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show reversible dimension changes. 
To achieve controllably actuation, it is 
significant to integrate the active mate-
rials with assistant inertia materials.[8] 
A simple bilayer structure is usually 
adapted to combine actuation layer with 
an inert layer in a synergistic manner. 
The actuation is mostly caused by the 
difference in the volume expansion or 
contraction of two layers. For example, 
carbon nanomaterials like carbon nano-
tube (CNT), graphene serve as joule/
photothermal conversion materials that 
can be employed to fabricate electrical 
or photodriven actuators.[9] Combining 
with these carbon nanomaterials, some 
responsive polymer such as cellulose,[10] 
polyvinylidene fluoride (PVDF),[11] or 
polypropylene[12] are further used to con-

struct multistimuli responsive actuators that response to sol-
vent vapors, light, and electrical stimuli.

To date, many actuators consisting of carbon nanomate-
rials and polymer layer still display slow responses (tens of 
seconds to a few minutes) and insufficient sensitivity in the 
actuation/recovery process triggered by solvent vapors and[7,13,14] 
light stimuli.[15–19] Zhang et  al.[20] and Deng et  al.[21] reported 
respectively thermally and solvent responsive actuators with 
bilayer CNT/polyethylene composite, and graphene/epoxy-
based polymer. These actuators can be bent reversibly in water 
or acetone under the controlled of thermal and near-infrared 
light. But their response speed is slow in the order of several 
minutes. To improve the reversible response rate, the com-
posite film actuators with thin thickness are prepared. Qu et al. 
reported a graphene oxide/cellulose acetate membrane actuator 
with a thickness of 140 µm, which bends completely to the 
acetone vapor within 19 s and recovers within 38 s in air.[7] Lee-
ladhar and Singh prepared a graphene-poly(dimethylsiloxane)/
gold bilayer actuator with 55 µm thickness for photo- and 
chemical vapor-driven soft grippers opens fully within 8 s.[22] 
However, these thin-film actuators are subjected to apparent 
fatigue and weak mechanical strength. Increasing the inter-
action area between actuator and stimuli can enhance rapid 
response ability. Zhang et al.[23] reported a PVDF/PVA actuator 
with microchannel patterns that allowed the actuator response 
rapidly to the acetone gas. The reversible actuation process 
was still slow and was completed within 6 s. The interaction 

A multiple stimuli-responsive actuator with an ability of rapid and sensitive 
responding is highly desirable for the development of biomimetic actuation 
applications. Herein, a bilayer actuator with fast and sensitive responses to 
acetone vapor and light stimuli is reported based on polyvinylidene fluoride 
(PVDF) membrane with a hierarchical porosity and macroscopic carbon 
nanotubes (CNTs) assembled film. The CNTs film with uniform and tunable 
thickness is prepared by a macroscopic interfacial assembly strategy and 
transferred integrally onto the PVDF membrane. Under the infrared light, 
this CNTs/PVDF bilayer actuator can bend rapidly within 1 s and generate 
large stress. Moreover, for the acetone vapor stimuli, the actuator bends 
within 0.19 s and also reverses in 1.24 s to the initial state, showing sensitive 
and fast responses to acetone stimuli, as well as outstanding stability and 
repeatability.

Recently, multistimuli responsive actuators have been devel-
oped by virtue of soft polymer materials and functional inor-
ganic nanomaterials, to mimic biological systems possessing 
heterogeneous mechanical properties.[1,2] These kinds of 
actuators can convert external stimuli such as light,[3] heat,[4,5] 
electrical,[6] and organic vapors[7] to mechanical energy and 
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between PVDF and vapor occurs mainly on the surface and 
permeation of acetone molecules into PVDF is hindered, 
leading to insufficient volume expansion and slow response to 
the vapor stimuli. On another hand, the CNT or graphene layer 
is usually difficult to coat uniformly on the PVDF membrane 
by conventional solution casting method,[24] especially in large 
scale preparation. This will affect the synergistic effects of the 
actuation layers and resulting controllable actuating deforma-
tion.[25] Thus, it is highly desirable to develop effective methods 
to prepare high-performance actuators that can respond rapidly 
and sensitively to multiple stimuli. Previously, the carbon-based 
polymer composites actuators are mainly composed of uniform 
polymer film or with some surface pattern. There are no work 
to study the effects of porosity of the polymer film on the actua-
tion performance under the control of light/chemical solvent 
stimuli.

