfaceplasma treat-
ment of hexane and oxygen on the positive and
negative sides of the reduced graphene oxide, pro-
ducing an electrochemically driven smart actuator
[39]. In our previous work, we fabricated graphene-
based moisture-responsive actuators using a self-
controlled photoreduction method, demonstrating
the moisture-induced bending and twisting [40].
Despite the fact that rapid progress has been made
in this dynamic field, current development of bi-
morph actuators mainly depends on the advance-
ment of novel SRMs. Less attention has been paid to
the refined control of their deformation. At present,
graphene-based bilayer actuators are only capable
of simple deformation, such as bending. Despite
somepreviousworkshavingproved thepossibility of
bending direction control by producing a patterned
constrained layer [41,42], their deformation is pas-
sively restricted due to the anisotropic mechanical
resistance. Currently, the development of bimorph
actuators that enable active and programmable de-
formation remains a challenging task.

In this work, inspired from the collective cou-
pling and coordination of living cells, we developed
a self-healing graphene actuator swarm that enables
programmable 3D deformation by integrating SU-8
pattern arrays with GO. The SU-8 micropattern
arrays with specific geometries and orientations
can couple with the GO film, forming a swarm of
bimorph actuators in which an individual SU-8/GO
bilayer can serve as an actuator ‘cell’. Therefore, by
controlling the size, shape and orientation of the
SU-8 patterns, more complex deformations can be
programmed due to the collective coupling and
coordination of the actuator swarm. The present
method may open up a new way for precisely
controlling the deformation of graphene-based
actuators.

RESULTS AND DISCUSSION
Figure 1a schematically illustrates the fabrication
process of the patterned SU-8 and GO bimorph
actuator. As a moisture-active layer, GO solution
(5mg/mL) was dripped on the clean glass substrate
and dried at room temperature. Considering the
poor water adsorption property, rigidity and the
ease of patterning, SU-8 has been coupled with
GO as a patterned moisture-inert layer. The SU-8
photopolymer was spin-coated on the top of GO
film and patterned by UV lithography. After the
developing process, the patterned bilayer was peeled
off from the glass substrate and cut into strips. The
model shown on the left of Fig. 1b demonstrates a
typical SU-8 and GO bilayer ribbon. It can deform
into a complex shape under humidity stimulation
(right of Fig. 1b) and return to its original shape
when the humidity is off. Scanning electron mi-
croscopy (SEM) images (Fig. 1c and d) of the
SU-8/GO bilayer show the uniform, periodic SU-8
stripes with the width and spacing of ∼200 μm on
theGO surface. Additionally, the cross-section SEM
image (Fig. 1e) demonstrates the layered struc-
ture of GO (∼10 μm in thickness) and the bulk
structure of SU-8 (∼5 μm in thickness) with good
interlayer contact. Furthermore, the confocal laser
scanning microscopy (CLSM) stereograms ob-
tained using a confocal microscope (Fig. 1f) show
the morphology of SU-8/GO ribbon from a 3D
perspective, indicating the patterned constrained
layer of photopolymer SU-8. Here, it is necessary
to point out that SU-8 is not the only choice for
this kind of actuator, as a moisture-inert layer, other
hydrophobic photopolymers that permit flexible
patterning are also workable.

The moisture-responsive mechanism of the
patterned SU-8/GO bilayer has been investigated
by analyzing the chemical composition of GO.
Typically, X-ray photoelectron spectroscopy (XPS)
is a common method to quantitatively investigate
the chemical composition of GO. As shown in
Supplementary Fig. S1a, the C1s XPS spectrum
of GO shows three peaks: C–C (non-oxygenated
ring carbon) at 284.7 eV, C–O (hydroxyl and
epoxy carbon) at 286.8 eV, and C=O (carbonyl)
at 288.1 eV, respectively. The proportion of C–O
and C=O is as high as 57%, indicating that oxygen-
containing groups (OCGs) are very rich in GO.
The survey spectrum of GO shows a more obvious
comparison (Supplementary Fig. S1b), the carbon
to oxygen atom ratio is ∼2, which confirms the
presence of a large amount of OCGs. Additionally,
the Fourier transform infrared (FTIR) spectrum
(Supplementary Fig. S1c) of GO film is in good
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Figure 1. Design principle and the fabrication procedure of moisture-responsive SU-8/GO bimorph actuator swarms. (a) Schematic illustration of the
fabrication of patterned SU-8/GO bilayer film using UV lithography. (b) The paper model of patterned SU-8/GO ribbon and its predictable moisture-
responsive deformation under humidity actuation. (c, d) Surface SEM images of patterned SU-8/GO. (e) Cross-section SEM image of patterned SU-8/GO
bilayer structure. (f) CLSM images of the patterned SU-8/GO bilayer structure. (g) XRD patterns of GO paper under different RHs. (h) Schematic illustration
of the interaction between water molecules and GO nanosheets in dry air and moisture.

