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Carnivorous plants inspired shape-morphing
slippery surfaces

Dong-Dong Han?, Yong-Lai Zhang'*, Zhao-Di Chen!, Ji-Chao Li%,
Jia-Nan Mal, Jiang-Wei Mao?!, Hao Zhou! and Hong-Bo Sun?

Carnivorous plants, for instance, Dionaea muscipula and Nepenthes pitcher plant, inspired the innovation of advanced
stimuli-responsive actuators and lubricant-infused slippery surfaces, respectively. However, hybrid bionic devices that
combine the active and passive prey trapping capabilities of the two kinds of carnivorous plants remain a challenge.
Herein, we report a moisture responsive shape-morphing slippery surface that enables both moisture responsive shape-
morphing and oil-lubricated water repellency for simultaneous active- and passive-droplet manipulation. The moisture de-
formable slippery surface is prepared by creating biomimetic microstructures on graphene oxide (GO) membrane via
femtosecond laser direct writing and subsequent lubricating with a thin layer of ©il on the laser structured reduced GO
(LRGO) surface. The integration of a lubricant-infused slippery surface with an LRGO/GO bilayer actuator endows the
actuator with droplet sliding ability and promotes the moisture deformation performance’due to oil-enhanced water repel-
lency of the inert layer (LRGO). Based on the shape-morphing slippery surface; we prepared a series of proof-of-concept
actuators, including a moisture-response Dionaea muscipula actuator,.a.smart frog tongue, and a smart flower, demon-
strating their versatility for active/passive trapping, droplet manipulation, and sensing.
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Introduction

Carnivorous plants that can trap and digest'small insects
through sophisticated actuating mechanisms or unique
surface wettability have inspired the development of arti-
ficial smart surfaces/devices for engineering applications,
such as anti-icing surfaces!, anti-biofouling?, droplet
condensation®, and droplet manipulation®®. Mimicking
their trapping behaviors has led to innovative strategies
for designing synthetic surfaces, actuators™®, and
robots”!’. Generally, the trapping mechanism of carni-
vorous plants differs among different species, which can

be simply classified into two categories: active trapping
and passive trapping''2. Dionaea muscipula is a typical
example of the former-type carnivorous plants. It snaps
prey, for instance, flies and spiders, by closing a couple of
lobes within milliseconds under the actuation of slight
touches on the trigger hairs'>!“. Recently, by mimicking
the trapping behavior of Dionaea muscipula, stimuli-re-
sponsive actuators working under various external stim-
uli (e.g., light, electricity, and temperature) have been
successfully developed based on different smart materi-

als. For instance, Han et al. demonstrated a light-re-
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sponsive Venus flytrap bilayer actuator using Au nanor-
ods and graphene as a photothermal layer'; Kim et al.
fabricated a bilayer photothermally foldable Venus
flytrap by using tosylate doped poly(3,4-ethylenedioxy-
thiophene) (PEDOT) as a photothermal layer's; Zhu et
al. reported a Dionaea muscipula inspired electrotherm-
al actuator using laser reduced GO as a conductive
layer”. To mimic their trapping behavior, artificial actu-
ators should have stimuli-responsive deformation ability,
large trapping force, and a very short response time sim-
ultaneously to avoid the escape of insects. However, the
rapid closure (snapping) of the reported Dionaea mus-
cipula-inspired actuators is far from natural ones (with-
in milliseconds, ~100 ms)*®-2, limiting their practical ap-
plications. The representative example of the latter type
is the Nepenthes pitcher plant. The microstructures at the
pitcher’s rim enable directional water transport from the
interior, forming a water-lubricated slippery surface?>%.
When the prey steps on the pitcher's rim, it cannot ad-
here to the surface and have to slide down into digestive
juices. Inspired by the Nepenthes pitcher plant, Wong et
al. first reported an advanced liquid-infused porous sur-
face that repels oils on the feet of insects**. The resultant
slippery surface demonstrated stable liquid repellency,
self-healing ability, and optical transparency. Gulfam et
al. successfully developed phase-change slippery liquid-
infused porous surfaces with thermo-responsive wetting
and shedding states®>. Subsequently, liquid-lubricated
slippery surfaces have been successfully developed based
on different substrates, including organogel®, graphene
sponge”’, metal mesh?, magnetic microcilia surface’, and
micropillar arrayed metal oxides?. Significantly, Lv et al.
comprehensively summarized recent advances and de-
velopments on bioinspired SLIPSs and wettability gradi-
ent surfaces, focusing on their synergistic cooperation for
condensation and fluid transport related applications®®3!.
To date, with the rapid advances of material science and
nanotechnologies, various robotic systems and synthetic
smart surfaces have been successfully developed by mim-
icking the Dionaea muscipula and Nepenthes pitcher
plant, respectively*>>‘. However, hybrid bionic devices
that combine the merits of the two distinct kinds of car-
nivorous plants, with both positive and passive trapping
abilities, are still rare. Obviously, the combination of Di-
onaea muscipula inspired actuators with slippery surface
that mimics Nepenthes pitcher plant are of benefit to
both actuator design and the development of smart sur-
face with superwettability. Nevertheless, it is challenging