In present work, we report a robust strategy of fabricating a 
bilayer actuator with fast and sensitive responses to the acetone 
vapor and light stimuli. This actuator consists of hierarchically 

porous PVDF membrane and macroscopic CNTs assembled 
thin film with uniform thickness. The CNT film was prepared 
by air/water macroscopic interfacial assembly and can transfer 
integrally on a porous PVDF film by one-step. Due to the hier-
archical porous structures of PVDF and uniform CNT film, this 
CNTs/PVDF bilayer actuator shows sensitive and fast responses 
to acetone and light stimuli. Meanwhile, under the acetone gas 
stimuli, the actuator approaches rapidly to the equilibrate state 
within 0.2 s and returns to the original state within 1.24 s. The 
actuator also has stable actuation performance in the cycles of 
acetone and light stimuli, exhibiting outstanding stability and 
repeatability.

The fabrication strategy is illustrated in Figure 1a. Viscous 
PVDF/N,N-dimethylformamide (DMF) mixture is casted on 
the glass plate by blade casting method before immersing 
into the water bath (Figure  1a-I,II). Based on the solvent 
exchanging of DMF/water, phase conversion occurs in the 
casted PVDF/DMF mixture (Figure 1a-III), leading to a porous 
PVDF membrane after drying (Figure  1a-IV). Subsequently, 

Figure 1.  a) Schematic illustration of preparation of the CNTs/PVDF composite membrane. b) Both sides of a hand-shaped CNTs/PVDF composite. 
c) Responses of CNTs/PVDF bilayer actuator to light and acetone vapor stimuli.
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one side of the porous PVDF membrane is treated by oxygen 
plasma to favor the transferring of CNTs film (Figure  1a-V). 
Previously, we reported a macroscopic freestanding CNTs 
network film with outstanding mechanical strength by air/
water interfacial assembly.[26] This CNTs film can be trans-
ferred stably onto the plasma-treated PVDF membrane from 
water solution surface. In the transferring process of CNTs 
film (Figure 1a-VI), a hand-shaped mask is employed to cover 
the PVDF membrane before dipping into the water solution 
with CNTs film floating on the surface (Figure  1a-VI). The 
slantly held PVDF/mask is lifted vertically from the bottom of 
the floating CNTs film. A hand-shaped CNTs film is formed 
on the PVDF member after removing the mask. The CNTs 
thin film only attaches to the one side of PVDF membrane, 
forming an asymmetrical structure (Figure 1b). The resultant 
bilayer CNTs/PVDF composite membrane can be used as an 
actuator that responds to multiple stimuli such as light and 
acetone (Figure 1c).

Due to the inherent hydrophobic surface of the PVDF mem-
brane, CNTs film floating on aqueous solution is incapable of 
integrally transferring on the PVDF membrane. A protocol of 
oxygen plasma treatment is performed to change the surface 
wettability of PVDF membrane. After oxygen plasma treatment, 
the surface water contact angles (WCAs) of PVDF layer change 
from 91° to 63° (Figure 2a), showing good hydrophilicity. The 
oxygen plasma treatment can trigger the carbon etching and/
or oxidation and defluorination reaction at the surface of PVDF 
membrane, and incorporate oxygen (CO groups) onto the sur-
face.[27] These changes make the PVDF membrane surface 

become more hydrophilic.[28] The microstructures of the CNT/
PVDF membrane was further observed by scanning electron 
microscopy (SEM) (Figure  2b). A layer of CNTs film network 
with uniform thickness of 2 µm attach firmly on PVDF mem-
brane, forming a bilayer structure. The CNTs network film 
has a nanoscale porosity while the PVDF membrane displays 
hierarchical pore structures consisting of finger-liked pores 
and irregular microscopic pores coexisting inside PVDF mem-
brane. The finger-liked pores and irregular microscopic pores 
distribute separately on two sides of the PVDF membrane, 
leading to an asymmetrical porous membrane.

