
CommuniCation

1901585 (1 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Quantum-Confined-Superfluidics-Enabled Moisture 
Actuation Based on Unilaterally Structured Graphene 
Oxide Papers

Yong-Lai Zhang, Yu-Qing Liu, Dong-Dong Han,* Jia-Nan Ma, Dan Wang, Xian-Bin Li, 
and Hong-Bo Sun*

Prof. Y.-L. Zhang, Y.-Q. Liu, Dr. D.-D. Han, J.-N. Ma, Dr. D. Wang,  
Prof. X.-B. Li, Prof. H.-B. Sun
State Key Laboratory of Integrated Optoelectronics
College of Electronic Science and Engineering
Jilin University
2699 Qianjin Street, Changchun 130012, China
E-mail: handongdong@jlu.edu.cn; hbsun@tsinghua.edu.cn
Prof. H.-B. Sun
State Key Laboratory of Precision Measurement Technology  
and Instruments
Department of Precision Instrument
Tsinghua University
Haidian district, Beijing 100084, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201901585.

DOI: 10.1002/adma.201901585

The mechanical stimulation on Mimosa 
give rise to the fast flow of water through 
aquaporins leading to the falling down 
of the petiole, avoiding the damage.[6–8] 
The “quantum tunneling fluidics effect,” 
recently defined as “quantum confined 
superfluidics (QSF)” by Jiang and 
coworkers,[9] has also inspired the rapid 
development of artificial QSF systems, for 
instance, funnel-shaped nanochannels,[10] 
smart DNA hydrogels integrated 
nanochannels,[11] and azobenzene-deriva-
tives-modified polymer nanochannels,[12] 
toward various bionic applications that 
involve ultrafast ion and mass transport.

Recently, 2D materials, e.g., 
graphene,[13,14] graphene oxides (GO),[15–17] 
and MoS2,[18] have been considered 
extremely promising candidates for devel-
oping layered QSF system due to their 
tunable interlayer-spacing and nanopo-
rous structures. For instance, GO that pos-
sesses plenty of hydrophilic oxygen groups 

on their plane shows strong interaction with water molecules, 
e.g., forming hydrogen bonds.[19–21] Since the interlayer spacing 
of GO is generally between 6–12 Å,[16,22,23] which further 
depends on the water contents, GO films can be considered as 
a natural QSF system for ultrafast water transmission. It has 
been reported that the diffusion of water molecules between 
adjacent GO sheets is ultrafast since the process features 
ultralow friction and large slip lengths.[24] Based on the QSF 
effect, Geim’s group found that GO membrane allow ultrafast 
permeation of water, which is at least 1010 times faster than 
He.[15] Subsequently, the same group demonstrated the tunable 
sieving of ions using GO membrane by controlling their 
interlayer spacing via humidity change.[16] In addition to the 
application in molecular/ion separation, the QSF effect of GO 
can also provide new design principle for other graphene-based 
devices such as desalination membranes, sensors, actuators, 
energy generation, and storage devices.[25–29] Taking actuators 
as an example, GO films enable rapid adsorption and ultrafast 
transmission of water molecules, which provides a feasibility of 
fabricating moisture responsive actuators by coupling another 
moisture-inert material layer.[30–32] Under moisture actuation, 
the selective adsorption of water molecules would directly 
generate a strain mismatch at the bilayer interface, leading to 
predictable deformation. However, in most cases, this kind of 

The strong interaction between graphene oxides (GO) and water molecules 
has trigged enormous research interest in developing GO-based separation 
films, sensors, and actuators. However, sophisticated control over the 
ultrafast water transmission among the GO sheets and the consequent 
deformation of the entire GO film is still challenging. Inspired from the natural 
“quantum-tunneling-fluidics-effect,” here quantum-confined-superfluidics-
enabled moisture actuation of GO paper by introducing periodic gratings 
unilaterally is reported. The folded GO nanosheets that act as quantum-
confined-superfluidics channels can significantly promote water adsorption, 
enabling controllable and sensitive moisture actuation. Water-adsorption-
induced expansion along and against the normal direction of a GO paper is 
investigated both theoretically and experimentally. Featuring state-of-the-art 
of ultrafast response (1.24 cm−1 s−1), large deformation degree, and complex 
and predictable deformation, the smart GO papers are used for biomimetic 
mini-robots including a creeping centipede and a smart leaf that can catch a 
living ladybug. The reported method is simple and universal for 2D materials, 
revealing great potential for developing graphene-based smart robots.