agreement with the XPS results. GO shows a set of
transmission bands corresponding to OCGs (e.g.
the strong C=O peak at 1731 cm−1, the bending
vibration of O–H at 1373 cm−1, the stretching
vibration of C–OH at 1246 cm−1 and the stretching
vibration of C–O in epoxy groups at 1080 cm−1).
Since GO contains abundant hydrophilic OCGs,
it can adsorb a large amount of water molecules
because of the formation of hydrogen bonds under
moisture conditions. Thermogravimetric (TG)
analysis was also conducted under air atmosphere
to evaluate the thermal stability and the mass
loss upon thermal reduction (Supplementary
Fig. S1d). A weight loss of ∼13% at ∼118◦C has
been observed due to desorption of water, and a
rapid weight loss of ∼29% from 160 to 250◦C was
detected due to the removal of OCGs. To quantita-
tively determine the structural change upon water

adsorption, we used X-ray diffraction (XRD) to
measure the interlayer spacing changes of GO
nanosheets under different relative humidity (RH).
As shown in Fig. 1g, at the RH of 33%, GO film
showed a diffraction peak at∼11.0◦, corresponding
to a d-spacing of ∼0.8 nm. When the humidity was
increased to86%and100%RH, thediffractionpeaks
shifted to 10.2◦ and 9.6◦, respectively, indicating the
increase of interlayer d-spacing. At 100% RH, the
d-spacing is determined to be ∼0.92 nm, which in-
dicates an increase of 15% compared to that at 33%
RH.Basedon the above-mentionedexperimental re-
sults, it is reasonable to deduce that a GO film can
absorb abundant water molecules and then swell in
both normal and in-plane directions. However, it is
well known that the photopolymer of SU-8, mainly
epoxy resin, is inert in moisture. Therefore, the dif-
ference in volume change under moisture actuation
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Figure 2.Moisture-responsive property and moisture-induced complex deformations. (a) Dependence of the maximum bend-
ing curvature of the SU-8/GO bilayer paper on different RH. (b) Responsive and recovery properties of the SU-8/GO bilayer
under different RH. (c) Complex deformations of different patterned SU-8/GO bilayers. Nine examples have been shown in
this figure. In each example, the top image is the pattern model for SU-8 layer, the bottom left is the photograph of deformed
paper model, and the bottom right is the photograph of the deformed real actuator of SU-8/GO bilayers. The dimensions of
the actuator are 30 mm × 1.5 mm in size (length × width) and the RH is 100%.

leads to a strainmismatch at the SU-8/GO interface,
inducing thebendingof thebilayer towards theSU-8
side (Fig. 1h).

To quantify the deformation behavior of the SU-
8/GO bilayer film, we measured the bending curva-
ture of an SU-8/GO ribbon (length: 20 mm; width:
1 mm) under different RH conditions (Fig. 2a). It
canbe clearly seen that themaximumbending curva-
ture of the as-prepared SU-8/GO ribbon increased
from 0.10 to 3.12 with the increase of RH from 23%
to 97%. The insets of Fig. 2a display photos of the
bending SU-8/GO ribbon when exposed to differ-
ent RH conditions. To quantify the response sensi-
tivity of the bilayer actuator, we define the sensitivity
(S) as:

