
9534 | J. Mater. Chem. C, 2017, 5, 9534--9539 This journal is©The Royal Society of Chemistry 2017

Cite this: J.Mater. Chem. C, 2017,

5, 9534

Pristine graphene oxide film-based contactless
actuators driven by electrostatic forces†
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Graphene oxide (GO)-based actuators provide a material-centered

mechanism to enable a broad range of promising applications,

especially in artificial muscles, sensors, switches, and energy harvesting

devices. However, the current fabrication methods of such actuators

require the complicated synthesis of GO-based composites that

inevitably break the intrinsic structure of GO. Moreover, the

obtained actuators are commonly driven by a strong external

stimulus (light, moisture, or electricity) with unavoidable direct

contact, which results in the decomposition of the GO-based

composites, and thus reduces the device lifetime. To address

the aforementioned challenges and limitations, we demonstrate a

simple and generic electrostatic actuation principle for the design

and fabrication of pristine GO film-based contactless actuators

with a fast actuation response, good reversible actuation, and high

stability. The resulting GO film-based actuators can be driven easily

by almost all commonly charged objects. Two applications are

demonstrated, one is a smart ‘‘radar’’ made by a 3 � 3 GO film strip

array for tracking the motion of objects, and the other one is GO film-

based ‘‘dancers’’ obtained from Chinese paper-cuts. The presented

contactless actuation principle and the simple fabrication process

open a new avenue for the design and development of GO-based

actuators, which can be easily extended to the fabrication of other

smart devices for motion detection or energy harvesting.

Actuators which transfer external stimuli to mechanical responses
have enabled a broad range of promising applications, especially
in artificial muscles, sensors, switches, and energy harvesting
devices.1 The performance of actuators has focused to date on
the development of new materials.2 Various materials, such as
electroactive polymers, shape memory polymers, hydrogels, carbon
nanotubes, and graphene (G) and its derivatives,3 have been

intensively employed for realizing a rich variety of actuators based
on their responses to electric fields, humidity, or light. Among all
the demonstrated materials, graphene oxide (GO) and GO-based
nanocomposites are preferable for constructing actuators owing to
their extraordinary properties including high thermal conductivity,
light weight, good electrical properties and photo-thermal
conversion.4 For example, asymmetric G/GO fibers can respond
to moisture, because GO has a stronger affinity to water than G,
displaying well-controlled deformation and motion.5 In addition,
polydopamine-modified reduced GO/Norland Optical Adhesive-63
films are used for the demonstration of near-infrared (NIR) light
driven-bilayer actuators based on the NIR absorption of reduced
GO.6 Very recently, partially reduced GO/polypyrrole composite
films have been applied in moisture and electrochemical actuators.7

However, these reported GO-based actuators are mainly based on
composites which require multi-step and complicated synthesis
procedures. During these procedures, the intrinsic structure of GO
is inevitably broken. Moreover, these actuators require a strong
external stimulus (light, moisture, or electricity), which essentially
limits their applications. Furthermore, they require direct contact
with external stimuli, which may decrease the device lifetime
because light, moisture or electricity can result in the decomposition
of GO-based composites.8 Therefore, exploitation of pristine
GO-based actuators with a contactless actuation mechanism
remains fundamentally challenging.

Contact electrification is a common phenomenon in which
material surfaces bear charges as a result of contact.9 The
charged object can be attracted or repelled by the electrostatic
force in the presence of an electrostatic field. More importantly,
the electrostatic field from contact electrification is everywhere,
and almost all the materials such as metals, polymers, water and
the human body bear different charges.10 When a charged object
is close to other charged objects, the electrostatic field between
them changes, which leads to the motion of objects. Hence, the
use of an electrostatic force to drive the motion of light-weight
films is an ideal way to achieve contactless actuators.