Actuators

In the living systems, ultrafast ion and molecules transmission 
within a confined channel usually occurs in a quantum way, 
which mediates natural signal transmission, mass transfer, 
and energy conversion processes.[1] For instance, membrane 
proteins perceive a variety of stimuli such as taste, vision, 
touch, temperature, and pH by transient receptor potential ion 
channels.[2] The electrophorus of electric eel use electrocytes to 
generate voltages (over 600 V) by actuating ion channels.[3–5] 
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bilayer actuators suffers poor interlayer adhesion during fre-
quent bending and unbending deformation, which sets a huge 
obstacle for their practical applications. Theoretically, the QSF 
effect has provided a hint that the adsorption and transmis-
sion of water molecules within a GO film can be tuned in a 
controlled fashion by building asymmetric QSF channels at 
nanoscale. In this case, new-type GO actuators can be produced 
without the use of other coupled materials or bilayer structures. 
However, to date, QSF enabled GO actuators have not been 
reported yet.

Here, we report moisture-responsive GO and MXene 
actuators based on QSF theory. To generate an asymmetric 
QSF channel network, we designed and fabricated unilaterally 
structured GO paper through a simple soft lithography method. 
By introducing folded nanostructures on one side of a GO 
paper, the adsorption, transmission, and desorption of water 
molecules, as well as its consequent deformation can be well 
controlled without coupling any other materials. In this way, 
moisture-responsive actuators enabling predictable deformation 
have been successfully developed based on GO and MXene.

Owing to the strong interaction between the oxygen groups 
on GO sheets and water molecules,[20] the diffuse rate of water 
molecules between GO sheets is reported to be ultrafast.[15] 
In this case, it is easy to understand that GO is quite sensi-

tive to moisture. Previous works reported by our group and 
others have already proven that GO expands upon exposure 
to moisture. This phenomenon has been considered as the 
inherent mechanism for moisture-responsive actuators based 
on GO. However, to the best of our knowledge, the expansion 
mechanism of GO has not been clearly clarified yet. Unlike 
moisture-responsive hydrogels, GO film features a layered 
nanostructure because of the ordered stacking of GO sheets. 
Thus, the expansion of GO film along and against the normal 
direction of the film must follow distinct ways. To get further 
insight into the water adsorption induced swelling effect, we 
investigated the expansion manners both theoretically and 
experimentally. The possible water transmission path within a 
GO film that could be considered as the QSF channels for water 
molecules is shown in Figure 1a. Owing to the layered nano-
structure, water molecules may mainly permeate through the 
defect region or the edge of neighboring GO sheets and diffuse 
between GO sheets interlayers. To explore the binding energy 
between a water molecule and different oxygen containing 
groups, we employed a first-principles study to quantify their 
binding energy (Figure 1b). Notably, the interaction between 
graphene (sp2 region) and a water molecule is weak van der 
Waals force, ≈0.04 eV/H2O. However, when a water molecule 
interacts with oxygen groups, much stronger hydrogen bond 
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Figure 1. Quantum confined superfluidics in GO film. a) Schematic illustration of possible water transmission path (water QSF channel) within a GO 
film. b) First-principles study of the binding energy between a water molecule and graphene (sp2 carbon) as well as GO with different oxygen groups. 
c) X-ray diffraction patterns and d) Raman spectra of GO film under different humidity, RH = 44%, 75%, and 97%, respectively. e) Lateral friction force 
of forward and backward scanning a GO coated silica sphere tip on GO film under different humidity, RH = 44%, 75%, and 97%, respectively.
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would form. The binding energies of hydroxyl, epoxy, and 
carboxyl groups on a GO nanosheets with H2O molecule are 
0.20 eV/H2O, 0.23 eV/H2O, and 0.36 eV/H2O, respectively, 
among which the binding energy between carboxyl and water 
molecule is the highest, about 9 times of that with sp2 carbon. 
In this regard, we can reasonably deduce that water molecules 
show much stronger interaction with the edge of GO sheets 
where the carboxyl groups mainly appears.