S = �C/�RH,

where�C is the curvature change of the bilayer, and
�RH is the change of relative humidity. In ourwork,
the humidity-responsive sensitivity of the bilayer
is calculated to be 0.041 cm−1 · %RH−1, which is
higher than other moisture-responsive bimorph
actuators reported elsewhere (Supplementary
Table S1). The bending–straightening deformation
of the SU-8/GO bilayer ribbon is reversible. Since
GOpermits ultrafast permeation of watermolecules
[43], the response and recovery processes are very
fast (Fig. 2b). The average response and recovery
times are measured to be 26 s and 22 s, respectively.
It is worth pointing out that the thicknesses of both
SU-8 and GO layers can affect the deformation
properties. When the thickness of SU-8 is fixed at
5 μm, with the increase of GO thickness from 8.5
to 11.5 μm, the bending curvature of the bilayer
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increases from 2.67 to 3.48 cm−1 (Supplementary
Fig. S2). In this regard, to promote the deformation
degree under moisture actuation, the GO layer
should be thick enough to induce more obvious
volume change. When the thickness of GO is fixed
at 10 μm, the increase of SU-8 thickness shows a
negative influence on the deformation degree due to
the increase of resistance (Supplementary Fig. S3).
In this work, considering the mechanical strength
for self-supporting and the deformation degree for
moisture actuation, we optimized the thickness of
GO and SU-8 to be 10μm and 5μm, respectively.

Since the geometry, distribution and orientation
of the SU-8 patterns can be flexibly designed,
deformation of our bilayer can be freely controlled,
which provides the possibility for programming
their complex reconfiguration beyond simple
bending. We first tuned the orientations of the SU-8
stripes. As shown in Fig. 2c, a variety of complex
and predictable deformations have been achieved
by patterning the SU-8 layer into stripes of different
orientations. In the nine actuators, predictable
and complex deformations, including bending,
twisting, coiling and the combination of two or
more deformations, have been demonstrated. Also,
the patterned SU-8/GO bimorph actuator shows
good stability with respect to surface morphology
and high durability in 500 moisture actuation
cycles (Supplementary Fig. S4). The patterned
structure almost kept the same morphology after
500 times of bending without detectable swelling
or deformation. Moreover, the interface between
SU-8 and GO shows tight contact before and
after frequent actuation (500 times), indicating
the good interlayer adhesion (Supplementary
Fig. S5).

Unlike those actuators that control their bending
direction on the basis of anisotropic mechanical
resistance, we realize programmable deformation
through the collective coupling of actuator swarms.
The design principle of our actuator swarm is shown
in Fig. 3a. The SU-8 pattern arrays can be fabricated
into any desired shapes, in which an individual
SU-8 pattern is not connected with each other. In
combination with the bottom GO layer, each SU-8
structure can form an individual bimorph actuator
and deform actively under stimulation. In this
regard, these SU-8/GObilayer arrays can be consid-
ered as a swarm of actuators (actuator-1, actuator-2,
. . . actuator-n). Under external stimulation, each
actuator deforms individually, and the deformation
of the entire structure is the collective coupling and
coordination of the actuator swarm. To get better
control over the moisture-triggered deformation,
we further explored the size of the SU-8 patterns
(e.g. width and spacing) on the humidity response

properties. In our experiments, we first set the
duty ratio (width/spacing of individual SU-8/GO
actuators) at 1.0, and evaluated the influence of
periods on the bending performance. As shown in
Supplementary Fig. S6, we tuned the periods from
50 to 1000μm, and the bending curvature increases
and finally tends to saturation.Then, we fixed the pe-
riod at 400 μm, and varied the duty ratio from 0.25
to 4.0 (Supplementary Fig. S7). With the increase
of duty ratio, the bending curvature increased.
The relationship between the pattern structure (e.g.
period and duty ratio) against the bending curvature
can be formulated based on a quadratic function
fitting (Supplementary Figs S6 and S7). Since the
deformation of the entire film is largely governed
by the SU-8 patterns, the relationship function
might be very helpful for designing more complex
deformation of the bilayer film. In addition to the
bending degree, the bending curvature at different
position of a bilayer ribbon can be precisely tailored
by programming the geometries of SU-8 patterns
(Fig. 3b–d). For instance, using a tri-block and a
triangle SU-8 array, asymmetric deformation such
as a tri-block bending with three different curvatures
and a gradually changed bending curvature can be
achieved, respectively (Fig. 3b–d). In the case of uni-
form SU-8 stripes with the width of 500μm and the
space of 200μm (Fig. 3b), a curvature of 1.98 cm−1

can be achieved under moisture actuation. In-
terestingly, when the SU-8 stripes are patterned
into a tri-block array with the width of 500 μm,
300 μm and 100 μm, respectively, three different
bending curvatures of 1.98 cm−1, 1.36 cm−1 and
0.77 cm−1 appear from left to right, respectively
(Fig. 3c). These results confirm the possibility of
programmable bending curvature control. Actually,
the width and space can be continuously tailored.
We employed a triangle SU-8 array in the actuator
design (Fig. 3d), and it demonstrates a gradually
changed bending curvature from 1.98 to 0.72 cm−1.

