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ABSTRACT

Nature has developed unique strategies to refine and optimise structural performance. Using
surfaces designed at multiple length scales, from micro to nano levels, combined with complex
chemistries, different natural organisms can exhibit similar wetting but different adhesion to
liquids under specific environments. These biological surfaces have inspired researchers to
develop new approaches to control surface wetting and liquid behaviour via surface
adhesion. Here we review natural strategies to control the interaction of liquids with solid
surfaces and the efforts to implement these strategies in synthetic materials designed to
work in either atmospheric or underwater environment. Particular attention is paid to
droplet behaviour on the special-adhesion surfaces in nature and artificial smart surfaces.
We highlight recent progress, identify the common threads, and discuss the fundamental
differences in a way that can help formulate rational approaches towards surface
engineering, and identify current challenges as well as future directions for the field.

Abbreviations: CA: contact angle; WCA: water contact angle; OCA: oil contact angle; TPCL:
three-phase contact line; CAH: contact angle hysteresis; SA: sliding angle; WSA: water sliding
angle; OSA: oil sliding angle; SLIPS: slippery lubricant-infused porous surface; PNIPAAm: poly
(N-isopropylacrylamide); PMMA: poly(methyl methacrylate); GO: graphene; PAA: polyacrylic
acid; P2VP: poly(2-vinylpyridine); HFMS: heptafluorodecyltrimethoxysilane; PANI: polyaniline;
PDMS: polydimethylsiloxane; FAS: fluoroalkylsilane; PPFPA: poly(pentafluorophenyl acrylate);
PIL: poly ionic liquid; PMAA: poly(methacrylic acid); HMDS: hexamethyldisiloxane; NPs:
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Introduction

Wetting plays a vital role in many biological surfaces
and industrial processes [1,2]. The research on wetting
involves contributions from international scientists in
diverse and interdisciplinary fields. It can be traced
back to more than 200 years ago and is still developing
rapidly today (Figure 1). Thomas Young, a British
physicist, was a pioneer in wetting research; he first
proposed the use of the liquid contact angle (CA) to
define wettability in 1805 [3]. In 1936, Robert Wenzel,
a chemist from an American institute, explained the
relationship between solid surface roughness and
CA, and how roughness enhanced hydrophobicity
[4]. Then, Cassie and Baxter, further extended this
theory to porous and rough surfaces in 1944 and pro-
posed a composite wetting model theory (see details in
Section “Wetting Theory”), which considered that the
surface could trap air between water and solid [5-7].

polydimethylsiloxane-loaded
TMS:

mesoporous

trimethoxypropylsilane; HCA:

The description of natural superhydrophobic sur-
faces first appeared in a Chinese Song Dynasty
poem, ‘the lotus leaves from silt without dyeing’. How-
ever, the scientific mechanism behind it, i.e. the micro-
structure of the lotus upper surface, was not
investigated until 1997 [8]. In 2002, Jiang et al. further
revealed that the micro/nano-level structure was an
important reason for the high apparent water contact
agile (WCA) and isotropic low adhesion on the upper
surface of a lotus leaf [9]. This work identified for the
first time that the multi-scale structure plays a crucial
role in surface superhydrophobicity. In the same year,
Richard et al. first uncovered the mechanism of a dro-
plet bouncing behaviour when the droplet was thrown
onto a superhydrophobic surface [10]. In 2003, Feng
et al. created a superhydrophobic surface using nanos-
tructured polymer materials [11], which attracted
many researchers to the field. Since then, through
the development of a better understanding of the
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Figure 1. Development of surface wetting research: from wettability (blue and green marked) to wettability & adhesion (purple
marked), from natural high/low/anisotropic adhesion surface (green and purple marked) to switchable surface or others enabling
special liquid dynamics (black brackets), including both atmospheric (red marked) and underwater (orange marked) studies, in
view of surface chemical compositions and micro/nano-structures.

effect of multi-scale structures on superhydrophobi-
city, i.e. how recessed structures can enhance the stab-
ility of the solid/air composite interface [12,13],
researchers have begun to develop superhydrophobic
surfaces using diverse materials such as ceramics, car-
bon, glass, polymers and metals [14-17].