To get deep insight into the expansion of GO under moisture 
actuation, we collected the X-ray diffraction (XRD) patterns of a 
GO film under different humidity conditions (RH = 44%, 75%, 
and 97%, Figure 1c and Figure S1a, Supporting Information). 
The interlayer spacing of GO nanosheets increase from 7.56 
to 8.03 Å when the RH increased from 44% to 97% due to 
the adsorption of water molecules.[24,29] According to clas-
sical hydrodynamics, the transport of water molecules across 
such a narrow interlayer space should be very slow.[33] Never-
theless, according to Geim and coworkers results,[15] the GO 
membranes allowed ultrafast water permeation. The ultrafast 
flow of water in the confined interlayer space can be consid-
ered as “quantum tunneling fluidics effect.”[34] The adsorption 
and ultrafast transport of water molecules further increased 
the interlayer spacing. However, considering the layered struc-
ture of GO, the increase of d-spacing would only increase the 
film thickness (expansion along the normal direction), which 
cannot lead to the mismatch of strain at the bilayer interface. 
Therefore, the bending of the GO bilayer actuators (e.g., GO 
and RGO bilayer) should originate from the inner stress of GO 
sheets or the sliding between neighboring GO nanosheets. To 
confirm this hypothesis, we further characterized the GO film 
by Raman spectra under different relative humidity conditions 
(Figure 1d, and Figure S1b, Supporting Information). According 
to the reported results, the shift of G peak can be attributed 
to doping, temperature change and strain.[35–38] In this work, 
when the surrounding humidity increased, the G peak slightly 
shifts from 1600.7 cm−1 (RH = 44%) to 1602.72 cm−1 (RH =  
97%). Considering the strong interaction between the edges of 
GO sheets and water molecules, the blueshift of the G peak 
suggests that inner stress release under high humidity. Besides, 
to quantify the interlayer resistance that hinder the sliding of 
GO sheets, we also measured the friction force between overlap 
GO nanosheets under different humidity using atomic force 
microscopy (AFM). As shown in Figure 1e, the AFM tip was 
equipped with a SiO2 sphere (≈30 µm in diameter) and coated 
with GO. Then, the GO coated sphere tip was used to slide on 
GO nanosheets to measure the interlayer sliding resistance. 
Notably, with the increase of RH from 44% to 97%, the lateral 
force between GO nanosheets decreased ≈40%. This result is 
in good agreement with our hypothesis. The presence of lubri-
cating water layer can result in the increase of d-spacing and 
significantly decrease the interlayer friction, which can facili-
tate the sliding of GO sheets. In this case, the expansion of 
GO films under moisture actuation becomes clear. Along the 
normal direction, GO may become thick after water adsorption 
due to the increase of d-spacing. While along the GO sheets 
plane, adsorption of water molecule can lead to tangential 
stress due to the inner stress and the sliding of GO nanosheets. 
The stress along the tangential direction accounts for the 
bending performance. To confirm this hypothesis, controlled 

experiments have been carried out. We prepared Fe3+ linked 
GO and pure GO bilayer actuators. The cross-linking of GO 
sheets by Fe3+ would significantly prevent the interlayer sliding 
effect due to the strong electrostatic attraction, moisture 
induced sliding of GO nanosheets can be suppressed, and thus 
the bilayer should bend toward the linked side. The experi-
mental result is the same (Figure S1c–e, Supporting Informa-
tion). The deep understanding of the GO swelling mechanism 
inspired us to tailor the stress along the tangential direction by 
engineering the QSF channels within a GO film, providing the 
possibility for developing moisture-responsive actuators only 
using GO.

