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A B S T R A C T

Smart actuators that enable deforming in a predictable manner under external stimuli have revealed great po-
tential for both traditional and emerging industries. Generally, an asymmetric bilayer structure with one layer
active and the other inert to a certain stimulus is essential to realize bending behavior. However, towards the
development of dual- or multi-responsive actuators, it still lacks universal and effective strategies for rational
design and fabrication of such devices through the simplest way. In this paper, we report a complementary
strategy to produce dual-responsive bilayer actuators by combining the moisture-active/alkane-inert graphene
oxide (GO) layer with the alkane-active/moisture-inert polydimethylsiloxane (PDMS) layer. The GO@PDMS
bimorph actuator can switch its active and inert layers in response to moisture and alkane, respectively, realizing
dual-responsive deformation under different actuations. Typical dual-responsive actuators, including a selective
air valve and a grip and hook smart claw, are successfully fabricated, demonstrating the capability of effective
gases and objects transmission. The complementary bimorph actuator may hold great promise for developing
intelligent devices and portable delivery systems.

1. Introduction

Actuators that can convert various types of external stimuli into
mechanical deformation are promising to perform mechanical work at
various sizes. [1–4] Owing to the intelligent driving mechanisms and
high sensitivity, smart actuators have been widely applied to both
traditional and emerging industries, for example machinery [5–8], ro-
botics [9–11], unmanned flight [12], sensors [13–17], in vivo surgery
devices [18] and lab-on-a-chip systems [19–21]. Nowadays, various of
energy sources such as magnetic field [20,22,23], light [24–29], heat
[30–33], and humidity [34–37] have been successfully applied to
trigger controllable movement of actuators. In general, actuators often
adopt a bilayer structure, in which one layer is regarded as an active
layer and the other is inert. The active layer changes its shape under
external stimulus, while the inert layer remains unchanged. As a result,
the bilayer actuator deforms in a controllable manner. As typical ex-
amples, Zhang et al. successfully proposed a series of moisture-driven
bilayer actuators, which utilize graphene oxide (GO) as a humidity-
active layer and reduced graphene oxide (RGO) as an inert layer [38].
Taccola et al. reported an electrostatic actuator consisting of PEDOT:

PSS and PDMS layers, where the PDMS acts an inert layer and PEDOT:
PSS as an active layer [39]. Gracias et al. gave an example of graphene-
polymer bilayers, realizing self-folded to form a completely integrated,
curved, and folded structures under actuation. Herein, the polymer
layer in the actuator functions as a solvent-active layer; and graphene
servers as an inert layer [40]. Sun et al. successfully prepared a light-
driven bilayer actuator composed of polydopamine-modified reduced
graphene oxide (PDA-RGO) and (NOA)-63. The actuator possesses dual-
responsive capability (light- and moisture-active), however, the active
layer is merely PDA-RGO layer [41]. It is deserved to be noticed that all
of the above-mentioned bilayer actuators only have one active layer.
Sometimes, the active layer of some examples might be sensitive to two
or more types of stimuli, leading to a dual-/multi-responsive actuation
performance [42]. However, the adjustability and controllability of
these actuators are highly hampered by their solo active-layer struc-
tures. In most cases, the inert layer that only acts as a restriction layer is
not irreplaceable [43]. Towards the development of dual- or multi-re-
sponsive actuators, it is necessary to make full use of the bi-layers and
simplify the device structures to the most extent. Currently, despite
some pioneer works reported the multi-physical signals (e.g., light, heat
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and electricity) responsive actuators using different materials as active-
layers [44–46], it is still rare to see the complementarity of inert and
active layers under different chemical stimuli in the case of dual-re-
sponsive chemical actuators. In fact, a rational design of bilayer struc-
ture can lead to bidirectional deformation under distinct external sti-
muli. However, universal and effective strategies that can guide the
design principle have not been reported yet.

Here, we report the production of a dual-responsive actuator with
complementary active-inert layers using the complementary design
principle. The moisture/alkane dual-responsive bimorph actuators are
fabricated through simply combination of moisture-active/alkane-inert
GO and alkane-active/moisture-inert polydimethylsiloxane (PDMS) bi-
morph. Under moisture actuation, GO layer expands due to the ad-
sorption of water molecules, whereas the PDMS layer keeps unchanged.
Accordingly, the GO@PDMS bilayer actuator bends towards the PDMS
side. When the actuator is exposed to alkane, the PDMS layer becomes
active; it swells due to the adsorption of alkane molecules, whereas the
GO layer is inert, resulting in the reversed bending. In this way, dual-
responsive GO@PDMS actuators, including a selective gas valve and a
grip/hook smart claw, are successfully fabricated, demonstrating the
capability gases and objects transmission. This rational complementary
strategy may open up a new way for developing dual-responsive ac-
tuators.