The surface composition of oxygen plasma-treated PVDF 
membrane was examined with attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy. Both pris-
tine PVDF membrane and plasma-treated PVDF membrane 
display characteristic absorption bands of PVDF crystalline 
phases (α and β phase).[29] The featured peaks around 885 cm−1 
corresponds to C–H rocking/C–F asymmetrical stretching 
and the peaks around 1171 and 1402  cm−1 are ascribed to the 
C–F stretching vibrations.[30,31] In comparison to the pristine 
PVDF membrane, treated PVDF membrane has significant 
peaks between 3500 and 3800 cm−1 (red line in Figure 2c),[32,33] 
indicating the incorporation of hydroxyl groups on the treated 
PVDF membrane. In addition, the composition of CNTs/PVDF 
composite and pure PVDF membranes are also characterized 
by Raman spectra (Figure 2d). The characteristic D, G, and D 
bands of CNTs are marked at about 1351, 1585, and 2699 cm−1, 
respectively,[34,35] which suggests that the CNTs are attached to 
PVDF in the CNTs/PVDF composite.

Figure 2.  a) Water contact angles of the pristine (91°) and plasma-treated PVDF (63°) membrane. b) SEM image of a CNTs/PVDF composite mem-
brane. c) ATR-FTIR spectra of pristine PVDF membrane (black line) and plasma-treated PVDF membrane (red line). The inset is an enlarged view of 
the circled area. d) Raman spectra of the PVDF and CNTs/PVDF composite membrane.
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The CNTs/PVDF membrane was exposed to light irradiation 
under different distances (from 50 to 5 cm). The CNTs film can 
convert the NIR light energy into thermal energy, leading to the 
increasing of the surface temperature of the membrane. The 
surface temperature of the CNTs/PVDF membrane was moni-
tored by the infrared thermography (Figure 3a). With decreasing 
the distance between the membrane and light resource, the sur-
face temperature of the membrane increases from 28 to 52 °C 
(Figure 3b). The actuation of a CNT/PVDF stripe (40 µm thick-
ness, 4 × 0.5 cm length × width) under different irradiation dis-
tances (from 50 to 5 cm) is shown in Figure 3c. When the light 
exposes to the side of CNTs film, the CNTs/PVDF membrane 
bends gradually toward the light resource. The curvature of the 
CNTs/PVDF membrane increases correspondingly from 0.16 to 
0.60 cm−1 (Figure 3c). When the light turns off, the membrane 
returns reversibly to the original upright state. Due to the larger 
thermal expansion efficiency of PVDF membrane than CNTs 

film, the photothermal induced volume expansion of PVDF 
membrane is more apparent than CNTs film,[36] leading the 
CNTs/PVDF membrane bend toward the CNT film sides.

Except the light stimuli intensity, the thickness of the mem-
brane also influences the actuation behaviors. PVDF mem-
branes with different thicknesses of 20, 35, 40, 45, and 50 µm 
were prepared to explore the effects of the PVDF membrane 
thickness on actuation behaviors. The irradiation distance 
keeps at 20  cm and the generated surface temperature on 
the membrane is about 44  °C. As the membrane thickness 
increases from 20 to 50 µm, the curvature of the CNTs/PVDF 
actuator decreases gradually from 0.4 to 0.2  cm−1 (Figure  3d). 
This actuation curvature variation is mainly scribed to the dif-
ferences of mechanical strength and thermal transmission of 
PVDF membranes with different thickness.[37] The PVDF mem-
brane with larger thickness has a higher bending stress and 
slow thermal transmission, leading to small bending degree.[38] 

Figure 3.  NIR light stimuli responses of the CNTs/PVDF actuator. a) The thermal image, b) surface temperature, and c) bending curvatures of CNTs/
PVDF composite when exposed to the light resource from different distances. d) The relationship between bending curvature and the film actuator 
thickness. e) 50 cycles of light stimuli responsiveness of CNTs/PVDF actuator. f) The schematic illustration of the dynamometer to measure the bending 
stress of the CNTs/PVDF membrane. g) The stress generated by light-triggered deformation of the CNTs/PVDF actuator in the process of light on/off. 
h) The magnified curve of the highlighted region in (g).
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In the repeated on/off light irradiation, the CNTs/PVDF 
membrane show stable actuation behaviors. After 50 cycles of 
bending/relaxing, the response speed and maximum bending 
curvature show no apparent changes and return completely to 
the original upright state (Figure  3e), indicating outstanding 
actuation stability. In the process of light stimuli actuation, 
the bending stress of the CNTs/PVDF membrane was meas-
ured by a dynamometer (Figure  3f). A straight CNTs/PVDF 
stripe with a dimension of 4 × 0.5  cm is held with one end 
and the other end touches the surface of a flat dynamometer. 
After exposure to NIR light, the actuator bends generally and 
presses the dynamometer. The displayed pressure force is used 
to determine the light-triggered bending stress. The maximum 
bending stress approach about 1.6 kPa (Figure 3g). Under the 
light irradiation, the actuator bends rapidly to the equilibrate 
state within 1 s (Figure 3h).