As discussed above, the moisture induced deformation of 
GO mainly depends on the stress mismatch along the tangen-
tial direction of GO sheets. Therefore, to realize predictable 
deformation of GO, the QSF channels that govern the adsorp-
tion and transmission of water molecules should be tailored 
controllably within GO films. As shown in Figure 2, a unilater-
ally structured GO film was prepared by soft litho graphy using 
poly(dimethylsiloxane) (PDMS) gratings with variable periods 
as templates (Figure S2a, Supporting Information). First, GO 
aqueous solutions was cast on the PDMS template and dried in 
air, forming an asymmetrically structured GO film. Then, the 
unilaterally structured GO film was peeled off from the PDMS 
template (Figure 2a). The entire fabrication process is simple 
and free of chemicals. Therefore, the chemical composition of 
the unilaterally structured GO film keeps unchanged with that 
of pristine GO. The properties of both flat and structured GO  
have been characterized by the Fourier transform infrared (FTIR) 
spectroscopy and X-ray photoelectron spectro scopy (XPS) results 
(Figures S3 and S4, Supporting Information). Figure 2b–d shows 
the confocal laser scanning microscopy (CLSM) images of the 
structured GO films. Microgratings with periods of 20, 40, and 
100 µm can be observed clearly. The profile of these gratings is  
3, 5, and 9 µm in height, respectively. Scanning electron micro-
scopy (SEM) images of the structured side further confirm the 
presence of the gratings. On the contrary, the back side of film is 
almost flat (Figure S5, Supporting Information). Here, we used 
the area ratios between the structured side and the flat side to eval-
uate the roughness of these GO films. According to the profiles of 
these three samples (20, 40, and 100 µm period), the area ratios  
are 1.08, 1.13, and 1.03, respectively (Figure 2e–j). The ordered 
grating structures cause additional wrinkles, which can act as 
QSF channels and facilitate the adsorption and transportation 
of water. In this way, the asymmetrical GO film bends to the 
flat side when RH increases. Notably, the unilaterally struc-
tured GO film (12 × 1 mm) with a period of 40 µm demon-
strated the largest curvature, ≈8.7 cm−1, at high humidity, RH = 
97%, since it has the highest area ratio of 1.13 (Figure 2k). The 
response is reversible and the response time is quite short, it 
takes only 7 s to reach the maximum curvature, and can recover 
to the flat state within 4 s by switching the relative humidity 
between RH = 23% and RH = 97% (Figure 2l). The fast response 
can be attributed to the ultrafast transport of water molecules 
across the ultranarrow interlayer space of GO (7.56–8.03 Å), 
which is considered as “quantum tunneling fluidics effect.” To 
quantify the water adsorption capacity of these structured GO 
films, we measured the water adsorption–desorption isotherms 
of the samples (Figure 2m). All the structured GO show higher 
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Figure 2. Fabrication, characterization, and moisture-responsive actuation of asymmetrical structured GO film. a) Schematic illustration of the fabrica-
tion of structured GO film. b–d) The confocal laser scanning microscopy (CLSM) images of structured GO film with periods of 20 μm (b), 40 μm (c), 
and 100 μm (d). e–j) Top and section view SEM images of structured GO film with periods of 20 μm (e,f), 40 μm (g,h), and 100 μm (i,j). k) Dependence 
of the curvature on RH. The insets are photographs of curved ribbons under different humidity. l) Plot of curvature against time for the structured GO 
film (T = 40 µm). RH was switched between 23% and 97%. m) Water adsorption–desorption isotherms of the structured and flat GO films.
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adsorption of water than the flat GO, in which the structured 
GO film with a period of 40 µm shows the highest water adsorp-
tion capacity, in good agreement with their response property 
under high moisture (Figure S6, Supporting Information).

The moisture-responsive deformation of the unilaterally 
structured GO paper can be controlled by the orientation of the 
GO gratings (Figure 3a). We prepared the structured GO film 
with different orientations, in which the cross angle between 
grating and the edge (θ) varies from 0° to 90° (Figure 3b–h). 
Under moisture actuation, the ribbons twisted to different 
states (Figure 3i). Interestingly, the curvature viewed along the 
axis keeps a constant value, whereas the normalized length 
along the axis decreased with the cross angle θ. We explain the 
mechanism for the orientation-defined shape deformation by 
finite element analysis (Figure 3j). Along the direction parallel 
to the structure, the film can deform 0.786 mm under 3.2e−15 N 
loading force, whereas, along the perpendicular direction, only 
0.15 nm deformation can be achieved under the same condi-
tion. Owing to the mechanical confinement, the unilaterally 
structured GO paper may prefer to bend against the grating 
direction upon moisture actuation. Taking advantage of this 
orientation-defined deformation, we prepared four triangular 
films with different grating orientation and assembled them 

together (Figure 3k). Interestingly, it deforms into a windmill 
under high humidity and rotates when blowing moisture.