2. Experiments

2.1. Preparation of GO@PDMS bimorph actuator

GO was obtained by modifying natural graphite powder
(Aldrich,< 150 μm) with a modified Hummer’s method method. PDMS
used in the devices was a commercially available PDMS elastomer
(Sylgard 184 Silicone Elastomer, Dow Corning Corporation). Typically,
the PDMS prepolymer was mixed with the curing agent with a ratio of
10:1 by weight.

The PDMS film was made through a spin-coating method
(3000 rpm, 30 s), and then the film was cured at 95 °C for 30min. After
peeling off the PDMS film from the glass substrate, the PDMS mem-
brane was treated with O2 plasma for 3min. Finally, the GO solution
was cast onto the plasma-treated PDMS layer and dried naturally.

2.2. Characterization and measurement

Scanning electron microscopy (SEM) images were captured by a
JEOL field-emission scanning electron microscope (JSM-7500). X-ray
photoelectron spectroscopy (XPS) spectra were measured through an
ESCALAB 250 spectrometer. Saturated salt solutions were used to
create different relative humidity (RH) environment in the closed glass
container (P= 101.3 K Pa, T= 18 ± 0.5 °C). The saturated salt solu-
tions of CH3COOK, MgCl2, K2CO3, NaBr, NaCl, and KCl, as well as pure
H2O were adopted (representing the RH=23%, 33%, 44%, 57%, 75%,
86%, and 100%, respectively). All of the measurements were conducted
in air at room temperature (18 ± 0.5 °C). UV–vis transmittance spectra
were measured by using a UV–vis spectrophotometer (UV-2550, SHI-
MADZU). X-ray diffraction (XRD) data were recorded by a Rigaku D/
Max-2550 diffractometer with Cu Kα radiation (λ =0.15418 nm).
Raman spectra were measured on a JOBIN YVON T64000 instrument
equipped with a liquid-nitrogen-cooled argon ion laser at 532 nm
(Spectra-Physics Stabilite 2017) as an excitation source. The laser
power was ∼30 μW on the samples, and the average spot size was 1 μm
in diameter using a long-working distance 50× objective.

3. Results and discussion

To realize the complementary strategy of alternating the active
layer between bimorph, that is the inert layer and active layer can
flexibly convert under different external stimuli, a simple O2 plasma
treatment and combination procedure was employed to make GO@
PDMS bimorph actuators. According to PDMS and GO layer can swell in
alkanes and humidity, respectively, such bilayer complementary de-
vices are successfully prepared. Fig. 1a shows the fabrication procedure
of the GO@PDMS bimorph actuator. PDMS was firstly spin-coated onto
a glass substrate, followed by a high temperature curing (95 °C,
30min). The PDMS membrane was then treated with O2 plasma for
3min [47]. The PDMS surface contained more oxygen-containing
groups (OCGs) after plasma treatment; so that the combination of PDMS
and GO was tight for long-time usage. The contact angle of the surface
of PDMS membrane has changed greatly before and after O2 plasma
treatment (Fig. S1). Finally, GO solution was dropped onto PDMS
membrane and drying naturally. The GO@PDMS bimorph actuator

Fig. 1. Schematic illustration of the
fabrication and working processes of
the dual-responsive actuators based on
GO and PDMS, including a) fabrication
process, b) moisture/alkane-induced
motion, and SEM image of c) the cross-
section of bimorph actuator, d) the GO
side of bimorph actuator, and e) the
PDMS side of bimorph actuator.
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enables flexible switching of inert and active layers, as illustrated in
Fig. 1b. The actuator exhibited a relatively flat state in the air condition.
When exposed to alkane, it gradually bends toward the GO side. In this
process, the PDMS layer expands as an active layer and the GO layer
acts as an inert layer with no volume change. However, when the ac-
tuator exposed to moisture, it bends to the PDMS side. In this case, the
GO and PDMS switch the roles of inert and the active layers; the PDMS
layer becomes inert, while the GO layer becomes active. Cross-section
SEM image of the bilayer structure (Fig. 1c) reveals the thickness of GO
layer and PDMS layer is ∼18μm and ∼34μm, respectively. Fig.1d-e
illustrated the surface morphologies of GO and PDMS. There are more
wrinkles on the surface of the GO layer, and the PDMS surface is re-
latively smooth.