https://doi.org/10.29026/0ea.2023.210163

to reach this end.

Herein, inspired by carnivorous plants, we report a
moisture responsive shape-morphing slippery surface
that combines hybrid working mechanisms of both the
Dionaea muscipula and Nepenthes pitcher plant. Femto-
second laser direct writing (FSLDW) induced photore-
duction and simultaneous structuring was employed to
prepare a GO and LRGO bilayer actuator that enables
dynamic deformation under moisture actuation. After
that, a lubricant-infused slippery surface was integrated
with the graphene actuator by immobilizing lubricant at
the LRGO side through the capillary forces. In this way, a
hybrid bionic surface with moisture responsive shape-
morphing ability and lubricant-infused slippery wettabil-
ity has been created. As a proof-of-concept demonstra-
tion, the moisture responsive shape-morphing slippery
surface has been tailored into various device structures,
which were further used for active/passive trapping,
droplet collection, droplet manipulation, and rainfall
sensing.

Results-and discussion

Figure 1 shows the basic concept of stimuli-responsive
shape-morphing slippery surfaces that combine the hy-
brid working mechanisms of the Dionaea muscipula and
Nepenthes pitcher plant. The two types of carnivorous
plants demonstrate distinct strategies for trapping prey,
in which Nepenthes pitcher plant catches insects through
a passive trapping mechanism with the help of lubric-
ants-infused slippery surface. In contrast, Dionaea mus-
cipula performs an active trapping behavior through a
sophisticated actuating mechanism. The concept of the
hybrid bionic model is the combination of the two tap-
ping behaviors within one synthetic smart surface here,
which we call stimuli deformable slippery surface.

To create a slippery surface, the LRGO surface was
lubricated by infusing soybean oil into the porous struc-
tures. Compared with the frequently-used lubricant,
such as FC-70 (~120 mm? s™!), Krytox®103 (~82 mm? s™!),
silicone oil (~50 mm? s!), the soybean oil shows much
lower kinematic viscosity (~27.5 mm? s7!)**%. The lower
kinematic viscosity benefits the lubrication process (Fig.
S1). Compared with silicone oil (density, 0.965 -0.972
g/mL)**¥, the soybean oil has lower density (0.916-0.921
g/mL)**%. In this regard, the resultant surface based on
soybean oil would be lighter, facilitating bending de-
formation. In addition, the soybean oil that is derived
from natural beans is non-toxic and biocompatible,
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Fig. 1 | Basic concept of hybrid bionic moisture responsive shape-morphing slippery surface inspired from multi-form carnivorous

plants. The Nepenthes pitcher plant catches insects passively with the help of a lubricant-infused slippery surface. The Dionaea muscipula preys

actively through a stimuli-responsive actuation mechanism. We combined the slippery surfaces (passive prey) and stimuli-responsive actuation

(active prey), so we proposed a hybrid bionic moisture deformable slippery surface-based GO, which enables both active and passive droplet

manipulation. GO: graphene oxide; RGO, reduced GO.

which is much suitable for prey trapping. Considering
the low density, non-toxicity, and biocompatibility, we
chose soybean oil in this work.