To demonstrate its full potential in developing soft robots, 
we designed and prepared two kinds of smart GO ribbons with 
chiral twisting behaviors as legs for assembling a centipede 
mini-robot. As shown in Figure 4a, ten pairs of chiral twisting 
ribbons were attached on a paper body to form a centipede. We 
control this moisture-responsive centipede using a self-made 
moisture supplying system (Figure S7, Supporting Informa-
tion). For the actuation of this centipede, the flow speeds for 
breathing in and out are 0.4 and 0.2 m s−1, respectively. Under 
moisture actuation, the smart centipede can crawl toward the 
right side (Figure 4b and Video S1, Supporting Information). 
Unlike some other actuators that can move due to frequent 
bending and unbending deformation, the centipede mini-robot 
can crawl forward due to the cooperation of the chiral twisting 
legs, because the interaction between their legs and the sub-
strate during humidifying and drying cycles is asymmetric 
(Figure S8, Supporting Information). We further investigate 
the crawling track by marking a red point at the back-antennae. 
As shown in Figure 4c, the centipede moves uniformly, the 
speed is calculated to be 0.98 mm s−1. Additionally, the twisting 
of the left and right legs is rhythmic. Figure S7 (Supporting 
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Figure 3. Controllable shape deformation of the unilaterally structured GO paper. a) Schematic illustration of the twisting of a unilaterally structured 
GO ribbon in response to the moisture. b–h) CLSM images of the edge of the structured GO film with different cross angles (θ). i) Dependence of 
curvature and normalized length on the cross angles (θ) under moisture actuation. The insets are relative photographs. j) FEA results of the shape 
deformation associated with the bending of the structured GO film. k) Schematic illustration of the assembly and response of humidity-responsive 
windmills, as well as the real photographs of this smart windmills in dry air, under moisture actuation and under moisture blowing.
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Information) shows the scheme for the local moisture control. 
By breathing in and out moisture through a “Y”-shape channel, 
we can control the humidity around the worm. We marked the 
last two pairs of legs by a blue and an orange point, respectively, 
as shown in Figure 4d. The rhythmic switching of humidity 
(Figure S9, Supporting Information) can trigger periodic 
twisting of the legs, leading to steadily walking along a straight 
line at a uniform speed.

Drosera, usually known as the sundews can deform their ten-
tacles under the stimulation of prey. Their tentacles can bend to 
catch small insects.[39,40] Inspired by Drosera, we prepared a GO 
smart leaf that permits moisture actuation and enables catching 

live insect (Figure 5a and Video S2, Supporting Information). 
Creating grating structure is not the only choice for tailoring 
the QSF channel of GO paper. Unilaterally structured smart 
GO paper can be prepared through a more facile way. Here, a 
general metal wire mesh (Figure S10, Supporting Information) 
is also workable for templating the asymmetrical structures 
on a GO paper. Figure 5b demonstrates a large-area smart GO 
paper prepared through this way, the diameter is ≈14.5 cm. The 
as-obtained GO paper is quite sensitive to moisture (Figure S11, 
Supporting Information), it bends rapidly when it was close to 
a palm (Figure 5c,d). After exposure to high humidity (RH = 
97%), it can reach a maximum curvature of ≈8.6 cm−1 within 

