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uper-antiwetting interfaces, such as superhydrophobic and superamphiphobic surfaces in air and superoleophobic inter-

faces in water, with special liquid—solid adhesion have recently attracted worldwide attention. Through tuning surface
microstructures and compositions to achieve certain solid/liquid contact modes, we can effectively control the liquid—solid
adhesion in a super-antiwetting state. In this Account, we review our recent progress in the design and fabrication of these
bioinspired super-antiwetting interfaces with special liquid—solid adhesion.

Low-adhesion superhydrophobic surfaces are biologically inspired, typically by the lotus leaf. Wettability investigated at micro-
and nanoscale reveals that the low adhesion of the lotus surface originates from the composite contact mode, a microdroplet bridg-
ing several contacts, within the hierarchical structures. Recently high-adhesion superhydrophobic surfaces have also attracted research
attention. These surfaces are inspired by the surfaces of gecko feet and rose petals. Accordingly, we propose two biomimetic
approaches for the fabrication of high-adhesion superhydrophobic surfaces. First, to mimic a sticky gecko’s foot, we designed struc-
tures with nanoscale pores that could trap air isolated from the atmosphere. In this case, the negative pressure induced by the
volume change of sealed air as the droplet is pulled away from surface can produce a normal adhesive force. Second, we con-
structed microstructures with size and topography similar to that of a rose petal. The resulting materials hold air gaps in their
nanoscale folds, controlling the superhydrophobicity in a Wenzel state on the microscale.

Furthermore, we can tune the liquid—solid adhesion on the same superhydrophobic surface by dynamically controlling the
orientations of microstructures without altering the surface composition. The superhydrophobic wings of the butterfly (Morpho aega)
show directional adhesion: a droplet easily rolls off the surface of wings along one direction but is pinned tightly against rolling
in the opposite direction. Through coordinating the stimuli-responsive materials and appropriate surface-geometry structures, we
developed materials with reversible transitions between a low-adhesive rolling state and a high-adhesive pinning state for water
droplets on the superhydrophobic surfaces, which were controlled by temperature and magnetic and electric fields.

In addition to the experiments done in air, we also demonstrated bioinspired superoleophobic water/solid interfaces with
special adhesion to underwater oil droplets and platelets. In these experiments, the high content of water trapped in the
micro- and nanostructures played a key role in reducing the adhesion of the oil droplets and platelets. These findings will
offer innovative insights into the design of novel antibioadhesion materials.
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Introduction

The design and creation of novel super-antiwetting inter-
faces,' such as superhydrophobic? and superamphiphobic®*
surfaces in air and superoleophobic interfaces in water,> has
been inspired by biological surfaces with special wettability.
These novel super-antiwetting interfaces have attracted con-
siderable attention due to their great advantages in both fun-
damental research and practical applications.®” In particular,
the super-antiwetting interfaces with special liquid—solid adhe-
sion have recently aroused extensive interest. For instance,
liquid—solid adhesion is greatly decreased by micro- and
nanostructures on the surface of the superhydrophobic lotus
leaf, which is necessary for its self-cleaning property.? Water
droplets do not stably remain on the surface but easily roll off
and spontaneously remove dust particles on the leaf. In a sim-
ilar manner to the lotus effect in the atmosphere, fishes can
resist pollution by oil in water due to the roughness of their
scales forming a low adhesion and superoleophobic water/
solid interface, which would suggest a new strategy to design
novel antibioadhesion materials underwater.”

On the other hand, superhydrophobic surfaces with high
liquid—solid adhesion become a new focus for their poten-
tial applications in liquid transportation, biochemical separa-
tion, in situ detection, and localized chemical reaction.® 12
A water droplet on these surfaces shows a static contact
angle (CA) larger than 150°, but the droplet is pinned on
the surfaces at any tilted angles. The achievement of such
a high adhesion at the liquid—solid interface is inspired by the
gecko’s attachment system and rose petals.'® '3 For exam-
ple, by mimicking the special structures on the gecko’s feet,
we reported an aligned polystyrene (PS) nanotube film with
superhydrophobicity and high adhesion to water, which could
be used as a “mechanical hand” for reversible no-loss trans-
port of microdroplets.’*

Generally, the liquid—solid adhesion is mainly governed by
the surface geometrical structure and surface composition.
Therefore, through dynamically tuning the two factors, the
liquid—solid adhesion could be effectively controlled.'>~2°
Moreover, through modifying the stimuli-responsive mate-
rials on solid substrates, superhydrophobic surfaces with
switchable liquid—solid adhesion under external stimuli could
be achieved.?'22 These superhydrophobic surfaces with con-
trollable liquid—solid adhesion can be used for the construc-
tion of future generation smart devices.