Due to the abundance of OCGs, GO material is sensitive to humidity
variation. As shown in Fig. 2a, XRD patterns showed that the layered
structure of GO changed at various RH conditions (28% and 97%). The
GO layer spacing increased along with the relative humidity, since the
typically diffraction peak at 2θ=11.84° (RH=28%) changed to
2θ=10.56° (RH=97%), corresponding to the d-spacing of GO layer
changed from 0.75 nm to 0.84 nm. Such significant increment of the GO
interlayer spacing is confirmed at higher RH condition. From the
macroscopic perspective, GO swells under moisture treatment [48,49].
However, no significant swelling occurred when GO was immersed in n-
Hexane for 265 s, as shown in Fig. S2.

Characterization of carbon materials by Raman spectroscopy is a
convincing way. Clearly, the two distinct peaks at 1329 and 1589 cm−1

represented the D and G bands, respectively (Fig. 2b). The G band is
characteristic of sp2 carbons, while the D band is related to the
breathing modes of the graphitic domains and the existence of defects.
The OCGs on the GO surface presents an important role in combining
with water molecules. In our measurement, Fourier transform infrared
(FTIR) spectra (Fig. 2c) have been applied to measure the oxygen
groups of GO. Notably, GO showed abundant aggregation of transmis-
sion bands corresponding to OCGs (e.g., C]O at 1724cm−1, CeO at
1039 cm−1). The chemical composition of GO is further studied by XPS

(Fig. 2d). The C1s spectra can be resolved into three peaks. Notably, the
peaks at 288.3, 286.9, and 284.7 eV are attributed to C]O (carbonyl),
CeO (hydroxyl and epoxy carbon) and CeC (non-oxygenated ring
carbon), respectively. The results showed that the highest intensity at
the peak of 286.9 eV, indicating the GO layer has a better oxidation
degree.

Theoretically, PDMS have a swelling effect when it encountered
hydrocarbons. We further verified this theory by experiments. In the
experiment, n-hexane was selected as the stimulus and recorded video
to observe the changes of PDMS before and after encountering with n-
hexane. As shown in Fig. 3a, a square block of PDMS doped with R6G
with the length and width of 2 cm was prepared in the air. Then the
PDMS film was put into a container, which was filled with n-hexane,
the PDMS expanded rapidly. The length and width of PDMS block ex-
pand to ∼2.3 cm after 263 s (Fig. 3b). However, no significant swelling
performance occurred when PDMS square block was immersed in water
for 242 s as shown in Fig. S3. The above experiment proves that the
swelling effect of PDMS layer when it is encountered by n-hexane, so
that the PDMS can be used as the active layer of the actuator when n-
hexane acts as a stimulus source.

In addition to n-hexane, PDMS also has similar swelling effect in
response to other organic vapors. To prove the universal responsiveness
to other organic vapors, the actuators (1.0 mm×15.0 mm) was tested
in six kinds of vapor environments, including n-heptane, n-pentane, n-
hexane, toluene, acetone and benzene, respectively (Fig. 4a). The re-
sults show that the actuators generally bend in response to all of the
organic vapors. Especially, under the actuation of alkanes vapor, the
bending curvature is much larger, as shown in the insets of Fig. 4a.
Interestingly, the GO@PDMS bimorph actuator also shows obvious
moisture-responsive properties due to the strong expansion ability of
the GO in humidity. To quantitatively investigated their actuation
performance, the curvature of a GO@PDMS ribbon (1.0 mm×15.0
mm) under different RH was measured (Fig. 4b). With the increase of
RH from 23% to 100%, the bending curvature of the GO@PDMS ribbon
gradually increased from 2.4 cm−1 to 10 cm−1. The insets of Fig. 4b are

Fig. 2. a) XRD patterns of the GO side of the GO@PDMS bimorph actuator in the different RH. b) Raman spectra of the GO side of the GO@PDMS bimorph actuator.
c) FTIR spectra of the GO side of the GO@PDMS bimorph actuator. d) C1s X-ray photoelectron spectroscopy (XPS) of the GO side of the GO@PDMS bimorph actuator.
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photographs of the ribbon under different RHs. The RH greatly influ-
ences the bending performance of GO@PDMS bimorph, where the GO
layer is active. To reach the best potential of actuators, appropriate RH
must be taken into consideration.