Here we present a contactless actuator based on a pristine
GO film fabricated by a simple solvent evaporation technique
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and a commercially available plastic Petri dish. The resulting
actuator is driven by an electrostatic actuation mechanism with
a wide spectrum of charged objects, such as weighing paper,
glass slides, metal tweezers, human fingers, and polytetrafluoro-
ethene (PTFE) films. Additionally, the resulting actuator shows a
large deflection and a fast response to a weak electrostatic field
variation. Two applications are demonstrated to validate the
resulting GO film. One is a smart ‘‘radar’’ made by a 3 � 3 GO
film strip array for tracking the motion of objects, and the other
one is GO film-based ‘‘dancers’’ obtained from Chinese paper-cuts.
The present strategy provides an alternative methodology for the
design and fabrication of high-performance actuators to address
the aforementioned challenges, thus leading to promising
applications in energy harvesting, sensing, and other related
fields.

The GO film is prepared via a solvent evaporation technique.
Fig. 1a shows the fabrication process of the GO film. 50 mL of
0.9 mg mL�1 GO suspension solution is poured into a glass
Petri dish and evaporated at 50 1C for 24 hours. The GO film is
obtained by directly peeling it off from the dish (see the
material and synthesis of GO films in the method section). As
shown in Fig. 1b, the optical image of GO indicates that the
diameter of the obtained GO film is about 9.5 cm. Scanning
electron microscope (SEM) and atomic force microscope (AFM)
images demonstrate that some quasi-one-dimensional creases
are observed in the obtained GO film (Fig. 1c and Fig. S1, ESI†).
Fig. 1d exhibits the cross-selection SEM image of the obtained
GO film, which clearly illustrates that the GO film with a
thickness of about 4 mm has a multilayered structure, similar
to that reported previously.11 The crystal structure of the GO
film is studied by X-ray diffraction (XRD), as shown in Fig. S2
(ESI†). The XRD peak of the obtained GO film is centered at
2y = 10.91, suggesting that the layer distance between the sheets
of the GO film is approximately 0.8 nm. Furthermore, Raman
spectroscopy is employed to investigate the structure of the
resulting GO film. As displayed in Fig. S3 (ESI†), two peaks at
1355 cm�1 and 1595 cm�1 are observed, which are ascribed to
the D and G bands of GO, respectively. Fourier transform
infrared (FTIR) spectroscopy is also performed to identify the
surface composition of the obtained GO film. Fig. S4 (ESI†)
shows the FTIR spectrum of the GO film. The typical peaks of

the CQC stretching vibration appear at 1622 cm�1, and for O–H
deformation and stretching vibrations appear at 1400 cm�1

and 3385 cm�1. The peaks at 1732 cm�1, 1046 cm�1, and
1220 cm�1 originate from the CQO stretching, alkoxy C–O
stretching, and epoxy C–O vibration bands, respectively. These
results identify that the GO film contains hydroxy, alkoxy, and
epoxy groups.

To fabricate the GO film-based actuator, the resulting GO
film is cut into strips with a length of 18.6 mm and a width of
2.0 mm. The obtained GO film strip is then attached onto the
green sticker, and covered with a polystyrene (PS) Petri dish
(diameter 8.6 cm, depth 1.8 cm) as shown in Fig. 2a. Because
the PS dish bears a negative charge while the GO film strip
bears a positive charge, the GO film strip is attracted and bends
at a certain angle. In this bending state, the GO film strip
becomes very sensitive to external charged objects and very
weak attractive or repulsive forces may change the bending
angle of the GO film strip, therefore resulting in the fast and
reversible actuation of the GO film strip. As displayed in Fig. 2b,
the bending angle increases as the negatively charged PTFE
film moves closer to the GO film strip. And it goes back to the
original state when the PTFE film is taken away. Inversely, a
positively charged glass slide repels the GO film strip and
decreases its bending angle when getting close to the GO film
strip (Fig. 2c). The relationship between the distance and the
bending angle of the GO film strip is studied based on the
recorded videos (Movies 1 and 2, ESI†). Here the distance is
defined as the vertical distance between the bottom of the
charged object and the upper surface of the PS dish. As shown
in Fig. 2d, both a negatively charged object and a positively
charged object can controllably and reversibly drive the GO film

Fig. 1 (a) Schematic illustration of the fabrication process of GO films.
(b) Optical image of the resulting GO film with a diameter of 9.5 cm. (c and d)
SEM and cross-section SEM images of the resulting GO film (scale bar, 1 mm).