The potential applications of CNT/PVDF actuators were 
investigated as a biomimetic gripper and ejector (Figure  4). 
Four individual CNT/PVDF stripes were assembled into a 
4-armed gripper (Figure 4a-I). Under the NIR-light irradiation, 
the four arms bend centripetally at the same time, performing 
like a closed palm (Figure  4a-II,III). When the NIR light is 
turned off, the closed gripper opens rapidly (Figure  4a-IV), 
which can be used potentially as a NIR-controlled gripper to 
rapidly grab an object. In addition, owing to the rapid NIR-light 
actuation and large bending stress, the actuator also can serve 
as a light-driven ejector (Figure 4b). A glass ball with a weight 
of about 5 g can even be propelled to move forward about 7 cm 
under NIR light stimuli (Figure 4b-III,IV).

The porous PVDF membrane has strong interaction with 
volatile organic solvent vapor molecules while the inert CNTs 
film almost shows no response to them. Because of the dif-
ferent responsiveness of CNTs and PVDF, the double-layer 
CNT/PVDF membrane deforms asymmetrically to the organic 
solvent vapor stimuli (Figure  5a).[39] A bionic hand-shaped 
CNTs/PVDF actuator that is responsive to the volatile acetone 
stimuli was fabricated. To achieve precisely spatial actuation, 

the acetone vapor was delivered directly by a tube to the tar-
geted finger parts of the hand-shaped actuator. When exposed 
to the acetone vapor, the finger parts rapidly bend toward the 
CNTs film sides and reversibly return to the original state 
upon removing the acetone gas (Figure  5b). PVDF is capable 
of capturing acetone vapors through noncovalent interac-
tions between fluorine atoms and acetone molecules.[40] In the 
porous PVDF membrane, acetone vapors molecules diffuse into 
the membrane and lead to the volume expansion of the PVDF 
membrane.[41] In addition, acetone vapors has weak interaction 
with CNTs film. The responsive differences trigger the mem-
brane bend. The responding speeds of CNT/PVDF were inves-
tigated by snapshot cameras and the instant screenshots are 
shown in Figure 5c. As soon as exposure to the acetone vapor, 
one finger-shaped membrane bends rapidly within 0.19 s. 
When the acetone vapor is switched off, the bent finger returns 
to the original straight state in 1.24 s. One reversible bending/
relaxing cycle can be finished within 1.43 s. This bending and 
relaxing speed of prepared CNT/PVDF is much faster than the 
previous PVDF-based actuator.[7,22,40–47] Compared with other 
carbon-based PVDF bilayer without porous structures,[11,48] the 
responding speed of prepared CNT/PVDF is also much faster. 
The porous structures can accelerate the internal mass trans-
port and give rise to a rapid responsiveness.

As shown in the SEM image (Figure 2b), the prepared PVDF 
membrane has finger-shaped microscopic pores on one side 
and small pores are formed on the other sides. Compared 
with the small porosity, the finger-like pores is favorable for 
the rapid permeation of acetone molecules, leading to the fast 
response to the acetone vapor stimuli.[49] A PVDF membrane 
with small sized pores were prepared as a referenced sample 
(Figure S1, Supporting Information). Compared with the mem-
brane with larger finger-liked pores (Figure S1a, Supporting 
Information), the membrane with small-sized pores show slow 
responding speed and slight deformation under the stimuli of 
NIR light and acetone. Especially exposing to the acetone vapor, 
the membrane with small-sized pores hardly display rapid and 

