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Droplet manipulation is playing an important role in various fields,
including scientific research, industrial production, and daily life.
Here, inspired by the microstructures and functions of Namib desert
beetles, Nepenthes pitcher plants, and emergent aquatic plants, we
present a multibioinspired slippery surface for droplet manipulation
by employing combined strategies of bottom-up colloidal self-
assembly, top-down photolithography, and microstructured mold
replication. The resultant multilayered hierarchical wettability sur-
face consists of hollow hydrogel bump arrays and a lubricant-
infused inverse opal film as the substrate. Based on capillary force,
together with slippery properties of the substrate and wettability of
the bump arrays, water droplets from all directions can be attracted
to the bumps and be collected through hollow channels to a reser-
voir. Independent of extra energy input, droplet condensation, or
coalescence, these surfaces have shown ideal droplet pumping and
water collection efficiency. In particular, these slippery surfaces also
exhibit remarkable features including versatility, generalization, and
recyclability in practical use such as small droplet collection, which
make them promising candidates for a wide range of applications.
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Droplet manipulation, such as droplet pumping and trans-
portation, has attracted increasing attention in recent years

for their applications in water collection, biosensing, medical
analysis, chemical reactions, and so on (1–4). To realize efficient
droplet manipulation, various approaches have been developed,
including magnetic control, electric field guidance, reaction ac-
tivation, etc. (5). Although with many breakthroughs, most of
these approaches rely highly on external energy input, and could
only handle droplets with specific size range, both of which place
great limitations on their applications. As an alternative, func-
tional microstructured surfaces with gradient wettability are put
forward (6–12). Benefitting from their low energy input and
relatively broad use range, droplet manipulation could be
achieved simply and effectively based on such surfaces (13–16).
However, most of these existing wettability surfaces could only
handle droplets unidirectionally and carry out a single function,
which are helpless in polydirectionally manipulating droplets and
executing multiple tasks simultaneously. Besides, some approaches
that depend on droplet growth via coalescence or condensation to
provide droplet driving force seriously lower the efficiency of these
surfaces in practical applications. In addition, as cleanliness de-
termines their performance in droplet manipulation, these sur-
faces are hardly recyclable. Therefore, new functional wettability
surface with versatile droplet manipulation ability for water collec-
tion and other applications is still sought.
In this paper, inspired by the microstructures of Namib desert

beetles and Nepenthes pitcher plants, as well as pumping strat-
egy of emergent aquatic plants, we suggest a multibioinspired
surface with the desired features for droplet manipulation, as
schemed in Fig. 1. Namib desert beetles could attract small water
droplets from fog by using their structured backs that are com-
posed of hydrophilic bumps and hydrophobic waxy surroundings
(17); Nepenthes pitcher plants have slippery liquid-infused po-
rous (SLIP) structured inwalls that enable them to repel liquids
and induce loss-free transportation (18); while for emergent

aquatic plants, they could take advantage of capillary driving
force for directional pumping of objects with different sizes from
a relatively long distance (19). By mimicking these remarkable
creatures, many well-performed systems and devices have been
designed and reported (20–23). However, due to the lack of the
inspirational designs and insufficient fabrication strategies, in-
depth investigations on combining multiple biological charac-
teristics together to enhance the performance are still lacking. In
addition, the practical values of these multiple biomimicked
systems are seldom explored.
Herein, we combined bottom-up colloidal self-assembly (24–

27), top-down photolithography (28–30), and microstructured
mold replication (31) to fabricate a multilayered hierarchical
wettability surface with the multibioinspired features of Namib
desert beetles, Nepenthes pitcher plants, and emergent aquatic
plants. This surface consisted of hollow hydrogel bump arrays
and a lubricant-infused inverse opal film as the substrate. The
hydrophilic bumps and hydrophobic film simulated the in-
homogeneous structure of Namib desert beetles; while lubricant
infusion imparted the substrate with SLIP structure like Ne-
penthes pitcher plants. Similar to emergent aquatic plants, the
hollow hydrophilic bumps could rapidly attract and capture wa-
ter droplets from all directions based on capillary driving force,
which was further facilitated by the highly slippery substrate.
These attracted droplets could be pumped downward through
hollow channels of the bumps by capillarity and be collected by a
reservoir. Notably, the droplet driving force derived only from
capillary driving, rather than external energy input and droplet
condensation or coalescence, bringing about ideal efficiency. It
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was also demonstrated that the slippery surface showed distinct
versatility, generalization, and recyclability in droplet capturing,
pumping, and collecting. All these results indicate that this
multibioinspired slippery surface could provide an insight into
droplet manipulation, and could find a variety of applications.