The detailed fabrication procedure of the moisture re-
sponsive shape-morphing slippery surface based on GO
was illustrated in Fig. 2(a): First, femtosecond laser dir-
ect writing was employed to create Nepenthes-inspired
microstructures on the GO surface (Fig. S2). The laser
spots size (radius) is 2.15+0.25 pum, and the laser fluence
is ~1.38 J/cm?, measured according to the reference'**.
After laser structuring and reduction, most of the oxy-
gen-containing groups (OCGs) can be removed due to
the photoreduction effect, including the electronic excit-
ation effect and_the electron-hole recombination-in-
duced thermal effect’>-*". Nevertheless, considering the
limited light penetration and the suppressed thermal re-

laxation, the photoreduction and the simultaneous struc-

turing only occurred at the surface of a GO membrane.
Consequently, an LRGO/GO bilayer structure formed
naturally through this self-controlled laser reduction.
Subsequently, lubricants were infused into the LRGO
through capillary force due to the presence of laser exfo-
liated nanostructures. A moisture-responsive actuator
with a lubricant-infused slippery surface was prepared.
To make a clear comparison of the microstructures
between the peristome of the Nepenthes pitcher plant
and the LRGO surface, we characterized the natural pro-
totype and the LRGO sample by scanning electron mi-
croscope (SEM). Initially, the GO surface is flat with ran-
domly distributed wrinkles (Fig. S3). Figure 2(b) shows
the SEM image of the Nepenthes pitcher plant’s
peristome, a hierarchical microstructure made of over-
lapped epidermal cells. The Nepenthes pitcher plant util-
izes its distinct hierarchical structure in the peristome to
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Fig. 2 | Fabrication, morphology, and element characterization of the moisture responsive shape-morphing slippery surface. (a) Fabric-

ation processing of the moisture responsive shape-morphing slippery surface. A femtosecond (fs) laser was used to reduce GO and induce mi-
crostructures similar to the Nepenthes pitcher plant. A waterproof lubricant was infused into the LRGO surface to form the slippery surface. (b)
The scanning electron microscope (SEM) image of the Nepenthes pitcher plant. (c) The SEM image of the LRGO surface. (d, e) The confocal
laser scanning microscope (CLSM) images of the LRGO. (f) The Raman spectra, (g) Fourier transform infrared (FTIR) spectra, (h) X-ray photo-
electron spectroscopy (XPS) survey spectra, and (i) C1s XPS spectra of the GO and LRGO sides of the bilayer actuator.

transport nectar or rainwater directionally, forming the
stable liquid-infused surface. In this work, we focused on
the oil lubrication effect rather than the directional li-
quid transport property, so we fabricated a similar pat-
tern of a porous structure without controlling the height
of the patterns. Figure 2(c) is the SEM image of the
LRGO surface. Using the FsSDLW patterning, we can fab-
ricate similar microstructures on GO via laser-induced
photoreduction. The as-formed LRGO structure is com-
parable to that of the peristome of the Nepenthes pitcher
plant (Fig. 2(d)), and LRGO patterns can be clearly iden-
tified through confocal laser scanning microscope
(CLSM) image (Fig. 2(e)). The width is ~90 um; the spa-
cing is ~8 um; the height is ~10 pm.