Fig. 2 (a) Schematic illustration of the GO film-based actuator. (b and c)
Optical images showing the actuation process of a GO film strip driven by
a PTFE film and a glass slide. (d) Bending angle as a function of the distance
between the bottom of the charged object and the upper surface of the PS
dish. (e) Dependence of the minimum bending angle on the cycle number.
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strip based actuator. Moreover, the GO film strip based actuator
exhibits a fast actuation speed in response to the movement of
human fingers with reference to the changed area on the green
sticker as shown in Movie 3 (ESI†). When a human finger
approaches the surface of the dish, the GO film strip quickly
bends at 39.51 within 0.56 s, and returns to its initial state in
0.75 s after the human finger moves away from the surface of
the PS dish. A video camera is used to monitor the dynamic
process of the actuator, and the corresponding bending angle
can therefore be obtained and plotted as a function of time
(Fig. S5, ESI†). The bending angle decreases when the human
finger is close to the dish, and increases when it moves away.
Besides, the performance reliability of the obtained actuator is
evaluated. After being kept in a clean atmosphere for more than
two months and then measured, the developed actuator still
works well. Furthermore, we conduct the reliability test by
fixing a metal tweezer on a linear motor. The reciprocating
motion of the linear motor drives the positively charged tweezer
to move close to and away from the GO film strip repeatedly.
The GO film strip is repelled to its minimum bending angle
when the tweezer moves close to the strip, and goes back to its
original state as the tweezer moves away from it. The frequency
of the reciprocating motion is 1.25 Hz, and we measure a
minimum bending angle every 10 minutes. This test lasts for
more than 200 minutes and the results show that the perfor-
mance exhibits no evident change after 15 000 cycles (Fig. 2e),
demonstrating its good reliability and stability.

More significantly, almost all commonly charged objects can
easily drive the GO film-based actuator. Various objects including
but not limited to gloves, weighing paper, and metal tweezers can
cause the motion of the GO film-based actuator (Fig. S6–S8 and
Movies 4–6, ESI†). As a result, the resulting actuator exhibits
different response times and bending angles in response to
different objects. Weighing paper, glass slides, and metal tweezers
can lead to further bending of the actuator (repulsion force), while a
PTFE film results in further attraction of the GO film, producing a
larger bending angle than that of its initial state. These results
indicate that the GO film actuator is generic, simple, and facile
without the need for strong external stimuli.

The production, transportation, and use of the aforementioned
objects produce static electricity. Accordingly, the driving force
may be from the electrostatic force among the PS dish, various
objects, and GO film. The triboelectric series of common materials
are listed in Fig. S9 (ESI†). Human skin, glass, paper and steel are
found to be located at the top of the triboelectric series, while PS
and PTFE rank at the bottom. Therefore, PS and PTFE are apt at
bearing negative charges, whereas human fingers, glass, weighing
paper and metal tweezers (steel) tend to bear positive charges. The
types of electric charge are experimentally identified by a Faraday
cup connected to a high precision electrometer (Keithley 6514).
The charge of the GO film is also tested, and the GO film bears
positive charges with a surface charge density of about 0.5 mC m�2.
To investigate the origin of the surface charge, the GO film and
reference materials are first discharged by using a Zerostat gun.
After that, we contact the GO film 40 times with three reference
materials (glass, paper, and PTFE). With an increase in the number

of touches, the positive charge of the GO film increases
(Fig. S10–S13, ESI†). Accordingly, the positive charge of the
GO film mainly originates from contact electrification during
the peeling process from a glass dish. When the GO film is
reduced by hydroiodic acid, the reduced GO film also bears a
similar positive charge, indicating that the charge of GO is not
related to its surface groups. Therefore, the GO film strip bends
when a charged object approaches due to the electrostatic force
(Fig. S14a, ESI†).