Results
In a typical experiment, a polyurethane (PU) inverse opal film was
fabricated as the porous substrate via a sacrificial template method.
During this process, the silica colloidal crystal templates were first
generated by bottom-up self-assembly of SiO2 nanoparticles on
glass slides using vertical deposition. It was found that the SiO2
nanoparticles were closely packed and formed ordered hexagonal
structures after solvent evaporation (SI Appendix, Fig. S1). PU/
Dimethyl formamide (DMF) solution was then added to the surface
of the silica colloidal crystal templates, which fully filled the voids
among the SiO2 nanoparticles and got solidified upon removal of
DMF. After etching the glass slide and the SiO2 nanoparticles, the
PU inverse opal film could be obtained (SI Appendix, Fig. S2A). It
was worth noting that as a replication, the resultant PU film had an
orderly aligned micropore structure, making it suitable to serve as
the porous substrate (SI Appendix, Fig. S2B).

With the PU inverse opal film as the substrate, the slippery
surface with wettable hollow bump arrays could be prepared
facilely by a top-down UV mask-guided micromolding approach,
as schemed in Fig. 2A. Specifically, a puncher was first employed
to punch regularly arranged, uniform holes on the PU film (Fig.
2B). It should be mentioned that to ensure firm bonding between
the PU film and the hollow bumps, the size of the holes was
slightly smaller than the diameter of the bumps. After tidily
stacking the punched film and a negative mold with ordered
microcavities together, hydrogel prepolymer solution was de-
posited into the microcavities with a pipettor. During this pro-
cess, the prepolymer solution not only filled the microcavities,
but also diffused into micropores of the PU film, thus destroying
the hydrophobicity of the PU film. To solve this problem and
prepare hydrophilic hollow bump arrays, a specially designed
mask mold that only allowed light to pass through the hollow
bump array region was employed (Fig. 2C). In this case, when
exposed to UV light, only prepolymer solution at specific regions
would be cured, constructing the hydrophilic hollow bump ar-
rays. Then by peeling off the PU film–hollow bump arrays
compound from the negative mold, washing the uncured pre-
polymer solution away, and finally immersing the compound in

Fig. 1. Schemes of the multibioinspired slippery surfaces with wettable hollow bump arrays. (A) Water collection ability of Namib desert beetles, which relies
on hydrophilic bumps and hydrophobic substrates on their backs. (B) Liquid-repelling ability of Nepenthes pitcher plants based on the SLIP structure. (C) Seed
collecting by emergent aquatic plants, which is achieved by capillary driving. (D) Schematic illustrations of the structure of the surfaces. (E) Schematic il-
lustrations of water pumping and collection circulation of the surfaces.

Fig. 2. Fabrication of multibioinspired slippery surfaces with wettable hollow bump arrays. (A) Schematic illustrations of the fabrication procedure. (B)
Optical image of the punched PU inverse opal film. (C) Optical image of the tidily stacked negative mold, PU film, and mask mold. (D) The PU film–hollow
bump arrays compound. (E) The lubricating oil-infused slippery surface. (Scale bars: 2.5 mm in B and C, and 550 μm in D and E, respectively.)
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lubricating oil overnight, the slippery surface was achieved (Fig.
2 D and E).
Notably, the lubricating oil sufficiently infused into the mi-

cropores of PU film and covered the film surface, which mim-
icked the SLIP structure of Nepenthes pitcher plants and thus
imparted the substrate with excellent slippery properties. These
could be demonstrated by recording the water droplet sliding
angle on the surface of the substrate (SI Appendix, Fig. S3).
Results showed that the droplet was pinned to the PU film
without lubricating oil infusion, because it was partly absorbed to
the micropores of the film. However, the sliding angle was greatly
eliminated to about 10° with the presence of lubricating oil,
benefitting from the low surface energy and chemical inertia. Im-
portantly, lubricating oil menisci surrounding the bumps were ob-
served, which laid a foundation for droplet pumping. When a water
droplet was placed onto the slippery surface, it was rapidly sur-
rounded by lubricant menisci, as shown in SI Appendix, Fig. S4A.
Because of the overlap, the lubricant meniscus between the droplet
and the hollow bump was lifted up, contributing to a smaller slope
angle (SI Appendix, Fig. S4B). Therefore, the horizontal component
of oil/air interfacial tension pointing to the hollow bump was larger
than that at the other side, generating a capillary driving force that
attracted the droplet to the bump.
The capillary driving force was written as F = γRðcosα− cosβÞ,