In our work, we find that the deformation of our
bimorph actuator is governed by the collective cou-
pling and coordination of the actuator swarm, in
which the geometries and orientations of the SU-
8 pattern are quite important for the bending di-
rection and degree. For instance, we patterned par-
allel SU-8 stripes on a continuous GO film, which
can be considered as a set of parallel and individual
SU-8/GO bilayer actuator arrays (Supplementary
Fig. S8a). Considering the extremely large aspect ra-
tio of each SU-8/GO bilayer ribbon, it would prefer
bending along the long side. To prove this hypoth-
esis, we simulated the bending behavior of an indi-
vidual SU-8/GO actuator with the help of finite el-
ement analysis software (supplementary Fig. S8b).
In fact, for the rectangular ribbon of SU-8/GO,
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Figure 3. The basic concept of a bimorph actuator swarm and the programmable 3D deformations. (a) Schematic illustration
of the design principle of swarms of actuators enabling programmable deformation. (b) The actuator based on periodic SU-8
stripes; a curvature of 1.98 cm−1 can be achieved under moisture actuation. (c) The actuator based on tri-block SU-8 patterns;
the bending curvature for the tri-blocks is 1.98, 1.36 and 0.77 cm−1, respectively. (d) The actuator based on gradually narrowed
SU-8 patterns; the curvature changes gradually from 1.98 to 0.72 cm−1. (b–d) From top to bottom are models, the photographs
of the bending SU-8/GO bilayer ribbon and the side view of the curvature. The dimensions of the actuator are 30mm× 4.7mm
in size (length × width) and the RH is 75%. (e) A series of complex 3D deformations of different SU-8/GO bilayers; from left
to right are models, photographs of the real actuators under dry conditions and their deformation under moisture actuation.
(f) The 3D capsule-shape deformation of a SU-8/GO actuator. The driving relative humidity is 100% RH.

bending would not only occur along the long side,
but also along the short side because of the isotropic
expansion of GO. However, the degree of bending
is largely different along the two directions. Supple-
mentary Fig. S8c and d shows a viewof theX–Z,Y–Z
plane, respectively. It can be clearly seen that there is
a larger curvature along the long side than that along
the short side. According to the change of the cor-
responding coordinates before and after the humid-
ification, we can calculate that the curvature along
the long side is 0.249 based on the PythagoreanThe-
orem, whereas the curvature along the short side is
only 0.029, which is an order of magnitude lower. In
this regard, bending generally occurs along the long
side of an individual SU-8/GO bilayer. And the de-
formationof the entire film is largely governedby the
collective coupling effect of the actuator swarms.

To further extend the capability of more com-
plex 3D deformation, we have fabricated more com-
plex SU-8patterns, inwhichperiodic stripeswithdif-
ferent geometries and non-linear orientations have
been integrated together for controllable 3D recon-
figuration. As shown in Fig. 3e, a series of complex
3D deformations, such as funnel-shape, asymmet-
ric bending, complex 3D folding, and the arbitrary
combination of them, have been demonstrated. Ad-
ditionally, as a typical example of 3D deformation,
a capsule-shaped actuator has been realized by pre-
cisely designing the patterns of SU-8 (Fig. 3f). Un-
der moisture stimulation, the actuator gradually de-
forms into a 3D capsule shape from a 2D film. Such
complex deformation indicates the potential of our
actuator swarms.

Taking advantage of the programmable defor-
mation properties, soft robots can be fabricated
through a designed manner. To demonstrate its full
potential in robotics, we mimic the dancing process
by integrating four patterned stripes as ‘smart arms
and legs’ with a paper body. Since different patterns
will lead to different deformations, we designed
various patterns for these arms and legs. Under
ambient humidity, these ‘dancer robots’ maintain a
‘standing’ state (Fig. 4a). When humidity is applied
using a homemade moisture-supplying system
(Supplementary Fig. S9), they start to dance follow-
ing the designed action (Fig. 4b). The deformation
of arms and legs are reversible, and they return to

their original states when the humidity is switched
off. By switching the humidity according to the
melody of music, the ‘dancer robots’ may dance in
time to music (Supplementary Movie 1).