Additionally, we investigated the surface chemical
composition of LRGO and compared it with that of GO
(the backside of the film). After laser reduction, the wa-
ter contact angle (CA) of the RGO is ~93°, and the oil
CA of the RGO is ~5° (Fig. S4), which demonstrates that
the RGO is hydrophobic and oleophilic. Raman spectra
of the GO side show typical G and D bands, indicating

the sp? carbon network and the presence of abundant de-
fects. After femtosecond laser treatment, the LRGO
sample shows an increased G band peak and the pres-
ence of a 2D peak, indicating the removal of OCG de-
fects and the recovery of graphene networks. Fourier
transform infrared (FTIR) spectra also confirm the
photoreduction of GO, in good agreement with the Ra-
man spectra. Transmission bands corresponding to
OCGs, C=0, and C-OH, are much richer at the GO side
than on the LRGO side. X-ray photoelectron spectro-
scopy (XPS) spectra show that the oxygen signal of
LRGO decreased remarkably due to deoxygenation. The
C/O atom ratios for GO and LRGO are 2.25 and 5.92, re-
spectively. Cls spectra of LRGO show that the carbon
bonded to oxygen in the forms of C-O at 286.8 eV (hy-
droxyl and epoxy carbon) and C=O at 288.1 eV (car-
bonyl) decreased remarkably after femtosecond laser re-
duction. The distinct surface chemical composition of
the two sides benefits the moisture-responsive deforma-
tion behavior of the LRGO/GO bilayer.

To evaluate the slippery properties, we first investigated
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the surface wettability and droplets sliding behavior. The
surface tension of water and soybean oil is ~72 and
~33.57 mN/m, respectively. The interfacial tension
between water and soybean oil is ~30.9 mN/m. Accord-
ing to reference®, the lubricant (oil) will cloak the water
droplet. Therefore, the oil removal with the shedding
droplet may result in the lost of oil, which consequently
affects its low adhesion properties. Nevertheless, this is-
sue can be improved by using lubricant with higher oil-
water interfacial tension. Figure 3(a) shows the slippery
model on a tilted slippery surface. To verify the liquid re-
pellency, the water (5 pL) CA on the slippery surface was
measured to be ~62°, and the sliding angle (SA) was only

R - @ o=

https://doi.org/10.29026/0ea.2023.210163

~3° (Fig. 3(b)). The advancing and receding CAs are 64°
and 61°, respectively (Fig. S5). GO surface is hydrophilic,
and the CA is ~42°. A trail of fluorochrome was ob-
served after the water droplet slid on the surface of GO
(Fig. S6). Sliding occurred without leaving behind a
fluorochrome trail (50 pL, Fig. 3(c); Movie S1). The size
of the droplet in terms of radius along with the volume is
above the capillary length. Generally, the capillary length
can be calculated according to the following equation:
le=(ylpg)™"

where I, capillary length; y, surface tension of liquid; p,
density; g, gravitational acceleration. Accordingly, the ca-

pillary length of water was ~ 2.7 mm. In-this work, the
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Fig. 3 | The properties of the lubricant-infused slippery surface. (a) Schematic illustration of the water droplet sliding behavior. (b) The lubric-

ant-infused slippery surface's water contact angle (CA) and sliding angle (SA). The scale bar is 1 mm. (¢) The photographs of a droplet (R6G

labeled) sliding behavior on a tilted surface. (d) The overturning behavior of a ladybird on a general paper surface. The scale bar is 5 mm. (e)

The overturning and sliding behavior of a ladybird on our lubricant-infused slippery surface. The scale bar is 5 mm. (f) The durability of CA and

SA on oil-infused LRGO surface for 1000 cycles. (g) Sliding displacement of a water droplet vs. time. The tilted angles 6 = 5°, 10°, and 15°, re-

spectively. (h) The sliding behavior of various liquid droplets on our lubricant-infused slippery surface. The tilted angle 6 = 30°.
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radius of water droplets exceed this value, and thus the
gravity at the interface drives the sliding of the droplets.
The Furmidge equation’*® could be used to describe the
force balance and infer the smallest droplet size for what
this configuration would work (Fig. S7). Furthermore, no
staining was observed on the slippery surface, indicating
the good water-repelling property. In our experiment, we
also tested the slippery behavior of a live ladybird on our
slippery surface and further compared it with that on a
general paper of the same inclination. As shown in Fig.
3(d) and 3(e), the ladybird overturned can turn over eas-
ily on the paper surface due to the surface roughness. On
the contrary, it cannot turn over and rapidly slide down
the slippery surface.