where γ represented oil/air interfacial tension and R represented
the droplet size (19). Generally, with the increase of R, the
capillary driving force increased, whereas bigger droplets also
indicated larger droplet mass, bringing about lower initial ac-
celeration and lower pumping speed (SI Appendix, Fig. S5A). It
was noted that the capillary driving was considered to be appli-
cable to all of the droplet sizes in theory, but only droplet sizes
from 0.2 to 1.5 mm were tested limited to the equipment. Results
showed that water droplets within that range were attracted
quickly by the bump. Another factor that affected the droplet
pumping was the distance from the water droplet to the bump,
which could affect the angles of the oil menisci on both sides,
thus having a critical influence on the capillary driving force.
Generally, with the increase of the distance, the capillary driving
force decreased and the driving speed reduced (SI Appendix, Fig.
S5B). When the distance reached about 1.65 mm, the bump
could not drive the water droplet anymore.
Taking advantage of the highly slippery substrate originated

from lubricate infusion and coverage, the capillary driving force
provided by lubricate meniscus, as well as the wettability of the
hydrogel bumps, the prepared slippery surface exhibited excel-
lent performance in directional droplet pumping (Fig. 3A). It was
found that a water droplet at a distance of about 1.5 mm could
be driven to the bump within 3 s, demonstrating the fast and

efficient droplet pumping (Movie S1). In addition, the general-
ization of the slippery surface was investigated by changing the
materials of the bump and types of the lubricating oil, observing
the pumping phenomenon, and recording the droplet pumping
time (Fig. 3 B and C). It could be seen that the bumping effi-
ciency remained almost unchanged when the bump material
was varied from poly(ethylene glycol) diacrylate (PEGDA) to
trimethylolpropane ethoxylate triacrylate (ETPTA) or the lubri-
cating oil was varied from silicone oil to perfluorinated oil. We
also evaluated the effect of stiffness and composition of the
hydrogel bump by altering the concentration of PEGDA or
mixing PEGDA with polyacrylamide (AAm). Results showed
that the bumping time stayed at about 2.5 s upon first use, which
was relatively insensitive to the hydrogel stiffness and composi-
tion (SI Appendix, Fig. S6). All of these indicated that this
pumping strategy was versatile and dynamic. It should be men-
tioned that for the bumps containing over 25% PEGDA, they
would deform slightly when contacting large water droplets.
After the droplets completely enveloped the bumps, the bumps
would restore to the original state, making no difference to their
continuous operations. However, for the 10% AAm bumps,
which were too soft and swellable, the deformation was irre-
versible, which inevitably affected the continuous use.
The attracted droplets soon gathered around the hollow

bump, enveloped the bump, and infiltrated downward through
the hollow channel by capillarity until being completely absorbed
by a porous support (SI Appendix, Fig. S7). Therefore, via this
droplet attracting, water gathering, and collecting circle, droplets
could be successfully collected, as shown in Movie S2. The
droplet with the diameter of 1 mm at a distance of 1.5 mm was
pumped and collected within 10 s. Also, the amount of residual
liquid was relatively small, thus not significantly changing the oil
meniscus and water transport/collection efficiency. Besides, the
slippery surface could sequentially pump and collect droplets,
which was briefly confirmed by the collection of 3 consecutive
water droplets in SI Appendix, Fig. S8. Apart from the continu-
ous droplet pumping and collection, pumping and collecting of
droplets from different directions could also be achieved. To
prove it, water droplets were added to the same slippery surface
from 4 different directions––the top right, the top left, the bot-
tom left, and the bottom right, respectively. During this process,
all droplets were found to be pumped to the hollow bump and
collected (Fig. 4 A–D). All these features enabled the slippery
surface to be beneficial to water collection in practice.
To explore their practical value in water collection, these slippery

surfaces were sprayed with microdroplets generated by a sprayer.
After being rapidly encircled by lubricating oil menisci, most of
these microdroplets, regardless of the size, quickly gathered at the

Fig. 3. Schemes and optical images of directional droplet pumping by the slippery surface. (A) PEGDA as the bump material and silicone oil as the lubricant;
(B) ETPTA as the bump material and silicone as the lubricant; (C) PEGDA as the bump material and perfluorinated oil. (All scales bars: 750 μm.)
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nearby bump (Movie S3). It was noteworthy that during this pro-
cess, some microdroplets first converged into a bigger one before
being transported to their destination. Finally, except a small
amount, majority of the microdroplets were collected, indicating the
relatively ideal behavior of the slippery surfaces in sprayed water
collection (Fig. 4E). These unstable residual water droplets did not
affect the lubricant menisci around the bumps significantly and were
likely to be collected by the bumps after contact with new water
droplets in the next round of water collecting. Strikingly, there was
no extra energy input in the whole collection course. Also, the di-
rectional droplet pumping only depended on capillary driving force
provided by lubricant menisci, without the need of droplet con-
densation or coalescence. These remarkable properties demon-
strated that these slippery surfaces were effective.
Based on the desired functions of the slippery surfaces, a water