Based on the design of superhydrophobic surfaces
in air, researchers began to study the design and
fabrication of superoleophobic surfaces in air,
which is much more difficult to achieve because of
the lower surface tension of organic liquids
[12,18-21]. Another special wettability state in air
is the superhydrophilicity, where water droplets
quickly spread on the surface of materials and
form a film to completely wet the surface. A typical

biological superhydrophilic surface is the cornea of
human eyes, which is able to make tears spread
out quickly and eliminate the effect of light scatter-
ing [22]. It is noteworthy that wetting on hydrophi-
lic surfaces has been frequently studied in the
physical-chemistry domain in the past two centuries,
which paves the way for modern studies on bio-
inspired superwetting materials. For example, in
1992, Chaudhury et al. first reported a special direc-
tional transport phenomena (moving uphill) on a
hydrophilic surface with surface-energy gradient
[23]. This discovery serves as a theoretical basis
for studying directional/asymmetric behaviour on
other bio-inspired superwetting surfaces (e.g. super-
hydrophobic anisotropic surface).



In addition to wetting in air, studies on underwater
wetting have increased in recent years. Wang et al. in
1997 first discovered that fish scales exhibited super-
hydrophilicity in air and superoleophobicity under
water [24]. Liu et al. pointed out that this phenom-
enon was mainly due to the combination of micro/
nano-structures and hydrophilic compounds on the
surface of fish scales [19,25]. This study extended the
wettability research from water/air/solid systems to
oil/water/solid three-phase systems for the first time
and also proved that the liquid repellency of the sur-
face can be achieved by introducing another immisci-
ble liquid layer into the solid surface structure [26]. On
top of constructing micro/nano-structures on the sur-
face, scientists have found that introducing tightly dis-
tributed hydrophilic and hydrophobic groups (e.g.
hydroxyl and epoxy groups) can also be used to
achieve unstructured special wettability [27].

The exploration of wetting on biological systems
has triggered studies on bio-inspired surfaces
[28,29]. As the wettability theory has been developed,
more attention has been paid to how anisotropic
structure-induced surface adhesion affects liquid
behaviour. In 2006, Zheng et al. found that butterfly
wings combined superhydrophobicity with directional
adhesion which is different from the isotropic super-
hydrophobicity of the lotus leaf [30]. In 2008, Feng
et al. uncovered the mystery behind the high adhesion
of a red rose petal, which had a similar WCA to a lotus
leaf but showed different adhesion [31]. Inspired by
these natural surfaces with special adhesion, more
and more studies have concentrated on controlling
droplet behaviour during the past 10 years [32-36].
By optimising the micro/nanostructure and the chem-
istry of the surface, both wettability and surface
adhesion can be manipulated because of the changes
in the solid/liquid/gas or solid/oil/water three-phase
contact line (TPCL). The liquid behaviour therefore
changes spontaneously. For example, in 2017, Li
et al. developed a topological liquid diode making
use of a precursor film and re-entrant pinning to
manipulate retention in two opposite directions,
which can enable the unidirectional long-distance
transport of diverse liquids [37]. In extreme cases,
based on some multiple-layered re-entrant structures,
a non-wetting state can be achieved with hydrophilic
surfaces [12,13,38,39]. The design of asymmetric
structures, Janus wettability, or/and surface-energy
gradients can promote complex liquid behaviour,
e.g. anti-gravity jumping/bouncing, splitting or defor-
mation overcoming surface tension, and other direc-
tional or asymmetric behaviour [37,39-41]. For
example, in 2021, inspired by Araucaria leaf, Feng
et al. developed a 3D capillary ratchet structured sur-
face on which different liquids exhibit different flow
directions [41]. Recently, researchers have also
developed intelligent surfaces able to switch
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surface properties in response to external stimuli
[42-54]. In addition, controlling the transport of
bubbles in the liquid phase has also been extensively
studied [55].