Figure 4.  NIR light-driven actuation using CNTs/PVDF bilayer actuator. a) A 4-armed gripper actuator is controlled to open and close under the on/
off cyclic NIR irradiation. b) NIR light irradiation-driven ejector that pushes a ball move forward when the NIR light is on and move back when the 
NIR light is off.
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apparent deformation (Figure S1b, Supporting Information). 
These results indicate the porous structure of PVDF membrane 
plays a crucial role in the performance of the CNTs/PVDF actu-
ator. The asymmetrical pore structures on two sides leads to the 
asymmetrical distribution of acetone molecules in the mem-
brane, resulting into different volume expansion on the two 
sides. Therefore, the CNTs/PVDF membrane can bend rapidly 
toward CNTs film sides.

To demonstrate the responsiveness of CNT/PVDF actuators 
to other organic solvents, organic solvents including tetrahydro-
furan (THF), dichloromethane, diethyl ether, ethanol, and meth-
anol were selected as vapor stimuli. During the vapor actuation, 
the vapor pressure of the organic solvents was controlled by a 
pressure gauge and kept around 2 kPa at 20 °C. The CNTs/PVDF 

membrane with a dimension of 4  × 0.5  cm (length × width) 
was twisted into a spiral actuator. Upon exposing to the solvent 
vapors, the actuator uncoils gradually and the length increases 
correspondingly (Figure 6a). Otherwise, the actuator returns to 
the spiral state when move away from the vapor. To study the 
deformation behaviors of the actuator to different organic sol-
vents vapors, the length variation of the spiral actuator (ΔL/L0) 
is used to evaluate precisely the actuating process (Figure  6a), 
where L0,  ΔL represent the initial length of the spiral actuator 
and the length variation after vapor stimuli. Acetone vapor gives 
rise to the fastest actuating speed and maximum deformation. 
The spiral actuator uncoils rapidly within 2 s and almost returns 
to the straight stripe state (Figure  6a). In the case of THF, the 
spiral actuator only uncoiled partially and the unfold speed was 

Figure 6.  a) The length variation (ΔL/L0) of spiral actuator under the stimuli of different organic solvent vapors (gas pressure 2 kPa, 20 °C). The inset 
shows the untwisting of a spiral CNTs/PVDF actuator to acetone vapor stimuli. b) 100 cycles of twisting/untwisting actuations of the CNTs/PVDF 
spiral actuator.

Figure 5.  a) The actuation mechanism of the CNTs/PVDF bilayer actuator via solvent molecule absorption/desorption. b) Photos of hand-shaped 
actuator bending in response to acetone vapors. c) Ultrafast responses of hand-shaped actuator in the presence of acetone vapor stimuli.
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also slower than the case of acetone-driven actuation. Other sol-
vents such as ethanol and methanol hardly triggered the defor-
mation of CNT/PVDF actuators (Figure  6a). After 100 cycles of 
twist/uncoil by acetone vapor stimuli, the ΔL/L0 value of CNTs/
PVDF actuator decreases slightly by 3%, which indicates the 
CNTs/PVDF actuator has highly reliable actuation behavior and 
stability to the acetone vapor.

In summary, we develop a bilayer CNTs/PVDF actuator with 
asymmetrical finger-shaped and small pores structures, which 
shows fast thermal/acetone responsiveness. The prepared CNTs/
PVDF bilayer actuator consisted of macroscopic CNT assembled 
film and hierarchically porous PVDF membrane. This CNTs/
PVDF actuator can sensitively respond to light and acetone vapor 
stimuli. Especially for acetone, this actuator has an extremely 
fast response time of 0.19 s. It is considered that the hierar-
chical porosity consisting of finger-like and small-sized holes are 
responsible for the rapid responses to acetone. The composite 
actuator also exhibits excellent actuation durability for up to 100 
cycles. This bilayer actuator shows good potential in the applica-
tion of biomimetic gripper and soft robotics.

Experimental Section
Materials and Characterization: Multiwalled CNTs with an outer 

diameter of 10–30 nm, a length of 10–30 µm, and over 90 wt% purity and 
1.5 wt% COOH group were received from Chengdu Organic Chemistry 
Co., Ltd. PVDF (6008, Solvay) and DMF were purchased from Sigma-
Aldrich. Other chemicals were purchased from Sinopharm Chemical 
Reagent Co., Ltd. These chemicals were of analytical grade and used as 
obtained without further purification. Deionized (DI) water was used in 
all experimental processes.