collector constituted by such slippery surface, a porous support,
and a reservoir was devised and set up (Fig. 5A). The operational
procedure of this collector was pretty simple, during which the
sprayed water droplets were first collected by the slippery sur-
face, then absorbed by the porous support, and eventually flew
down along the wall of the reservoir to be accumulated. Pa-
rameters that would have impacts on the water collection effi-
ciency, such as the diameter of the hollow channels, the spacing
between the adjacent bumps, and the height of the bumps, were
further studied (SI Appendix, Fig. S9). Specifically, when the
hollow channel widened, the water collection velocity would in-
crease correspondingly, probably because the narrow channel
restricted the infiltration of gathered droplets; while this as-
cending trend gradually slowed down and even ceased as the
diameter reached about 350 μm (Fig. 5B). In addition, reduced

bump spacing would result in improved water collection velocity,
since the decrease of distance between droplets and bumps was
typically followed by the increase of capillary driving force (Fig.
5C). However, when the spacing was as near as 2 mm, the water
collection velocity was no longer affected by the spacing. Simi-
larly, with the descending of the bump height, the water collec-
tion velocity rose up and finally plateaued (Fig. 5D). This
increase could be explained by the more attracted droplets re-
quired to envelop higher bumps and realize infiltration com-
pared to shorter bumps. Specially, after the collecting process
was completed, all of the collectors could collect more than 70%
of the water sprayed to the collector (SI Appendix, Fig. S10). For
the optimal situation, the proportion was about 91%.
Note that the water collector showed satisfactory results in

recyclability test (SI Appendix, Figs. S11 and S12). In this test,
water droplets were first sprayed to the water collector. After the
collector had completely collected the droplets, the reservoir was
detached, weighed, and put back to its original place again. This
water spraying–droplet collecting–reservoir weighing cycle was
first carried out 10 times in succession. On the basis of the weight
change, water collection efficiency for each circle was calculated.
It could be seen that with the increase of cycles, the water col-
lection efficiency remained constant and the collector itself kept
stable and integral. To further show the collector’s resiliency and
consistency, this cycle was then repeated 150 times and the water
collection efficiency for every 15 cycles was recorded using the
same method. Results showed that during the 150 cycles, the
collector could well retain its water collection efficiency. There-
fore, the water collector was demonstrated to perform well in

Fig. 4. Schemes and optical images of water collection by the slippery surface. (A–D) Pumping and collection of droplets from different directions; (E)
pumping and collection of a large number of sprayed microdroplets. (All scale bars: 1 mm.)
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repeatable utilization, indicating that it would provide an effective
approach in water collection field.

Discussion
In summary, we have presented multibioinspired slippery sur-
faces with wettable hollow bump arrays for directional water
droplet pumping and collection, which were fabricated by com-
bined approaches of bottom-up colloidal self-assembly, top-
down photolithography, and microstructured mold replication.
Mimicking the structured backs of Namib desert beetles, the
SLIP inwall of Nepenthes pitcher plants, as well as the capillary
driving force of emergent aquatic plants, these surfaces were
demonstrated to realize continuous, multidirectional water
droplet attracting and pumping. The attracted droplets then
gathered around the bump arrays, infiltrated downward through
hollow channels of the bumps by capillarity, and finally got col-
lected by a reservoir. Because the pumping was independent of
applied energy, droplet condensation, or droplet coalescence,
these surfaces showed ideal efficiency. Moreover, these surfaces
were highly versatile and easy to be generalized, as they could
retain their high efficiency when materials of bumps and other
parameters were changed. Their recyclability was also demon-
strated via a repeated water collection test. Benefitting from
these distinctive features, the slippery surfaces could open a
promising avenue to water transportation and droplet collection.
In nature, many organisms have evolved special structures and

strategies to adapt to the environment and survive. Introduction of
these marvelous structures and strategies into droplet manipula-
tion systems is an ingenious idea, about which numerous re-
searches have been carried out (32–36). Despite their remarkable
advantages, many of these systems only simulated a single or some
functionally similar biological structures, leading to a relatively
simple function and an inflexible operation. Compared to previous
devices, we present a principle and method that combined droplet
pumping and droplet collection together. Our slippery surfaces
mimic the structures of Namib desert beetles and Nepenthes
pitcher plants, as well as the pumping strategy of emergent aquatic
plants, and possess desired features for droplet manipulation. In
addition to droplet collection, these slippery surfaces are also

potential to act as microreactors and arouse inspirations in bio-
medical analysis, analytical chemistry, etc. To implement these
values, future endeavors will be focused on improving their vapor
condensation ability and realizing integration with other platforms.