In this Account, we will review our recent progress on bio-
inspired super-antiwetting interfaces with special liquid—solid
adhesion. First, we will present some basic theories on liquid—
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solid adhesion. In the following two sections, we will review
the low- and high-adhesion superhydrophobic surfaces with
particular focus on how to design high-adhesion superhydro-
phobic surfaces. Then, we will demonstrate the origins of
directional adhesion, examining how the arrangement and
orientation of micro- and nanostructures are used to control
adhesion. Next, we will show some stimuli-responsive switch-
ing between low and high adhesion. Finally, the wetting
behavior in an oil/water/solid system is described, which could
help us understand the adhesion between a platelet and a
solid surface.

Basic Theories of Liquid—Solid Adhesion on
Superhydrophobic Surfaces

Generally, surfaces with a static CA higher than 150° are
defined as superhydrophobic surfaces." It should be noted that
even if the superhydrophobic surfaces exhibit comparable
apparent CAs, their adhesion to liquid may be quite
different.?>2* Whether a droplet could be pinned on a super-
hydrophobic surface is ascribed to the distinct contact
modes?32°> (the Wenzel state or the Cassie state) and the tri-
ple-phase liquid/air/solid contact line (TCL).>®2” In the Wen-
zel state,?® a water droplet fully penetrates into the valleys of
a textured surface (in wet contact mode), and the TCL is con-
tinuous and stable. Thus the surface generates relatively high
adhesion, accordingly, to pin the droplet. In contrast, in the
Cassie state,* the water droplet is suspended by the vapor
pockets trapped on surface (in composite contact mode), and
TCL is discontinuous. Thus the adhesion of the surface is rel-
atively decreased, and the droplet easily rolls off the surface.
However, in most cases, a water droplet may partially wet a
superhydrophobic textured surface due to air partially trapped
in the valleys, which is an intermediate state between Wen-
zel and Cassie states. Such an intermediate state of solid/lig-
uid contact is referred to as a metastable state.?>3° This
indicates that a transition between these two superhydropho-
bic states could be achieved on the same microstructured sur-
face when external stimuli (like a pressing force) exists.?* In
addition, the superhydrophobic states may be tuned between
the Wenzel state with high adhesion and the Cassie state with
low adhesion through the design of robust microstructures
with variable geometric parameters to control certain solid/
liquid contact modes.3' 33

Normally, the liquid—solid adhesion is assessed by the con-
tact angle hysteresis (CAH), which is defined as the difference
between advancing and receding CAs. The CAH can be influ-
enced by the surface structure, chemical heterogeneity, TCL,
etc.3*73® However, the measurement of CAH only indicates
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FIGURE 1. Schematic illustration of two models for adhesion
characterization: (A) CAH measurement, indicating an adhesion
along the shear direction; (B) NAF measurement, indicating an
adhesion along the normal direction.

effects of adhesion along the shear direction (Figure 1A).3° To
thoroughly understand the adhesion behavior between lig-
uid and solid, the normal adhesive force (NAF) should be also
taken into account. For example, if a water droplet sticks to
the high-adhesion superhydrophobic surface, it will not roll
away even if the surface is tilted a high angle or turned upside
down. In this case, the CAH is not suitable to quantitatively
study the adhesive force.*® To solve the problem, a high-sen-
sitivity balance system is used to quantitate the NAF between
the water droplet and the superhydrophobic surface.'® As
shown in Figure 1B, a liquid droplet is suspended on the bal-
ance system, and the surface is controlled to contact and leave
the droplet. The force required to take the droplet away from
the surface is thought to be the NAF between liquid and solid,
which is related to the preload, the volume of droplet, etc. The
CAH and NAF are two independent and complementary meth-
ods to characterize adhesion properties. In the following sec-
tions, both types of adhesive force are taken into account
according to the practical case.