Adv. Mater. 2019, 31, 1901585

Figure 4. A centipede-like soft mini-robot based on the smart GO paper. a) Schematic illustration of moisture-responsive smart legs of the centipede 
mini-robot. b) Snapshots of the crawling centipede mini-robot with smart GO legs. c) Displacement change of the back-antennae (red point) along 
the X axis with time. d) Displacement change of the backfoot (blue and orange points) along the Y axis with time.
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7 s. Compared to shape memory alloy film,[41] the actuator 
based on structured GO shows longer response time, but much 
higher bending curvature at room temperature. SEM images 
confirm the asymmetrical structures on both sides of the GO 
paper (Figure 5e,f). Similar with the smart GO paper with 
grating structures, the GO paper templated by wire mesh also 
demonstrates orientation-defined deforming property, which 
provides the feasibility for design biomimetic smart devices. In 
addition to the asymmetrical structures, both the size and the 
oxygen content of GO can influence the moisture-responsive 
properties. The GO used in this work (Figure S12, Supporting 
Information) is prepared from fine graphite powder (<10 µm). 
For control experiments, we also prepared GO sheets with less 
oxygen (Figure S13, Supporting Information) and large GO 

sheets (Figure S14, Supporting Information). According to our 
experimental results, GO with more OCGs and smaller size 
is of benefit to the moisture response properties (Figure S15, 
Supporting Information).

Figure 5g shows the video snapshots genius of the mois-
ture response of the smart GO leaf. The detailed scheme for 
the moisture supplying system for this smart leaf is shown 
in the Figure S16 (Supporting Information). The flow speed 
of humid air used to smart leaf is about 0.7 m s−1. Owning to 
the ultrafast bending velocity and the large deforming degree, 
the smart leaf bent rapidly under the moisture actuation. It 
can trap a living ladybug when it passed by the smart GO leaf. 
The whole catching process occurs within 0.5 s, indicating its 
fast response. After the living ladybug crawled over the smart 

Figure 5. Large-area preparation of the smart GO paper and a demonstration of smart leaf. a) Photographs of Drosera that can deform under stimuli. 
b) Large-area smart GO paper. c,d) The deformation of the smart GO paper on a dry paper (c) and on the palm (d). e,f) SEM image of the smart GO 
paper prepared using mesh as a template: e) the upper side, and f) the back. g) A smart GO leaf shape that can catch the living ladybug.
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leaf, no detectable traces can be observed on the GO surface 
(Figure S17, Supporting Information); and the GO smart leaf 
is workable after repeated catching and releasing performance. 
Here, the weight of a living ladybug is about 0.025 g; and the 
contact area for each foot is about 100 × 350 µm. Thus, the 
pressure is estimated to be ≈1200 Pa (six legs). Considering 
the fact that GO owns high effective Young’s modulus (207.6–
23.4 GPa),[42,43] the local contact of the bug with the GO has no 
specific influence.

The method reported in this paper is universal. We further 
demonstrated the fabrication of unilaterally structured MXene 
paper and investigated their moisture-responsive properties. 
Similar with GO, MXene is another type of 2D materials that 
shows strong interaction with water molecules. Take Ti3C2Tx 
(Tx, e.g., –O,–OH, and –F) as an example, the adsorption and 
transportation of water molecules in the QSF channel between 
layered Ti3C2Tx nanosheets would lead to obvious layer expansion 
(Figure S18a, Supporting Information). To confirm this assump-
tion, we measured the d-spacing of Ti3C2Tx paper in different 
RHs (Figure S18b, Supporting Information). The d-spacing 
of Ti3C2Tx paper is about 11.98 nm (RH = 44%), whereas the 
d-spacing of Ti3C2Tx paper is about 12.21 nm under RH = 97%. 
We fabricated the unilaterally structured Ti3C2Tx paper through 
the same method using wire mesh as a template (Figure S18c,d, 
Supporting Information). The unilaterally structured Ti3C2Tx 
paper demonstrates fast and reversible moisture-responsive 
ability (Figure S18e,f, Supporting Information). Essentially, the 
moisture response properties of MXene also relay on the strong 
interaction between water molecules and the oxygen groups 
on MXene sheets. Here, the unilaterally structured Ti3C2Tx 
paper demonstrated the maximum curvature of ≈2.1 cm−1 at 
high humidity (RH = 97%), which is about a quarter of that 
of GO (Figure S18e, Supporting Information). It takes about 
12 s to reach the maximum curvature, and recovers to the flat 
state within 11 s upon switching the relative humidity between 
RH = 23% and RH = 97%. As compared with GO, MXene-based 
actuators shows smaller deformation and longer response time. 
The performance differences can be attributed to differences 
in the contents of oxygen groups and the interlayer d-spacing. 
According to the published results,[44–46] MXene possesses less 
oxygen groups and larger interlayer d-spacing.