Materials and Methods
Materials. SiO2 nanoparticles were self-prepared in the laboratory. PU (av-
erage Mw is about 16,800) was acquired from Mackun. DMF was bought
from Aladdin. PEGDA (average Mw is about 700) and ETPTA (average Mw is
about 912) were obtained from Sigma-Aldrich. Silicone oil (50 CS) was pur-
chased from Shin-Etsu Chemical Co., Ltd. Perfluorinated oil was provided by
DuPont. Deionized water with a resistivity of 18.2 MΩ·cm−1 was purified by a
Milli-Q Plus 185 water purification system (Millipore). All reagents were of
analytical grade and used as received.

Characterization.Droplet pumping, water infiltration, and sliding angles were
characterized using a JC2000D2 contact angle measuring system. Bumps with
different hollow channel diameters were observed under a Laser Scanning
Confocal Microscope (Carl Zeiss, LSM510). Other optical images and videos
were taken by a stereomicroscope (Olympus BX51) equipped with CCD (AOS
Technologies AG). Scanning electronmicroscope (SEM) images were obtained
from a Hitachi S-3000N SEM.

Fabrication of the PU Inverse Opal Film. The PU inverse opal film was fabri-
cated by sacrificing silica colloidal crystal templates. The silica colloidal crystal
templates were prepared by first assembling SiO2 nanoparticle solution on
glass slides by a vertical deposition method and then evaporated the solvent.
After that, PU/DMF solution (20% wt/vol) was added dropwise to the tem-
plates and infused into the voids among SiO2 nanoparticles. After heating at
75 °C for 1 h to fully get rid of DMF solvent, the composite film was im-
mersed in hydrofluoric acid (HF) solution (4% vol/vol) overnight. By finally
washing away HF, the PU inverse opal film was obtained.

Fabrication of the Slippery Surface. Uniform, orderly arrayed holes were first
made through the PU inverse opal film with a puncher. The punched film was
then tidily stacked with a negative mold with ordered microcavities. Using a
pipettor, PEGDA prepolymer solution (50% vol/vol) was deposited to the
negativemold, which diffused into both themicrocavities and themicropores
of the PU inverse opal film. With a UV mask to block light at specific regions,
PEGDA hollow bump arrays bonded to the PU inverse opal film could be
fabricated by UV solidification. In addition, PEGDA prepolymer solution that
diffused into the micropores of the film under the bump regions was also
solidified, forming a composite of the inverse opal scaffold and PEGDA

Fig. 5. Water collection performance of the slippery surface device. (A) Schematic illustration of the slippery surface device. (B–D) Water collection efficiency
as function of channel diameter (B), adjacent bump spacing (C), and bump height (D).
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hydrogel around the hollow channel, which was entirely hydrophilic. The
compound was gently stripped out from the negative mold, ultrasonic
cleaned in ethanol 3 times, and immersed in lubricant oil overnight. Thus, the
slippery surface with wettable bump arrays was prepared. Notably, by
choosing high concentration of highly cross-linked PEGDA as the material of
the bump array, the volume of the bumps would not change evidently during
hydrogel swelling, thus guaranteeing their stability.

Water Collector Setup. The water collector was composed of the slippery
surface, a porous support (e.g., sponge), and a reservoir. The slippery surface
was for droplet collection. The porous support served to prop up the soft
slippery surface as well as assist absorbing and guiding water. And, the
reservoir could hold the collected water.

Measurement of Water Collection Efficiency. A facial sprayer (flow velocity at
60–75 mL h−1, Shenzhen Jisu Technology Co., Ltd) was employed to generate
microsized water droplets. The distance between the slippery surface and
the sprayer was fixed at 1.5 dm. The total quantity of water provided to the
environment was 1–1.25 g and the water that fell onto the slippery surface

was about 0.92 g. After the water collection was finished, the reservoir was
weighed. The water collection efficiency was then calculated based on the
weight change, which was as follows:

water   collection  efficiency =
wt −w0

Ssurface

�
tcollection, [1]

where wt was the weight of the reservoir after collection,w0 was the weight
of the reservoir before collection, Ssurface was the superficial area of the
slippery surface, and tcollection was the total collection time. Notably, as the
hollow bumps were in the microscale and the collector was tested and
generally used in the humid environment, the water volume sprayed did not
affect the water collection efficiency.
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