Besides, to further highlight the significance of
our swarm-type actuators, we also demonstrated the
self-healing properties of our SU-8/GO actuators
(Fig. 4c–i). Due to the presence of anisotropic
SU-8 patterns, the mechanical strength parallel and
perpendicular to the SU-8 stripes is different. As
shown in Fig. 4c, the tensile strength of the actuator
along the SU-8 stripes is much larger than that per-
pendicular to the SU-8 stripes. Thus, under external
stretching, the bilayer tends to be broken at the GO
gap between two neighboring SU-8 ribbons (right
of Fig. 4c). To prove the self-healing properties, we
investigated the moisture-responsive deformation
of an SU-8/GO ribbon before and after self-healing.
Notably, the pristine bilayer ribbon deforms obvi-
ously upon exposure to moisture (Fig. 4d). After di-
viding into two pieces, the as-form two actuators are
also workable (Fig. 4e), because our actuators de-
form based on the swarm effect, and no damage has
beendoneon each individual actuator. Interestingly,
the cracks on the GO film (the gap between two
individual stripes) demonstrated a self-healing prop-
erty upon exposure to moisture, and the self-healed
actuator can perform similarly to the pristine one
(Fig. 4f). SEM images show the surfacemorphology
change of the GO crack before and after self-healing
(Fig. 4g and h), in which the GO crack has been
well cured inmoisture due to the re-assembly of GO
sheets. The CLSM image (Fig. 4i) further confirms
the recovery of the broken SU-8/GO ribbon, where
only a minor healing trace can be detected. The
self-healing property of our SU-8/GO actuators
further suggests their robustness for practical
applications in soft robots.

Inspired from natural caterpillars that can move
forward through the peristaltic movement, we
designed a simple caterpillar robot using our
SU-8/GO actuators. We divided the caterpillar
robot into three parts: forelimb, body and hindlimb.
Accordingly, we patterned the SU-8 constrained
layer on both sides of a GO ribbon at the left, middle
and right position, respectively, as shown in the
model diagramof Fig. 5a. Undermoisture actuation,
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Figure 4. Dancer robots based on the bimorph actuator swarm and their self-healing properties. (a) The photograph of the
dancers in dry air (initial state). (b) The ‘dancing’ state of dancers in moisture. The dimensions of the ‘smart arms and legs’ are
20 mm × 1.5 mm, 30 mm × 1.5 mm in size (length × width), respectively, and the RH is 100%. (c) Tensile tests of SU-8/GO
ribbon with SU-8 stripes along and against the tensile direction. (d–f) The self-healing property of a SU-8/GO bi-layer ribbon.
(d) The photographs of a SU-8/GO actuator in dry air (left) and moisture (right), respectively. (e) The photographs of a broken
SU-8/GO actuator in dry air (left) and moisture (right), respectively. (f) The photographs of the self-healed SU-8/GO actuator
in dry air (left) and moisture (right), respectively. (g) SEM image of the crack of the SU-8/GO actuator. (h) SEM image of the
self-healed region. (i) CLSM image of the self-healed SU-8/GO actuator. The dimensions of the actuator are 30 mm× 1.5 mm
in size (length × width), and the RH is 100%.

the caterpillar will deform by bending the forelimb,
body and hindlimb, just like an actual creeping
caterpillar (inset of Fig. 5a). In our experiment, the
smart caterpillar can move ∼1 cm by switching the
local humidity three times (Fig. 5b and Supple-
mentary Movie 2), in which humidity is controlled
by the homemade moisture-supplying system
(Supplementary Fig. S10). We further investigated
the motion track by choosing the middle point as
the test point. As shown in Fig. 5c, the creeping
speed is uniform, and the displacement of the smart
caterpillar along the X direction increases ∼1 cm
within 12 s. We also tested the moving track along
the Z direction. Since the movement is creeping,
the moving track along the Z direction is periodic
(Fig. 5d). Taking advantage of the patterned SU-8
constrained layer, the deformation of the bilayer
can be well controlled. In this way, there is great
potential to design and fabricate many types of
robots beyond the examples shown above.