Low-Adhesion Superhydrophobic Surfaces

Many biological surfaces, such as plant leaves? and water
strider’s legs,*' possess superhydrophobic and low-adhesion

properties. The self-cleaning lotus leaf is among the most
famous examples. Water droplets on its surface are almost
spherical and can roll off easily at small inclinations, which is
known as the “lotus effect”. In this section, some typical stud-
ies from different views on lotus leaf will be introduced.

The microscopic details of wetting behavior on the lotus-
leaf surface were studied by environmental scanning elec-
tron microscopy (ESEM)*? and an atomic force microscopy
(AFM) system,** which can help us well understand the ori-
gin of low adhesion. According to the ESEM observations, it
can be seen that the leaf surface is composed of numbers of
papillae and each papilla is covered with countless nanohairs
(Figure 2A,B). A microdroplet is suspended on the tops of the
papillae and bridges them, displaying a composite contact
mode from the side-view of the droplet (Figure 2C). To fur-
ther investigate the interface between the papillae and water
droplet, a droplet-inside-view based on the AFM system was
introduced (Figure 2D). The topographic (Figure 2E) and deflec-
tion images (Figure 2F) display the real state of the macro-
scopic water/air/solid interface for the lotus leaf underneath
the water droplet. It can be seen that air is trapped in the
micro- and nanoscale structures to form air layers. The ESEM
and AFM observations fully demonstrated how the compos-
ite contact mode arises from the presence of air trapped at the
micro- and nanoscales as the Cassie state describes. There-
fore, the adhesion between liquid and solid greatly decreased
due to such a composite contact mode.

Interestingly, when we shifted the focus from the upper sur-
face to the leaf margin, we found that water on the upper
lotus leaf can be easily shed from the surface through the
margin, while the water underneath the lotus leaf hardly over-
flows, even pressing the lotus leaf to a certain depth (Figure

FIGURE 2. Topography of the lotus leaf surface and investigation of wetting behavior at the microscale: (A) valleys surrounded with
multipapillae; (B) papilla with nanohairs; (C) a microdroplet in the valley is suspended by multipapillae; (D) schematic representation of
imaging by AFM in the Cassie state; (E) topographic image taken in contact mode (scale bar = 7.5 um); (F) corresponding deflection image of

panel E (scale bar = 10 um).
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Meniscus

FIGURE 3. (A) A photo of a lotus leaf on water, (B) an optical
microscopic image of a lotus surface as pressed into water, (C) an
ESEM image of a lotus leaf including the margin and papillae, and
(D) an ESEM image of the leaf margin. The inset is the magnified
image of a nanoscale wax crystal.

3A,B). Our recent research highlighted the role of the leaf mar-
gin in restricting fluid and resolved the mechanism behind the
phenomenon.** It is mainly attributed to the anisotropic
topography composed of microfolds at the margin, which are
quite different from papillae with micro- and nanohierarchi-
cal structures on the upper surface (Figure 3C). The microfolds
around the leaf margin form a ring-band (Figure 3D), which
introduces a strong energy barrier against water that tends to
return to the surface. As a result, the water underneath the
lotus surface hardly overflows onto the upper surface. This
finding can help us fully understand the lotus effect and

FIGURE 4. SEM images of designed superhydrophobic surfaces with different adhesion and schematic illustration: (A) the aligned PS
nanotube layer; in the inset, the shape of water on the PS surface when it is turned upside down; (B) schematic illustration of NAF caused by
negative pressure when a water droplet is drawn away; (C—E) top view of a superhydrophobic TiO- (C) nanopore array, (D) nanotube array,
and (E) nanovesuvianite structures.
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inspire us to design a novel microdevice that can run on water
or a self-cleaning surface with smart margin.

High-Adhesion Superhydrophobic Surfaces

In contrast to low-adhesion superhydrophobic surfaces, there
are some surfaces on which a water droplet shows a static CA
larger than 150° but it is pinned on the surfaces at any tilted
angle. The achievement of such high adhesion is inspired by
the gecko’s attachment system and rose petals. Accordingly,
two biomimetic approaches are proposed to fabricate high-
adhesion superhydrophobic surfaces, which will be introduced
in this section.