In summary, based on the theoretical and experimental 
investigation on the GO expansion mechanism upon water 
adsorption, a simple soft lithography method has been 
employed for asymmetrically tailoring the QSF channels of 
GO films toward controlling the selective water adsorption and 
transmission. The resultant unilaterally structured GO films 
demonstrated sensitive moisture-responsive properties. State-
of-the-art of ultrafast bending velocity (Table S1, Supporting 
Information) and orientation-defined and predictable deforma-
tion has been achieved, revealing the potential for developing 
smart soft robots. As a proof of concept, a moisture-responsive 
centipede robot with chiral bending GO legs and a smart leaf 
capable of catching a living ladybug have been successfully fab-
ricated. Additionally, the unilaterally structuring method for 
QSF channel tailoring permits scaling up, a 14.5 cm smart GO 
film can be readily prepared using structured templates such 
as metal wire mesh. Overall, we deem that flexible tailoring 
the QSF channels of GO holds great promise for developing 

GO-based smart devices and systems beyond actuators, energy 
storage and water desalination.

Experimental Section
Fabrication of PDMS Templates: The PDMS templates were fabricated 

via a soft lithography method using PDMS elastomer (Sylgard 184 Silicone 
Elastomer, Dow Corning Corporation). The PDMS prepolymer was mixed 
with a curing agent (10:1 by weight), which was poured at the surface of 
silicon templates and cured at 80 °C for 40 min. The structured PDMS 
templates were peeled off from the silicon templates for further usage.

Preparation of GO: GO was prepared via the Hummers method. Two 
kinds of graphite (≈10 and ≈100 µm) were used as raw materials. 2 g 
of graphite powder, 2 g of NaNO3, and 96 mL of concentrated H2SO4 
(98%) were mixed at ≈0 °C. Then, 12 g of KMnO4 was slowly added into 
the mixture at 0 °C for 90 min, and kept at 35 °C for additional 120 min. 
After that, 80 mL of distilled water was slowly added into the mixture. 
10 mL of H2O2 (30%) was slowly dropped into the mixture. Finally, GO 
aqueous solution was obtained by repeatedly washed with distilled water 
and high-speed centrifugation until the pH reaches 7.

Preparation of GO Membranes: GO aqueous solution was poured at 
the surface of structured PDMS and dried by air. The structured GO 
membranes were peeled before using.

Preparation of MXene Membranes: The Ti3C2Tx aqueous solution was 
purchased from 11 Technology Co., Ltd (Jilin, China). The structured 
MXene (Ti3C2Tx) paper was prepared by pour Ti3C2Tx aqueous solution at 
the surface of structured mesh with a mesh size of 2800 mesh and dried 
by air. The structured Ti3C2Tx membranes were peeled before using.

Characterization: Powder XRD patterns were obtained from a Rigaku 
D/MAX 2550 diffractometer with Cu Kα radiation (λ = 1.5418 Å). Raman 
was measured by LabRAM HR Evolution. Confocal laser scanning 
microscopy images were investigated by Olympus OLS4100 LEXT 
3D measuring laser microscope. SEM images obtained from the 
JEOL JSM7500 field-emission scanning electron microscope. IR 
spectroscopy was measured using a Nicolet iS50 FT-IR spectrometer. 
XPS was performed by an ESCALAB 250 spectrometer. The relative 
humidity environments were made by the saturated aqueous solutions, 
for example, CH3COOK (RH = 23%), MgCl2 (RH = 33%), K2CO3 
(RH = 44%), NaBr (RH = 57%), NaCl (RH = 75%), KCl (RH = 86%), and 
K2SO4 (RH = 97%), respectively. The moisture-responsive GO film was 
cut into ribbons (12 × 1 mm) for bending tests. All the measurements 
were conducted in air at room temperature (25 °C).

Supporting Information
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