To quantitatively measure the slippery performance,
when the lubricant-infused slippery surface was inclined
by only 3°, the water droplet released on it can slide away
with good durability of sliding performance for 1000
cycles (Fig. 3(f)). Then, we tilted the surface by 5°, 10°,

Oil-LRGO

Moisture off

https://doi.org/10.29026/0ea.2023.210163

and 15° respectively, and recorded the water droplet
(100 pL) displacement changes over time (Fig. 3(g)).
Notably, the water droplet displacement shows a linear
dependence on time with different titled angles, indicat-
ing a uniform slippery speed and good stabilities (Fig.
S8). The average velocity of a water droplet is 0.34+0.03,
1.7740.2, 4.29+£0.5 mm/s when the tilted angle is 5°, 10°,
and 15°, respectively. In addition to a water droplet, slip-
pery surfaces can also slide common liquid droplets (100
uL) in our daily lives, such as plum juice, brandy, vineg-
ar, soda water, beer, and milk (Fig. 3(h); Fig. §9). The
slippery properties endow the lubricant-infused LRGO
surface with functionalities similar to the Nepenthes
pitcher plant.

In addition to the slippery properties, we also studied
the LRGO/GO bilayer actuator’s performances (Fig. 4(a),
Fig. S10). Generally, GO features plenty of OCGs in the
form of hydroxyl, epoxy, and carboxyl groups, and the
oxygen content is as high as ~30.75% (XPS results).

Water transmission
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Fig. 4 | Moisture-response deformations of the oil-LRGO/GO actuator. (a) Schematic illustration of the moisture responsive shape-morphing
mechanism. Under the moisture actuation, water molecules are selectively adsorbed by the GO layer, which leads to the swelling of the GO side.
The strain mismatch induces bending deformation. (b) Curvature-RH curves of the oil-lLRGO/GO, LRGO/GO, and GO films on RH. (c) Respons-
ive/recovery properties of the oil-LRGO/GO and LRGO/GO actuator. (d) The stability of the oil-lLRGO/GO and LRGO/GO actuator for cycling use
(1000 times). (e) The moisture-response Dionaea muscipula actuator with a slippery inner surface. The left scheme is the working model. The

right images are the photographs of the deformation and droplet sliding behavior of the Dionaea muscipula actuator. The scale bar is 2 cm.
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According to the previous theoretical and experimental
results and other groups®—!, such OCGs can interact
with water molecules by forming hydrogen bonds. More
importantly, with an average interlayer spacing of ~1
nm, GO has been proven a quantum-confined-superflu-
idics (QSF) system for ultrafast water adsorption and
transmission. Therefore, GO is quite sensitive to humid-
ity. The GO film adsorbs water molecules and swells in
response to moisture, as evidenced by the increased in-
terlayer spacing upon water adsorption. Nevertheless, in
the case of LRGO, most of the OCGs have been removed
after laser treatment. Consequently, the interaction
between the graphene sheets and water molecules is rel-
atively weak Van der Waals force. Generally, when the
LRGO/GO bilayer film is exposed to moisture, water
molecules are preferentially adsorbed by the GO layer,
which generates a strain mismatch at the bilayer inter-
face and leads to deformation towards the LRGO side.
Also, the side and bottom (the GO layer) need to be ex-
posed to relative humidity for the bending to happen,
which may limit the applications.