To understand the mechanism of the actuator, the effect of
humidity is firstly investigated. When the actuator is placed in a
glove box without humidity, it can also be easily driven by a
finger covered with a humidity-free glove (Movie 7, ESI†).
This result eliminates the possibility of the humidity-induced
deformation of the GO film strip. Subsequently, the interaction
between the GO film strip and the PS dish is also studied. When
the negatively charged PS dish is close to the GO film strip, it
bends quickly (Fig. S14b and c, ESI†), indicating the presence of
an attraction force between them. Additionally, the effect of
different types of charge on bending of the GO film strip is
studied. After a washcloth touches a glass rod, the washcloth
acquires negative charges, and the glass rod acquires equal
positive charges (Fig. S14d and e, ESI†). Evidently, the wash-
cloth attracts the GO film strip, while the glass rod repels the
GO film strip. The results demonstrate that the interaction
between the GO film strip and the PS dish originates from
electrostatic force. Since the electrostatic force is determined by
an electrical field, the relationship between the electrical field
and bending angles is studied to further clarify the mechanism.
Fig. 3a and b show the set-up of this experiment. The PS dish is
discharged by using a Zerostat gun to remove the influence of
its surface charge. Then, the system is placed in a uniform

Fig. 3 (a) Schematic illustration and (b) optical image of GO film strip-
based actuators driven by a uniform electrostatic field. (c) Bending angle as
a function of the electric field intensity and the corresponding charge
amount on the upper electrode. (d) Optical image showing the actuation
process of a GO film strip driven by an electrostatic field.
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electrostatic field which is generated by applying a direct
voltage between two electrodes. The lower electrode is connected
to the positive end and the upper electrode is connected to the
negative end. As shown in Fig. 3c and Movie 8 (ESI†), with an
increase in uniform electric field from 0 to 2.5 kV cm�1, the
bending angle of the GO film strip spans from 14.81 to 54.91.
Also, the charge amount on the upper electrode is calculated
(electrode area: 10 cm2), indicating that this actuator can be
driven by less than 1 nC. Optical images in Fig. 3d intuitively
show that the bending angle can be greatly changed below
2.5 kV cm�1, corresponding to 2.21 nC. Accordingly, the inherent
surface charge of GO is responsible for its bending. Thus, a GO
film strip covered with a PS dish is attracted by an electrostatic
force and finally bends at a certain angle to reach an equilibrium
state. When the charged objects are placed on the surface of the PS
dish, the electrostatic field changes and therefore breaks the
equilibrium state, which results in a mechanical response of the
GO film strip with the motion of charged objects. As a result,
positively charged objects, such as human fingers, weighing paper,
glass slides, and metal tweezers, cause further bending of the GO
film strip because they repel the GO film strip. In contrast,
negatively charged objects, such as a PTFE film, increase the
negative charges of the PS dish area, which leads to less bending
of the GO film strip as they attract the GO film strip.

In addition, an order-of-magnitude analysis electrostatic
attractive force (FE) is carried out with the consideration of
three models involving the GO film strip and the PS dish
without the PTFE film, with the PTFE film at 5 cm (the distance
between the surface of the PS dish and the PTFE film), and
with the PTFE film at 1.5 cm as shown in Fig. S15 (ESI†),
respectively. Using COMSOL Multiphysics, the FE in the case
without the piece of PTFE film is calculated to be approximately
9.36 mN, which is slightly smaller than the weight of the GO
film (4 mg in our case), since a force of around 9.8 mN can
represent a weight of 1 mg. The reason is that this is only an
order of magnitude analysis (1 mg is at the same order of
magnitude as 4 mg), and we are thus only lifting one side of the
GO film strip rather than lifting the whole GO film strip.
Similarly, the electric potentials of the PS dish in the presence
of the PTFE film at 5 cm and 1.5 cm are also solved, and the
corresponding electrostatic attractive force is obtained to be
10.6 mN and 15.5 mN, respectively. The increase of the electro-
static attractive force FE between the GO film strip and the PS
dish in the presence of the PTFE film results in less bending of
the GO film strip, which is in good agreement with the observed
experimental results. Furthermore, we also estimate the drag
force accommodated by the actuator according to the drag
equation in fluid dynamics: FD = 1/2CDArv2, where r is the air
density, v is the relative speed between the GO film strip and
air, CD is the drag coefficient equal to 1.8 in our case,12 and A is the
area of the GO film strip. As a result, the drag force accommodated
by the actuator is estimated to be 0.43 mN assuming that the GO
film strip bends at a line speed of 10 cm s�1.