However, due to the bimorph actuator enables mutual conversion
between the active and inert layers, so the relative thickness of the two
layers is crucial. In order to explore the influence of the bilayer thick-
nesses on actuation, the following studies were conducted. As shown in
Fig. 5a, actuators with different thicknesses of the GO layer (from 4.3 to
20 μm) were made, while the thickness of PDMS layer remains 34 μm.
The curvature of actuators varied from 6.5 to 11 cm−1 under
RH=100%. When the actuators were put into the n-hexane, these
actuators’ curvature changed from −33.7 to −12.4 cm−1. This phe-
nomenon can be explained as that GO is active layer under humidity
stimulus, the interlayer distance of GO sheet within the material ex-
panded as a function of RH. So that the bending curvature increases
along with the thickness of GO layer, On the contrary, GO act as an
inert layer in n-Hexane. GO constraint the volume change of PDMS,
therefore the curvature reduces along with the increment of GO layer.
Since PDMS and GO membranes serve as a complement active/inert
layer in the bimorph actuator, the thickness of PDMS effects the cur-
vature completely reversed, as shown in Fig. 5b. Samples with different
thicknesses of the PDMS layer (from 34 to 277 μm) were prepared. The
bending curvature changed from 11 to 2.9 cm−1, where the thickness of
GO layer remained unchanged (20 μm) under 100% RH. Moreover, the
curvature changed from −12.4 to −45 cm-1 under the situation of n-
hexane stimulus. Briefly, the bending curvature of actuator becomes
larger in n-Hexane and becomes smaller in moisture when the thickness
of PDMS layer is gradually increased, because of the PDMS function as
active layer or inert layer, respectively.

To make a clear overview of the responsiveness of these bimorph
actuators under different stimuli, we evaluated the dependence of
bending curvatures under moisture and alkane actuation on the PDMS/

GO thickness ratios (Fig. 5c). In response to moisture, the bending
curvature decreased with the increase of the PDMS/GO thickness ratios;
whereas under alkane actuation, the responsiveness tendency is con-
trary. To make a trade-off between moisture and alkane responsiveness,
the PDMS/GO thickness should be ˜2.

To verify the stability and the response recovery time of the bi-
morph actuator, actuators adopted in the following research are unified
with GO and PDMS thicknesses of 18 μm and 34 μm, respectively. The
actuation performances of GO@PDMS actuators in n-Hexane and
moisture are characterized for three cycles (Fig. 6). In the n-Hexane
triggered experiment, the actuator takes 16 s to reach maximum
bending curvature (∼14 cm−1) and takes ˜7 s to recover to the initial
state. During three bending cycles, the actuator shows good reversi-
bility and stability. When triggered by moisture (RH from 28% to 97%),
the actuator takes∼7 s for bending and ˜14 s for recovery (Fig. 6b). The
GO@PDMS bimorph actuator is relatively stable in terms of bending
curvature and response/recovery time in both n-Hexane and moisture
treatments.

The rational design of smart bimorph actuators based on GO@PDMS
membranes enables unique inert and active layer complementary ex-
change. We develop a smart air valve model to illustrate the selective
transportation of different gas. Six GO@PDMS bimorph actuators
(2.0 mm×12.0mm) were put right on six air holes (2.0 mm×10mm)
with one end fixed on the substrate, as shown in Fig. 7. Herein, the
PDMS layer faced up and the GO layer faced down. At the initial state
the bimorph actuator remained flat, when there was no n-hexane and
water vapor. When treated with moisture, the GO layer became active
and the actuator bent upwards. Thereby, the air valve opened allowing
moisture pass through. It took 7 s for the actuators to open up. Then the

Fig. 3. Swelling effect of PDMS in n-Hexane. a) PDMS doped with R6G in air
without swelling. b) PDMS doped with R6G in n-Hexane with significant
swelling.

Fig. 4. a) The dependence of the curvature of the GO@PDMS bimorph actuator
on different organic gases. The insets are photographs of GO@PDMS bimorph
actuator under the actuation of different organic vapors. b) The dependence of
the curvature of the GO@PDMS bimorph actuator on RH. The insets are pho-
tographs of GO@PDMS bimorph actuator under different humidity.
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moisture treatment was stopped and n-hexane vapor was presented, the
PDMS layer expanded due to the swelling effect. At this time, the GO
layer returned to the initial state, which means the actuator bent
downwards. Since the size of the vent hole is smaller than the actuators,
the valves were firmly closed. This phenomenon can prevent the
leakage of n-hexane vapors, the entire process lasted 32 s. We can re-
versely utilize the bimorph as an n-hexane-selective valve, to allow n-
hexane pass through and block the passage of moisture, as shown in
Fig. 7b. We just put the GO@PDMS actuators upside down. When the n-
hexane vapor was present, PDMS layer expanded and the actuator bent
upwards to open the vent holes allowing n-hexane vapor to pass
through. It took 21 s for the actuator to reach the stable state. When the
n-hexane vapor was removed and the moisture treatment was pre-
sented, the PDMS layer returned to the initial state. Resulting in the
actuator bent downwards to close the vent holes and prevent the
leakage of moisture. The entire process lasted for 26 s. The smart uni-
directional transmission vent has successfully achieved to the control of
gas transmission.