The moisture-induced curvature changes of
LRGO/GO and oil-infused LRGO/GO (0il-LRGO/GO)
ribbons (12 mm x 1 mm in size) on relative humidity
(RH) were investigated and compared with that of a solo
film. When the surface is actuated, the moisture is
among RH=33% and RH=97%. The o0il-LRGO/GO
bends in response to moisture changes. With the in-
crease of environmental RH from 33% to 97% (Fig. 4(b)),
the curvatures increase from 0 to 1.4 cm™. The detailed
mechanisms for performance improvement are de-
scribed in Supplementary information Section 3. The rel-
atively larger deformation degree of 0il-LRGO/GO than
that of LRGO/GO can be attributed to the presence of
the oil layer. Essentially, the moisture deformation prop-
erty can be attributed to the different water adsorption
capacity of GO and LRGO layers. When the LRGO sur-
face was lubricated by oil, water absorption within the
LRGO layer (inert layer) would be completely prevented.
In this case, the moisture deformation property would be
further promoted. As a control experiment, the deforma-
tion of a solo film is undetectable. In addition to the de-
formation degree, the presence of the oil layer also pro-
motes the response to moisture. As shown in Fig. 4(c),
the response/recovery time for 0il-LRGO/GO actuator is
~7.9 s and 6 s, respectively, much smaller than that of the
LRGO/GO actuator (34 s and 13.6 s). We tested the
bending curvature changes by prolonged exposure to

moisture. The bending curvature almost keeps a con-
stant value after exposure to high humidity for 30
minutes, indicating good stability (Fig. S11). Direct con-
tact of a water droplet with the oil-infused side would
not change the surface response because the oil layer can
effectively repel the droplet, whereas the contact of wa-
ter with the GO side would wet the surface because GO is
very hydrophilic. In this regard, only if the GO surface
becomes dry again the moisture responsive properties
can be recovered. Notably, both two actuators show good
stability for cycling use. After 100 cycles, there is only
~2% drop in the curvature change for the 0il-LRGO/GO
actuator (Fig. 4(d)). The laser processing parameters
used in this work is an optimized result. To prepare the
slippery surface, a porous RGO layer is essential. Gener-
ally, under laser treatment with low intensity, the reduc-
tion effect is unobvious. On the contrary, laser treatment
at high intensity would induce the ablation. To create a
highly porous structure, the GO surface should be
treated at a moderate laser intensity. More importantly,
to form a bilayer structure, the GO membrane cannot be
fully reduced or ablated. In this case, the laser intensity
plays a very important role in the fabrication of this
shape-morphing slippery surface. Here, both the laser in-
tensity and the structure geometry can influent the per-
formance of the resultant shape-morphing slippery sur-
face. So it is possible to create better shape-morphing
slippery surfaces with optimized characteristics by chan-
ging the laser parameters!'>>>% or structure geometry>*>>%,

As shown in the Fig. S12(a), the sliding angles of wa-
ter droplets on the liquid-infused surface along different
directions (+Y, -Y, X) are ~3°, 5° and 10°, respectively,
indicating the anisotropic droplet sliding behavior. For
moisture responsive deformation, the pattern also plays
an important role. We have tested the bending behavior
of a ribbon with patterns along with X and Y directions
(Fig. S12(b) and S12(c)). The ribbon prefers to bend
along the Y direction, suggesting anisotropic deforma-
tion. In this regard, the patterning of LRGO would en-
able better control over droplet sliding and moisture-
triggered bending performance.

As control experiments, we also prepared an oil-in-
fused LRGO/GO film without patterning and an oil-
coated GO film without reduction for comparison. As
shown in Fig. S13, reducing whole GO without pattern-
ing would also form a liquid-infused slippery surface,
and water droplets can slide on the 0il-LRGO surface
freely (Fig. S13(a), SA ~3°). But it lost the anisotropic
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droplet sliding and the anisotropic deformation proper-
ties due to the isotropic structures. On the other hand,
just having an oil layer without reduction can cause un-
obvious deformation under moisture actuation because
the liquid layer cannot afford the stress mismatch at the
0il-GO interface. Moreover, GO is hydrophilic. Due to
the lack of porous structure, it cannot form an oil-in-
fused slippery surface at all (Fig. S13(b) and S13(c)).
Interestingly, the oil-LRGO/GO film can be shaped in-
to various geometries by simple cutting (Fig. S14), re-
vealing the potential for tractable processing. To demon-
strate the hybrid bionic models (Dionaea muscipula and
Nepenthes pitcher plant), we fabricated a moisture-re-
sponsive Dionaea muscipula actuator with an oil-infused
LRGO slippery surface (Fig. 4(e); Fig. S15). Under the
ambient condition, the spiny teeth array along the two
sides open, forming a flat pattern. In this case, the
droplets falling on the surface would slide away from the
tip of the teeth. When the environmental humidity in-
creased, the Dionaea muscipula actuator closed its spiny
teeth along the central axis of symmetry. Consequently,