One approach is inspired by the gecko, which can firmly
attach to various surfaces. This remarkable adhesive ability of
gecko arises from millions of nanoscale foot hairs on its feet.*>
Based on the recognition of the gecko’s attachment system,
we fabricated a superhydrophobic PS nanotube film by mim-
icking the gecko's feet.'® The film can hold a water droplet
even if it is turned upside down, showing a high adhesion to
water. The NAF assessed by a high-sensitivity microelectro-
mechanical balance system is about 59.8 uN. Detailed scan-
ning electron microscopy (SEM) images show that the
as-prepared PS film is composed of densely packed aligned
nanotubes (Figure 4A). It is assumed that the special nanotu-
bular structures can induce two kinds of trapped air; there are
air pockets in the open state (continuous with the atmosphere),
as well as sealed air pockets trapped in the PS nanotubes. For
a static water droplet on the surface, the role of the trapped
air is to induce a high CA; the adhesive force between the
water and surface arises from van der Waals” interactions.
Once the water droplet is drawn, the NAF may be produced

F
G
three-phase _\[:‘
contact line

/ lube \ air

Capilary adhesion arises when water is drawn away a nanotube upward
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FIGURE 5. The structures of rose petals and obtained replica: (A, B)
SEM images of rose petal’s surface at low and high magnifications;
in the inset, the shape of water on the petal’s surface when it is
turned upside down; (C, D) SEM images of the obtained PDMS
replica at low and high magnifications.

by the negative pressure induced by the volume change of
the sealed air in the nanotubes (Figure 4B). To prove the
mechanism of high adhesion, we designed three types of
superhydrophobic nanostructure models consisting of a nano-
pore array (Figure 4C), a nanotube array (Figure 4D), and
nanovesuvianite structures (Figure 4E).*® When a water drop-
let contacts the solid surface, sealed air pockets could be
formed in the nanopore array and nanotube array surfaces,
while only open air pockets could be formed in the nanove-
suvianite surface. As a result, the NAF plays a dominant role
in enhancing adhesion behavior on the nanopore array and
nanotube array surfaces, while the nanovesuvianite surface
showed extremely low adhesion to water.

The other approach is inspired by rose petals. For exam-
ple, in nature, when tiny raindrops land on rose petals, they
are almost spherical but resist rolling off the flower (inset of
Figure 5A)."® The spherical water droplets that glitter in the
sun are expected to attract insects for pollination. To illus-
trate the origin of this high adhesion, we studied the micro-
structures of the rose petal. Figure 5A exhibits a periodic array
of micropapillae compactly arranged on the rose petal. There
exist nanoscaled cuticular folds on the top of the micropapil-
lae (Figure 5B). A water droplet on the petal’s surface is
expected to penetrate into the microscale grooves, but air
gaps are present in the nanoscale folds, thus forming a pat-
tial Wenzel state. It can be readily understood that water
sealed in micropapillae would cling to the petal’s surface,
resulting in a strong adhesion between solid surface and lig-
uid. The understanding of the rose petal inspires us to fabri-
cate biomimic polymer films that possess both super-
hydrophobicity and the high-adhesion property. For exam-
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ple, we used PS and polydimethylsiloxane (PDMS) to directly
duplicate the microstructures of rose petals (Figure 5C,D).*”
The resulting surfaces have the same microstructures and
high-adhesion property.

High-adhesion superhydrophobic surfaces provide effec-
tive solutions to transport small volumes of liquids. One exam-
ple is the application of the superhydrophobic PS nanotube
film as a “mechanical hand” in no-loss transport of a super-
paramagnetic microdroplet (M-droplet)."* When the upper
magnet is applied, the M-droplet flies upward and is stuck to
the PS nanotube film due to the strong adhesive effect. When
the magnet force is reversed, the M-droplet falls back to the
ordinary superhydrophobic surface. The key point of this
application is no loss of the M-droplet during the reversible
transport.

In this section, two biomimetic approaches for fabricating
high-adhesion superhydrophobic surfaces are described: One
is the design of structures with nanoscale pores that could pos-
sibly trap air isolated from the atmosphere. This trapped air
increases the adhesion because of a negative pressure
induced by an increase in volume of an air pocket as the
droplet is pulled away from the surface. The other is the con-
struction of microstructures with appropriate size and topog-
raphy to control the superhydrophobic state in the Wenzel
state.