The actuator can not only control the transmission of the gas, but
also can realize the pick and transport of objects. As shown in Fig. 8,
with the aid of the microfluidic channels, the actuator can realize
functions of the claws and the hooks by switching between the inert
layer and the active layer. Fig. 8a illustrates the design mechanism of
this smart actuator. A thick tube was used as a humidity channel, and
evenly distributed three thin tubes as n-Hexane channels. The GO@
PDMS bimorph actuators (1.0 mm×15.0mm) were pasted onto the
bottom of the thick tube. Two kinds of objects were placed on the
substrate that can be grabbed and hooked separately (Fig. 8b). Firstly,
the smart actuator was placed above the white block, as shown in
Fig. 8c. Then we slowly moved it right below the actuator. As moisture
is passed in from the humidity channel, the GO layer expanded and the
bimorph bent inwards, which function as claws, so that the white block
object can be successfully grabbed (Fig. 8d). Subsequently, stopped the
input of humidity, the claws are recovered to the initial state and put
the object down. Then the smart actuator is moved right over the three
square rings. Interestingly, with the aid of the microfluidic device, the
n-hexane was injected through the n-hexane channel. Once the PDMS
layer is exposed to n-hexane, it expanded rapidly, so that the bimorph
bent outwards just like hooks. The three rings can be successfully
hooked up as shown in Fig. 8f. The entire process lasted for 76 s. The
above experiments successfully demonstrated that the GO@PDMS bi-
morph actuator enables the transmission of gas and objects. These re-
sults also indicate that the dual-responsive actuator with com-
plementary strategy based on GO and PDMS bimorph holds great
promise for developing intelligent actuators. Furthermore, considering
the fact that the manipulation of such actuators could be achieved
without any coupled energy-supply systems, the dual-responsive GO@
PDMS bimorph may find broad applications in intelligent devices, for

Fig. 5. The dependence of the curvature of the GO@PDMS bimorph actuator on
thickness of each layer under humidity or n-Hexane. a) The dependence of the
curvature on thickness of GO layer. b) The dependence of the curvature on
thickness of PDMS layer. c) The dependence of the responsiveness under
moisture and alkane actuation on the PDMS/GO thickness ratio.

Fig. 6. Responsive and recovery properties of the GO@PDMS bimorph actuator.
RH was switched between 28% and 97% three times. a) Repeated response of
the GO@PDMS bimorph actuator in n-hexane vapors. b) Repeated response of
the GO@PDMS bimorph actuator in humidity.
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instance, smart textiles, sensors, and even tissue engineering.

4. Conclusions

In conclusion, a rational complementary strategy to alternate the
active layer of bilayer actuator by a simple combination of the
moisture-active GO layer and the alkane-active PDMS layer is achieved.
Due to the rational design that actuator can realize flexible switching of
its own inert and active layer in the presence of moisture or alkanes
based on GO and PDMS bimorph. The smart bimorph actuator was very
sensitive to moisture and alkane; GO is a moisture-active material, on
the contrary, the PDMS is insensitive to moisture. In this case, the GO@
PDMS bilayer actuator bends towards the PDMS side with respect to the
moisture treatment. When the actuator is exposed to alkane, the si-
tuation is reversed. The PDMS layer acts as the active layer and the GO
layer becomes the inert layer, resulting in a bending performance to-
wards the GO side. To get better control over the responsive char-
acteristics of the actuator, GO@PDMS actuator with a certain curvature
rely on various thickness of GO and PDMS have been successfully
prepared. Furthermore, typical applications of these actuators, in-
cluding a selective air valve and a grip and hook smart claw are de-
signed and fabricated, indicating the effective transmission of gases and
objects. Briefly, a simple, effective fabrication method of combining
two materials which can respond to different energy sources shows
unique merits for designing bilayer actuators with rational com-
plementary strategy. The switchable property of the active and inert

layers makes actuators hold great promise for the development of
multiple-responsive smart robots.
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