CONCLUSION
In conclusion, a moisture-responsive graphene
actuator swarm that can achieve complex and
predictable deformation has been successfully
prepared by coupling SU-8 patterns with GO
film. The moisture-responsive mechanism and the
responsive properties have been investigated. A
series of complex deformations including bending,
twisting, coiling and the combination of them have
been achieved by making different SU-8 patterns.
By tuning the geometries, distributions and the
orientations of the SU-8 patterns, the actuator
swarm enables programmable deformation due to
the collective coupling and coordination effect. In
addition, the SU-8/GO bimorph actuator swarm
shows a moisture-triggered self-healing property,
revealing robustness for practical usage. As a proof-
of-concept, we further developed several moisture-
responsive paper robots that can realize multiform
deformations under moisture actuation, including
smart ‘dancer robots’ that can dancewith the humid-
ity change and a smart ‘caterpillar robot’ mimicking
the creep of a caterpillar. The moisture-responsive
graphene actuators that can perform complex and

predictable deformation may hold great promise for
developing various smart graphene-based devices.

METHODS
Synthesis of GO
Graphene oxide suspension (5 mg/mL) was pre-
pared by the Hummers’ method using commercial
graphite powder (Aldrich, <150 μm) as the origi-
nal material. Firstly, 2 g graphite power, 2 g NaNO3
and 96 mL of H2SO4 (98%) were mixed together at
0◦C under stirring. Secondly, 12 g of KMnO4 was
slowly put in the mixed solution within 30–60 min.
Then themixturewas stirred at 0◦C for 90min and at
35◦C for 120min. After that, 80mLof deionizedwa-
ter was added to the resultant solution drop by drop.
After 15min at 95◦C, another 200mLdeionizedwa-
ter was added into the solution. Finally, 10 mL of
H2O2 (30%)was dropped into themixture slowly to
remove the residual KMnO4. The resulting GO sus-
pension was washed repeatedly with deionized wa-
ter and collected by high-speed centrifugation until
thepHwas7.ThehomogeneousGOsuspensionwas
collected after a small amount of black residue was
removed by centrifugation at 5000 rpm for 15 min.

Preparation of SU-8/GO paper
SU-8 photoresist, an epoxy-negative-tone re-
sist product purchased from Microlithography
Chemical company (USA) was coupled with GO
film as a moisture-inert material layer. Firstly, GO
suspension was dropped on the clean glass and
dried at room temperature in the air to form GO
film. Then, we spin-coated SU-8 on it with a speed
of 5000 rpm for 60 s and placed it in the oven under
95◦C for 30 min. After that, the entire device was
exposed with designed mask using a lithography
machine. Continuously, it was kept in the oven for
15 min and a developer was used to remove the
unpolymerized SU-8 to construct the expected pat-
terns. Finally, bilayer paper based on SU-8/GO was
peeledoff from the clean glass. Except for special em-
phasis, we chose the duty ratio of 1.0 and the period
of 400μm for all of the subsequent experiments.
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Figure 5. A simple caterpillar robot. (a) Schematic illustration of the biomimetic
smart caterpillar model. (b) Moisture-responsive ‘smart caterpillar’ fabricated by pat-
terned SU-8/GO. (c) Dependence of X displacement of the ‘smart caterpillar’ on time.
(d) Dependence of Z displacement of the ‘smart caterpillar’ on time. The dimensions
of the ‘smart caterpillar’ are 30 mm × 1.5 mm in size (length × width), and the RH is
100%.

Characterization
The SEM images of the samples were characterized
by a JEOL JSM-7500 field-emission scanning elec-
tronmicroscope (FE-SEM).TheXRDpatternswere
recorded using a Rigaku D/MAX 2550 diffractome-
ter with Cu Kα radiation (λ = 1.5418 Å). XPS data
were measured with an ESCALAB 250 spectrome-
ter.TheFTIR spectrumwas taken on an FTIRNico-
let 5700 spectrometer. The relative humidity was
controlled by using saturated aqueous solutions of
MgCl2, K2CO3, NaBr, NaCl, KCl, K2SO4 and H2O
in an enclosed container, which generated ∼33%,
44%, 57%, 75%, 86%, 97% and 100% RH, respec-
tively. The relative humidity of our ultra-clean lab-
oratory was measured to be 23%. We switched the
RH values by placing the samples inside and outside
the closed containers with saturated solution inside.
Theoretical simulation was achieved using finite ele-
ment analysis software.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

FUNDING
This work was supported by the National Key Research and
Development Program of China (2017YFB1104300) and the
National Natural Science Foundation of China (61935008,
61590930, 61775078 and 61905087).