Directional Adhesion Superhydrophobic
Surfaces

Besides isotropic adhesion on natural superhydrophobic sur-
faces such as lotus leaves and petals, anisotropic adhesion can
also be seen in nature, for example, rice leaves, which have
offered a robust model to regulate fluid.? It is generally rec-
ognized that anisotropic liquid—solid adhesion is ascribed to
the arrangement and orientation of micro- and nano-
structures.*®4? Directional adhesion on the superhydropho-
bic wings of a butterfly (Morpho aega) is an example (Figure
6A).>° A water droplet can easily roll off the surface of the
wings along the radial outward (RO) direction of the central
axis of the body, but is tightly pinned in the opposite direc-
tion (Figure 6B,Q). Interestingly, these two distinct states can be
tuned by controlling the posture of the wings (downward or
upward) and the direction of airflow across the surface (along
or against the RO direction). It is demonstrated that this unique
ability is ascribed to the direction-dependent arrangement of
flexible nanotips on the top of ridging nanostrips and micro-
scales overlapped on the wings at the one-dimensional level
(Figure 6D,E).
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FIGURE 6. Directional adhesion on superhydrophobic butterfly wings and SEM images of the wings: (A) an iridescent blue butterfly, M. aega;
the black arrows denote the RO direction away from the body’s center axis; (B) the droplet easily rolls along the RO direction when the wing
is tilted toward downward by 9°; (C) the droplet pinned on the wing that is tilted upward; (D, E) SEM images of the wings (scale bars = (D)
100 um and (E) 100 nm). (F, G) two models proposed for the potential mechanism of distinct adhesion—(F) rolling state and (G) pinning state.

Two distinct contact modes of a water droplet coexist on
the orientation-tunable microstructured surface and thus pro-
duce contrasting adhesion. When the wing is tilted down, the
oriented nanotips on the nanostrips and microscales sepa-
rate from each other. The water droplet on the wing not only
presents a “composite” contact with the top of the nanostripes
and a “dry” contact with the air trapped in the nanogrooves
but also forms a discontinuous TCL, which makes it easily roll
off the surface (Figure 6F). When the wing is tilted upward, the
flexible nanotip and microscales take a close arrangement.
The water droplet is in the “wet” contact with the nanostrips
and forms a quasi-continuous TCL, which pins it on the sur-
face (Figure 6G).

To understand the directional liquid—solid adhesion result-
ing from the oriented micro- and nanostructures on the but-
terfly wings, we fabricated a microscale ratchet structure into
aluminum alloy surfaces to mimic the step-overlapping struc-
ture of the butterfly’s wing.>' This ratchet structure enables the
M-droplet to generate anisotropic behavior through the exter-
nal alternative magnetic field. As shown in Figure 7, there is
no difference when the M-droplet slides on the flat structured
surface along both directions (Figure 7A), whereas M-drop-
lets deform distinctly on the ratchet structured superhydro-
phobic surface. An M-droplet moving along direction 1 has a
vertical oscillation like a “water spring” during the process of
advancing after it overcomes the adhesion to move (Figure
7B), whereas an M-droplet moving along direction 2 seems to
be rather wormed (Figure 7C). Along direction 1, the CAH cor-
responding to the surface adhesion is ~26.3°; whereas along
direction 2, CAH is ~62.2°, which is far higher adhesion than
that in direction 1. The decreasing adhesion is attributed to a
relatively lower solid—liquid contact extent along direction 1,
while this case is opposite along direction 2. This study indi-
cates that an asymmetric ratchet introduces different behaviors

Rolling Pinning

>t

e (el et S i
FIGURE 7. The time-sequence optical images of an M-droplet
moving on the flat surface (A) and ratchet-structured

superhydrophobic surfaces along directions 1 (B) and 2 (C). Scale

bar =1 mm.

of an M-droplet on a superhydrophobic surface, which implies a
distinct directional adhesion by means of the ratchet structure.

Stimuli-Responsive Adhesion on
Superhydrophobic Surfaces

As discussed above, a liquid droplet on superhydrophobic sur-
faces in the Wenzel or Cassie state will show different adhe-
sion. It is reported that there are energy barriers to prevent the
transition between these two states.>>2 Smart materials that
can alter surface chemical properties via external stimuli pro-
vide an effective approach to conquer the energy barrier of
the wetting state transition. Therefore, reversible switching of
solid—liquid adhesion on superhydrophobic surfaces can be
achieved with the precise coordination of surface chemistry
response and surface roughness.