The unique properties of GO film-based actuators driven by
electrostatic forces mean that they can be used as a component
for the development of various devices for practical applications

related to the motion of objects. For instance, the GO film-based
actuators can be employed as a smart ‘‘radar’’ to identify the
position of various objects. As shown in Fig. 4a, a radar is
fabricated by a 3 � 3 GO film strip array with a grid size of
1.9 cm. When an object reaches above the surface of the PS dish,
the GO film strips bend due to the electrostatic force. The GO
film strips at different positions have different bending degrees
which are proportional to the distance between the charged
object and the GO film strip, thus locating various objects.
Consider the motion of a human finger for example, the human
finger located at different areas leads to the bending of the GO
film strip (Fig. 4b, c and Movie 9, ESI†), in which the GO film
strip close to the finger significantly bends. When the position
of the finger changes, the GO film strip with the maximum
bending degree changes accordingly. Hence, we can obtain the
position information according to the bending degree of the GO
film. This device may be potentially useful for next-generation
electronic devices with contactless positioning interfaces.13

We further develop GO film-based dancers obtained by
Chinese paper-cuts as another application demonstration.
The dancer (width 1.6 cm and height 2.8 cm) is made by cutting
a GO film into a human image and immobilizing it on the
surface of the sticker with the help of glue. Three GO dancers
are covered with the same PS dishes. As illustrated in Fig. 5, the
GO dancers initially remain standing due to the attraction of
the dish. When the finger arrives at the surface of the dish,
the GO dancer instantly bends (Fig. 5a, b and Movie 10, ESI†),
and will keep standing again as the finger moves away from
the dish. Moreover, different fingers such as the index finger,

Fig. 4 (a) Schematic illustration of the design of a GO film array-based
radar. (b) Optical images of the selective bending of the GO film array in
response to a human finger covered with a glove at different positions.
(c) Locally magnified images of the selective bending of the GO film array.
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middle finger, and ring finger can individually cause the bending of
the corresponding GO film dancer. When the fingers periodically
arrive and leave from the surface of the dish, the GO dancer also
periodically bends, leading to the dancing process. Consequently,
the GO film-based dancer can sense the weak sound from the
periodical bending of human fingers and provide a corresponding
response. The GO film-based dancer also exhibits a good cyclic
lifetime, and the deformation remains the same after 1000 cycles of
actuation tests.

Conclusions

Traditionally, the GO film-based actuators require the preparation
of various composites according to the processing steps, which are
not compatible with conventional batch microfabrication steps. In
our design, the GO film is directly prepared by a simple solvent
evaporation technique. This simple synthetic approach allows for
the preparation of GO films with different sizes and morphologies
using different molds, which can be used for ultralow-power
microchips and microdevices. The outstanding capacity of the
GO film actuator for sensing the motion of human fingers can
monitor human movement for the prevention of sports injury or
the early diagnosis of Parkinson’s disease. Besides, the GO film-
based actuators can be further concatenated with other functional
materials, for example, piezoelectric material polyvinylidene fluoride,
leading to the realization of multi-functional flexible devices.

In summary, we propose a simple and generic electrostatic
actuation principle for the design and fabrication of pristine
GO film-based contactless actuators. Significantly, the fabrication
process retains the inherent structure of the GO film. The
developed contactless actuators show a fast actuation response,
good reversible actuation, and high stability. Unlike the reported
GO-based actuators that require strong external stimuli, the
resulting GO film-based actuators can be driven easily by almost
all commonly charged objects, demonstrating their generality
and simplicity. More importantly, the actuators can be further
used for practical applications, and smart radars and dancers are
successfully fabricated and demonstrated for the first time. The
present actuation principle opens a new avenue for the design
and development of GO-based actuators, which can be easily
extended to the fabrication of other smart devices for human
motion monitors and energy harvesting via various rational designs.
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