Conflict of interest statement. None declared.

REFERENCES
1. Rus D and Tolley MT. Design, fabrication and control of soft
robots. Nature 2015; 521: 467–75.

2. Harduf Y, Jin D and Or Y et al. Nonlinear parametric excita-
tion effect induces stability transitions in swimming direction of
flexible superparamagnetic microswimmers. Soft Robot 2018; 5:
389–98.

3. Lu S, Liu Y and Shao N et al. Nanotube micro-opto-mechanical
systems. Nanotechnology 2007; 18: 065501.

4. Zang X, Zhou Q and Chang J et al. Graphene and carbon nan-
otube (CNT) in MEMS/NEMS applications. Microelectron Eng
2015; 132: 192–206.

5. Kokalj T, Park Y and Vencelj M et al. Self-powered imbibing
microfluidic pump by liquid encapsulation: SIMPLE. Lab Chip
2014; 14: 4329–33.

6. Wang H, Zhang YL and Wang W et al. On-chip laser processing
for the development of multifunctional microfluidic chips. Laser
Photonics Rev 2017; 11: 1600116.

7. Shin B, Ha J and Lee M et al. Hygrobot: a self-locomotive ratch-
eted actuator powered by environmental humidity. Sci Robot
2018; 3: eaar2629.

8. Cheng H, Hu Y and Zhao F et al. Moisture-activated torsional
graphene-fiber motor. Adv Mater 2014; 26: 2909–13.

9. Lim H, Park T and Na J et al. Construction of a photother-
mal Venus flytrap from conductive polymer bimorphs. NPG Asia
Mater 2017; 9: e399.

10. Ni J, Wang C and Zhang C et al. Three-dimensional chi-
ral microstructures fabricated by structured optical vortices in
isotropic material. Light Sci Appl 2017; 6: e17011.

11. Gao D, Ding W and Nieto-Vesperinas M et al. Optical manipu-
lation from the microscale to the nanoscale: fundamentals, ad-
vances and prospects. Light Sci Appl 2017; 6: e17039.

12. Ji M, Jiang N and Chang J et al. Near-infrared light-driven,
highly efficient bilayer actuators based on polydopamine-
modified reduced graphene oxide. Adv Funct Mater 2014; 24:
5412–9.

13. Han B, Zhang YL and Chen QD et al. Carbon-based photothermal
actuators. Adv Funct Mater 2018; 28: 1802235.

14. Sun YL, DongWF and Yang RZ et al.Dynamically tunable protein
microlenses. Angew Chem Int Ed 2012; 51: 1558–62.

15. Park Y, Gutierrez MP and Lee LP. Reversible self-actuated
thermo-responsive pore membrane. Sci Rep 2016; 6: 39402.

16. Jamal M, Zarafshar AM and Gracias DH. Differentially photo-
crosslinked polymers enable self-assembling microfluidics. Nat
Commun 2011; 2: 527.

17. Xia H, Wang J and Tian Y et al. Ferrofluids for fabrication of
remotely controllable micro-nanomachines by two-photon poly-
merization. Adv Mater 2010; 22: 3204–7.

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article-abstract/7/4/775/5709924 by guest on 18 June 2020

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwz219#supplementary-data


RESEARCH ARTICLE Ma et al. 785

18. Rydzek G, Terentyeva TG and Pakdel A et al. Simultaneous electropolymeriza-
tion and electro-click functionalization for highly versatile surface platforms.
ACS Nano 2014; 8: 5240–8.

19. Wang XQ, Tan CF and Chan KH et al. In-built thermo-mechanical cooperative
feedback mechanism for self-propelled multimodal locomotion and electricity
generation. Nat Commun 2018; 9: 3438.

20. Zhang X, Yu Z and Wang C et al. Photoactuators and motors based on car-
bon nanotubes with selective chirality distributions. Nat Commun 2014; 5:
2983.