To verify this idea, we modified a side chain liquid crystal
polymer, PDMS-40CB, a thermal responsive polymer, on a sil-
icon surface.?? On the flat PDMS-40CB film, the water CA
changes from 92.4° to 89.3° when the temperature increases
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FIGURE 8. (A) Reversible switching of a water droplet S moblllty
from rolling to pinning corresponding to the temperature switch
from 23 (left) to 75 °C (right, the inset shows that the droplet sticks
on the surface even when the substrate is turned upside down). (B)
At 23 °C, the water droplet is in the composite state (Cassie state);
at 75 °C, it is in the wetted state (Wenzel state).

Pinned

Supertry drophobic
Composite State

from 23 to 75 °C (just above the phase transition point), which
corresponds to the discontinuous interfacial action change for
the liquid crystal to isotropic phase transition. On an optimized
rough silicon wafer, the static water CAs are all at superhy-
drophobic level, but the CAH is dramatically different upon
tuning the temperature. The mobility of a water droplet on this
superhydrophobic surface can be thermally controlled from
rolling (CAH ~ 75°) to pinning state (Figure 8A). It can be
judged that a water droplet is in the Cassie state at 23 °C and
the Wenzel state at 75 °C according to whether there is light
gap between the liquid and the substrate from a microscopic
side view (Figure 8B). This result indicates that the switching
of adhesion is dependent on the wetting state transition.

Switchable adhesion can also be observed on a superhy-
drophobic iron surface.>’ An M-droplet on it could be revers-
ibly controlled from rolling to pinning state by altering magnet
field. Before the iron surface is magnetized or after demagne-
tization, the magnetic domains of the iron surface are unor-
dered. Such a surface cannot lead to the magnetization of
Fes;0,4 nanoparticles in the M-droplet, so there is no magnetic
force between them and the M-droplet resides in the low-ad-
hesive Cassie state. After the iron plate is magnetized, the
magnetic domains of iron are orderly arrays, and such a sur-
face can bring on the magnetization of Fe;0, nanoparticles, so
the magnetic force is produced. Accordingly, the M-droplet
resides in the high-adhesive Wenzel state.

Compared with above techniques, electrowetting is a more
mature technique that can induce a transition of droplets from
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FIGURE 9. Photoelectric cooperative wetting on the ACNA surface:
(A) before and after the light is turned on; (B) surface wettability
locally transits from Cassie to Wenzel states with the patterned light
“H” illumination to the ACNA; (O an ink-patterned “H” is left with
the removal of redundant ink.

1 Remaoval of surface

Cassie to Wenzel state.>> However, traditional electrowetting
always happens on a liquid—solid contact area, which can-
not realize a localized controlled wetting state transition.
Recently, we realized a precise controllable patterned wet-
ting state transition on the superhydrophobic aligned com-
posite nanorod array (ACNA) surface via a photoelectric
cooperative wetting process (Figure 9A).>* Based on this tech-
nique, a localized liquid—solid adhesion switching could be
achieved on superhydrophobic surfaces. For example, when a
drop of water-soluble red ink is placed onto the ACNA sur-
face below the threshold voltage, air is trapped in the troughs
between the individual nanorods. With the patterned light “H”
illuminating the ACNA surface, the wettability of the patterned
site transfers from Cassie to Wenzel state, and thus the red ink
enters into the troughs (Figure 9B). As a result, an ink pattern
“H” is adhered on the surface, while the redundant ink can be
easily removed (Figure 9Q).

In the Oil/Water/Solid System: Bioinspired
Superoleophobic Water/Solid Interfaces
with Structure-Tunable Adhesion

The wetting/antiwetting behavior of liquid droplets on the
solid surface is not an apparent or simple contact between two
phases but one among three phases. Biomimetic research on
the self-cleaning effect of fish scales indicates that superhy-
drophilic surfaces in the water/air/solid system show supero-
leophobic properties in an oil/water/solid system by replacing
the air phase with a water phase.”
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FIGURE 10. SEM images of the substrates and shapes of oil droplets taken at different stages during the NAF measurement process on
different substrates: on the (A) smooth, (B) microstructured, and (C) micro/nanostructured silicon substrate.