H Droplet ~ n

 Moisture on
A

)

https://doi.org/10.29026/0ea.2023.210163

the droplets would slide away from the central top tip.
Relative photographs show the deformation of the actu-
ator under moisture actuation and the sliding behavior
of droplets at different conditions.

Traditional stimuli-responsive actuators enable revers-
ible deformation under external stimuli, revealing the
great potential for developing trapping robots. However,
in most cases, simple bending deformation is incapable
of trapping insects because of the slow response to envir-
onmental stimuli or the lack of surface wettability con-
trol. We combined the moisture-responsive actuator
with a lubricant-infused slippery surface together. The
cooperative effect of actuation and slippery property en-
dows the oil-infused LRGO/GO film with enhanced
trapping ability. We demonstrated a moisture-respons-
ive shape-morphing slippery surface that can contact
droplets actively and let them slide away passively. Based
on this hybrid bionic concept, a smart frog tongue that
can catch and manipulate droplets containing live tubifi-
cidaes is prepared (Fig.'5(a) and 5(b)). Notably, the slip-
pery surface can bend under moisture actuation, get in
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Fig. 5 | The manipulation of droplets on moisture responsive shape-morphing slippery surface. (a) Schematic illustration for the active and
passive manipulation of a droplet containing live tubificidaes using the shape-morphing slippery surface. (b) The photographs of shape-morphing
slippery frog tongue. The scale bar is 1.5 cm. (c) A smart water droplet harvesting flower. Every flower petal is made of the shape-morphing slip-
pery surface (oil-LRGO/GO). The scale bar is 1.5 cm. (d) Moisture triggered active approach to water droplets containing live tubificidaes and the

passive sliding behavior on the shape-morphing slippery surface. The scale bar is 0.5 cm. (e) The corresponding trajectory of the water droplet
peripheries during the dynamic process. (f) The curvature changes of the shape-morphing slippery surface in (d). (g) The open-circuit voltage

and (h) short-circuit current.
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touch with the droplet, and let it slide to the bottom side,
demonstrating both active catching and passive trapping
capabilities. In addition to the smart frog tongue, we also
prepared a moisture-responsive flower with six deform-
able and slippery petals at the bottleneck for active
droplet harvesting (Fig. 5(c)). When the environmental
humidity is low, the flower is in full bloom, exposing the
slippery surface to the environment. With the increase of
moisture, the petals bend towards the center. The bend-
ing behavior and the slippery surface make it possible to
transport droplets to the bottle.

The dynamic process of the droplet manipulation, in-
cluding the active droplet catching and the passive
droplet sliding, was demonstrated in Fig. 5(d) (Movie
S2). The moisture deformable slippery surface ap-
proaches the liquid droplet that contains live tubificid-
aes by bending itself under moisture actuation. It con-
tacts the droplet within ~7 s; then, the droplet departs
from the syringe and slides to the bottom in another 2 s.
The displacement of the droplet boundary is shown in
Fig. 5(e). As soon as the moisture deformable slippery
surface captured the droplet, it dropped down due to
gravity (~30 mg). Nevertheless, the whole shape-morph-
ing slippery membrane (25+5 um in thickness) is strong
enough to bear the weight of a droplet and accomplish
the droplet sliding, indicating the mechanical robustness
and the large deforming force. The corresponding
curvature changes of the film on time are displayed in
Fig. 5(f). The curvature gradually increases with time and
keeps unchanged after 10 s, in which the sudden change
in curvature at ~7.5 s can be attributed to the release of
the droplet from the syringe.