The prepared flexible membranes were characterized by scanning 
electron microscopy (Hitachi S4800 scanning microscope) at an 
acceleration voltage of 4 kV. The WCA measurements were tested at room 
temperature using an OCA-20 Data Physics instrument. The averaged value 
of the three results was used to determine the WCA. Plasma treatment of 
the PVDF surface was performed on a plasma cleaner. The composition 
of the membrane was characterized by ATR-FTIR spectra using Thermo 
NICOLET 6700 spectrometer. The Raman spectra of the membrane were 
recorded using a Renishaw inVia Reflex Raman spectrometer with a 
785  nm He-Ne laser resource. A lamp of 100 W infrared bulb was used 
to provide light stimuli. The light intensity was controlled by changing the 
distance between the lamp and the sample. The infrared thermal images 
and temperatures were recorded using an infrared thermometer. The 
internal stress of the membrane activated by infrared light was studied via 
a universal testing machine (Instron model 5567).

Preparation of Macroscopic CNTs Thin Films: The macroscopic CNTs thin 
film was prepared according to the previous reports.[26,50] CNTs (20 mg) 
were dispersed in the anhydrous ethanol (20  mL) by 1 h consistent 
sonication to form stable, uniform dispersions. The CNTs dispersion 
was injected into the water surface by a syringe. Subsequently, upon 
a compression process by tissue or microporous sponges, a uniform 
freestanding CNTs monolayer was formed at the solution interface. The 
resultant CNT film can be transferred stably on other membranes. The 
size of the CNTs film depends on the surface area of the solution, while 
the film thickness can be tuned by multiple transferring.

Preparation of Porous PVDF Membrane: PVDF particles (15 g) were added 
into 85  g DMF in a glass flask. The mixture was then stirred vigorously 
at 80  °C for 3 h until a homogeneous viscous PVDF/DMF mixture was 
formed.[51] The resulting mixture was left overnight at room temperature to 
remove the air bubbles. The PVDF/DMF mixture was subsequently poured 
onto a clean glass plate and casted in the form of the membrane by blade 
casting means. The casted PVDF film on the glass plate was immersed 

subsequently in a large amount of water about 60 s before taking out. The 
formed membrane was dried in an oven at 60 °C for at least 1 h to remove 
the DMF solvent. In addition, a PVDF membrane with small sized pores 
was also prepared as a reference sample. 20  g of PVDF particles were 
dissolved into 80 g DMF for casting into a film with the same conditions. 
The film was immersed in the water bath for 10 s before drying.

After cooling to room temperature, the dried PVDF film on a glass 
plate was exposed to the oxygen plasma for 120 s before peeling off from 
the substrate.

Preparation of CNTs/PVDF Bilayer Actuator: The plasma-treated PVDF 
membrane with its hydrophilic surface upside dipped obliquely at an 
angle of 45° into the solution with CNTs film floating on the surface. 
Moving slowly toward the beneath of the CNT film, the underlying PVDF 
membrane was lifted slowly and the CNTs film was transferred to the 
substrate. The transferring process was repeated to tune the thickness 
of the CNTs film deposited on the PVDF membrane. After drying at 
50 °C for about 1 h, a bilayer CNTs/PVDF composite film was acquired.

Light-Driven Actuation: A 100 W infrared bulb was used as a light 
stimuli resource to trigger the deformation of the CNT/PVDF actuators. 
The light intensity was controlled by tuning the distance between the 
lamp and the membrane. When the CNTs side was exposed to infrared 
light irradiation, the composite membrane bent toward the light 
resource. The temperature on the membrane was determined by a 
thermal infrared camera.

Acetone Vapor-Triggered Actuation: In the spatial selective actuation 
by acetone vapor, a glass tube linked with a flask containing acetone 
approached the target position on the CNTs/PVDF composite 
membrane. The flask was heated at 40  °C to produce continuously 
acetone vapor. Also, CNTs/PVDF composite membrane was cut into a 
stripe with 6  cm × 7 mm and put in a beaker containing acetone. The 
stripe stayed at the position of 3 cm higher above the acetone interface.
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