To understand the detailed wetting behavior in the oil/wa-
ter/solid system, smooth, microstructured, and micro- and
nanohierarchical structured silicon surfaces were selected as
our modeling ones. We observed that the smooth silicon sur-
face is oleophobic with a CA of 134.8° (Figure 10A), while the
microstructured and micro/nanostructured silicon surfaces
show superoleophobicity with CAs larger than 150° (Figure.
10B,0). However, they are significantly different in adhesive
behaviors. The smooth silicon surface exhibits remarkable
adhesion to an oil droplet, which always draws an oil droplet
with great shape distortion and then causes it to break (Fig-
ure 10A). The NAF is larger than the stretching force, 24.7 uN.
For the microstructured silicon surface, the oil droplet can be
only stretched to an elliptical shape (Figure 10B). The NAF
measured is about 10.2 uN. However, for the micro/nano-
structured silicon surface, the shape of the oil droplet remains
spherical during the whole measurement, implying the the
NAF is smaller than 1 N (Figure 10CQ). In the oil/water/solid
system, the adhesive property remains consistent with that of
a watetr/air/solid system. When the surfaces contact with the
oil droplet, water molecules can be trapped in the micro/nano-
structures, which forms an oil/water/solid composite interface.
These trapped water molecules will greatly decrease the adhe-
sive force between the oil droplet and the solid surface.

Compared with superhydrophobic surfaces in the water/
air/solid system, we believe that superoleophobic surfaces in
the oil/water/solid system are more interesting and impor-
tant for antibioadhesion applications. For example, we con-
structed a nanoscale topography on a thermally responsive
poly(N-isopropylacrylamide) (PNIPAAm) surface by grafting the
polymer from silicon nanowire arrays.>> The as-prepared sur-
face shows superoleophobic behavior and low adhesion to oil
droplets in water both below and above PNIPAAM’s lower crit-
ical solution temperature (LCST), which implies a relatively
high ratio of water molecules trapped in the nanostructures.

As a result, largely reduced platelet adhesion is achieved on
the as-prepared surface, both below and above LCST. It is
demonstrated that the relatively high ratio of water molecules
trapped in the nanostructures plays a key role in largely reduc-
ing the adhesion of platelets.

Conclusion and Outlook

This Account reviews recent progress on the design and syn-
thesis of super-antiwetting interfaces with special adhesion,
such as low adhesion, high adhesion, directional adhesion,
and stimuli-responsive adhesion. Studies on the biological and
bioinspired synthetic surfaces reveal that special designs of
microstructures bring special adhesion properties. For instance,
the topography and size of micro- and nanostructures have
great influence on the value of liquid—solid adhesion, such as
low and high adhesion. On the other hand, the arrangement
and orientation of the micro- and nano structures may result
in directional liquid—solid adhesion. Furthermore, reversible
switching of adhesion between the low-adhesive rolling state
and high-adhesive pinning state for a water droplet on a supe-
rhydrophobic surface could be achieved via cooperation of the
stimuli-responsive materials and surface roughness. In addi-
tion, design of superoleophobic interfaces with special adhe-
sion in an oil/water/solid system was also discussed. It was
demonstrated that high content of water trapped in the micro-
and nanostructures played a key role in reducing the adhe-
sion of an oil droplet and platelets. These findings will bring
a novel strategy to fabrication of antibioadhesion materials
underwater.

The research on liquid—solid adhesion has just started, and
numerous challenges remain in its development. First, the
adhesion theories need to be further established. In fact, this
closely associates with the development of experiment meth-
ods, especially on how to quantitatively study solid—liquid
adhesive force along different directions. Second, the relation-
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ship between the structure of biological surfaces and special
adhesion needs to be further explored and revealed. Learn-
ing from nature will guide us to optimize the structure design
of artificial surfaces. Finally, bioinspired materials should be
“live” materials with various functions like organisms in nature.
Therefore, in situ and rapid switching of adhesion will become
one of our goals. In the future, we will further our research on
the above aspects, with particular focus on bioinspired design
of materials systems.

This work was supported by the grant of Major State Basic
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Nature Science Foundation of China (20571077).
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