In addition to the droplet manipulation, this mois-
ture-responsive shape-morphing slippery surface shows
the potential applications in droplet detecting by the tri-
boelectricity effect*. In this work, the purpose of integ-
rating the triboelectric effect with the shape-morphing
slippery surfaces is droplet detection rather than power
generation. It enables sensitive detection of the droplet
sliding behavior ‘on the shape-morphing slippery sur-
faces, which is quite helpful for droplet manipulation.
The main challenge lies in that the integration of tribo-
electric devices should not affect the slippery wettability
and the moisture responsive shape morphing properties.
As a result, the triboelectric performance is not remark-
able for electricity generation. A pair of Au electrodes
were deposited on the GO side to detect the electrical sig-
nals. The lubricant layer of the slippery surface has been

employed as an actively deformable slippery substrate for
droplet sliding and a dielectric layer for efficient charge
transfer. As shown in Fig. 5(g) and 5(h), electrical sig-
nals can be detected when droplets slide over the front
and rear electrodes. The triboelectric effect-induced elec-
trical signal can be explained as follows: Initially, the po-
tential between two Au electrodes is equivalent, and
there is no potential difference between the two Au elec-
trodes. When the droplet slides from the front electrode
to the rear electrode, a charge can be induced on the
front gold electrode due to the formation of the electric
double layer, causing the increase of potential difference.

Conclusions

Inspired by carnivorous plants, such as Dionaea muscip-
ula and Nepenthes pitcher plants, we fabricated a shape-
morphing slippery surface with hybrid bionic functional-
ities of moisture responsive deformation and oil-lubric-
ated water repellency for active and passive droplet ma-
nipulation. FsSLDW  technology has been employed to
create microstructures that mimic the peristome of
Nepenthes pitcher plant on a film through a photoreduc-
tion effect, forming an LRGO/GO bilayer structure. After
that, a lubricant layer was infused into the LRGO surface
through the capillary forces. In this way, a moisture re-
sponsive bilayer actuator has been successfully integ-
rated with a lubricant-infused slippery surface (SA ~3°).
Significantly, the in-situ integration of the lubricant-in-
fused slippery surface with the bilayer actuator does not
degrade the actuating performance but also improves its
deformation degrees under moisture actuation because
the presence of an oil layer can entirely prevent the
transmission of water molecules through the LRGO side
and selective water adsorption only occurs within the
GO layer. As a result, the oil-LRGO/GO actuator
demonstrated large deformation curvature (1.4 cm™),
short response/recovery time (7.9 s and 6 s, respectively),
and improved stability (only ~2% drop after 100 cycles).
We demonstrated several actuators that can actively ma-
nipulate droplets based on the 0il-LRGO/GO film, in-
cluding a moisture-response Dionaea muscipula actuat-
or, a smart frog tongue, and a smart flower. For practical
applications, laser interference ablation that uses inter-
ference effect for periodical patterning is a more effect-
ive method. Laser inference patterning would be more
suitable for large-scale and high-efficient production of
shape-morphing slippery surfaces®**’. The significance of
this work lies in that we fabricated a shape-morphing
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slippery surface with hybrid bionic functionalities of
both stimuli-responsive deformation and oil-lubricated
slippery properties. The combination of shape-morph-
ing ability with the slippery surface benefits both actuat-
ing performance and the usefulness of a smart surface
with superwettability. Moreover, it leads to new applica-
tions beyond target insect trapping, for instance, droplet
collection, droplet manipulation, and rainfall sensing.
The liquid-infused surfaces have been exploited for their
characteristic features such as self-cleaning, self-healing,
anti-icing, and anti-biofouling. Moisture-responsive ac-
tuators can directly harness energy from naturally occur-
ring or engineered evaporation from water and sub-
sequently convert it to mechanical energy or electricity,
such as weather-responsive architectural systems, smart
textiles, and soft robots. The cross-species bio-inspired
materials benefit both actuator design and the develop-
ment of smart surfaces with superwettability, and the
moisture responsive shape-morphing slippery surface re-
veals great potential for developing bionic robots.
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