21. Ariga K, Ji Q and Nakanishi W et al. Thin film nanoarchitectonics. J Inorg
Organomet Polym Mater 2015; 25: 466–79.

22. Chen T, Bakhshi H and Liu L et al. Combining 3D printing with electrospinning
for rapid response and enhanced designability of hydrogel actuators. Adv Funct
Mater 2018; 28: 1800514.

23. Ariga K, Mori T and Akamatsu M et al. Two-dimensional nanofabrication and
supramolecular functionality controlled by mechanical stimuli. Thin Solid Films
2014; 554: 32–40.

24. Lv C, Xia H and Shi Q et al. Sensitively humidity-driven actuator based
on photopolymerizable PEG-DA films. Adv Mater Interfaces 2017; 4:
1601002.

25. Li D, Han D and Qu SN et al. Supra-(carbon nanodots) with a strong visible to
near-infrared absorption band and efficient photothermal conversion. Light Sci
Appl 2016; 5: e16120.

26. Bao X, Yuan Y and Chen J et al. In vivo theranostics with near-infrared-emitting
carbon dots—highly efficient photothermal therapy based on passive targeting
after intravenous administration. Light Sci Appl 2018; 7: 91.

27. Han B, Zhang YL and Zhu L et al. Plasmonic-assisted graphene oxide artificial
muscles. Adv Mater 2019; 31: 1806386.

28. Xiao P, Yi N and Zhang T et al. Construction of a fish-like robot based on high
performance graphene/PVDF bimorph actuation materials. Adv Sci 2016; 3:
1500438.

29. Lahikainen M, Zeng H and Priimagi A. Reconfigurable photoactuator through
synergistic use of photochemical and photothermal effects.Nat Commun 2018;
9: 4148.

30. Ma Y, Zhang Y and Wu B et al. Polyelectrolyte multilayer films for building
energetic walking devices. Angew Chem Int Ed 2011; 50: 6254–7.

31. Yao S, Cui J and Cui Z et al. Soft electrothermal actuators using silver nanowire
heaters. Nanoscale 2017; 9: 3797–805.

32. Liu K, Cheng C and Cheng Z et al. Giant-amplitude, high-work density microac-
tuators with phase transition activated nanolayer bimorphs. Nano Lett 2012;
12: 6302–8.

33. Zhang J, Song L and Zhang Z et al. Environmentally responsive graphene sys-
tems. Small 2014; 10: 2151–64.

34. Cakmakyapan S, Lu PK and Navabi A et al.Gold-patched graphene nano-stripes
for high-responsivity and ultrafast photodetection from the visible to infrared
regime. Light Sci Appl 2018; 7: 20.

35. Jiang HB, Zhang YL and Liu Y et al. Bioinspired few-layer graphene prepared
by chemical vapor deposition on femtosecond laser-structured Cu foil. Laser
Photonics Rev 2016; 10: 441–50.

36. WangWH, Du RX and Guo XT et al. Interfacial amplification for graphene-based
position-sensitive-detectors. Light Sci Appl 2017; 6: e17113.

37. Li MT, Liu MN and Yu YH et al. Laser-structured graphene/reduced graphene
oxide films towards bio-inspired superhydrophobic surfaces. Bull Chem Soc Jpn
2019; 92: 283–9.

38. You R, Liu YQ and Hao YL et al. Laser fabrication of graphene-based flexible
electronics. Adv Mater 2019; doi: 10.1002/adma.201901981.

39. Xie X, Qu L and Zhou C et al. An asymmetrically surface-modified graphene film
electrochemical actuator. ACS Nano 2010; 4: 6050–4.

40. Han DD, Zhang YL and Jiang HB et al. Moisture-responsive graphene paper
prepared by self-controlled photoreduction. Adv Mater 2015; 27: 332–8.

41. Liang S, Qiu X and Yuan J et al. Multiresponsive kinematics and robotics of
surface-patterned polymer film. ACS Appl Mater Interfaces 2018; 10:19123–
32.

42. Deng H, Zhang C and Su JW et al. Bioinspired multi-responsive soft actua-
tors controlled by laser tailored graphene structures. J Mater Chem B 2018; 6:
5415–23.

43. Nair RR,WuHA and Jayaram PN et al.Unimpeded permeation ofwater through
helium-leak-tight graphene-based membranes. Science 2012; 335: 442–4.

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article-abstract/7/4/775/5709924 by guest on 18 June 2020