The study of surface wetting for structural or func-
tional applications is generating increasing attention.
On the one hand, moisture or droplets may negatively
affect the mechanical performance of many structures
or materials. For example, in humid environments
materials can be more sensitive to fatigue failure
[56]. Therefore, researchers would like to evaluate
and minimise the effect of humidity on mechanical
performance by understanding the roles of wetting
and liquid-surface adhesion and by developing
materials which repel liquids (e.g. superhydrophobi-
city). On the other hand, there is a growing interest
in the manipulation of the behaviour of liquids on sur-
faces for a wide range of applications from energy gen-
eration to environmental remediation [57].

In this review, we will introduce natural and bio-
inspired surfaces exhibiting special adhesion in either
atmospheric or underwater environments. The basic
theories, the methods to mimic the biological surfaces
and the application of the special-adhesion surfaces
will also be reviewed. In addition, we summarise the
latest developments in switchable surfaces where wett-
ability, adhesion, or/and liquid behaviour respond to
external stimuli. Finally, the conclusions will be
drawn and recommendations for future research will
be proposed.

Wetting theory

The field of surface wetting has developed rapidly over
the past few decades. By studying the unique wetting
phenomena observed in nature, scientists have con-
structed a relatively complete theoretical framework
to describe surface wettability in air and further extend
it to underwater systems. In this section, we will clarify
some basic concepts and provide some clues to help
understand the special wetting phenomena.

Wettability & CA

Wettability is determined by the chemical compo-
sition and microscopic morphology of the surface.
Usually, a liquid droplet will wet partially a solid sur-
face reaching a specific CA (i.e. CA). In extreme cases,
spread completely (0 = 0°) or retain a spherical shape
on the solid surface (6 ~ 180°), showing special wett-
ability. This CA quantifies the degree of wettability of
the surface. Generally, the critical CA to distinguish
between the lyophilic and lyophobic states is 90°
according to Young’s Equation. In the extreme case,
when CA <5° or CA >150° the surface is defined as
super-lyophilic or super-lyophobic, respectively.
These terms all refer to the wetting performance of
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Table 1. Typical wetting state of a droplet on the solid substrates in different media (air & water).

Type Equations Main assumptions
Young's cos 0 = Yo T ¥ [3,58,59] Only applicable on ideally flat surfaces (Figure 2(a,e))
Equation® Ve The substrate will have to be ideally rigid and insoluble in the liquid

cos Op — cos Oy
€05 fow = Yo Ywe

[25,62] Yow
Wenzel cos 0 =rcos 6 [4,60]

Model>4

The substrate has to be in chemical equilibrium with the liquid (no chemical reactions at
the interface)

The liquid will completely fill all the grooves in the rough surface (Figure 2(b,f))
For the surfaces with ultra-high roughness or high porosity (=>1), the absolute value on

the right side of Wenzel's equation may be greater than 1. Under this situation, the Wenzel
model is no longer valid

Cadssie Model“  cos 6 = f(1 4 cos 6) — 1 [5,25,61,62]

Assuming that the solid surface is composed of two substances well distributed in the form of
very small patches

The liquid is only in partial contact with the solid at the top (Figure 2(c,g))

where g is the surface tension of the solid surface under the saturated vapor pressure of the liquid, s, is the interfacial tension between the solid and
liquid, ¢ is the surface tension of the liquid under its own saturated vapor pressure, and 6 is the CA under three-phase equilibrium of liquid, solid and

gas.

For underwater situation, where ys;, Yy and vy represent the interfacial tension of the solid—air, water-air, and oil-air interfaces, respectively. 6o, 6,

and 6oy are the CAs of oil in air, water in air and oil in water, separately.
where r is the roughness factor, which is the ratio of the actual rough surface area to the projected area, and 6 is the intrinsic CA of the droplet on a flat

b,

substrate.

‘where 6 is the intrinsic CA of the solid surface and f is the fraction of the area occupied by the surface in contact with the liquid.

dthe subscripts can refer to different phases (water & air or oil & water).

the surface in atmospheric environment, unless other-
wise specified. For example, superoleophobic indicates
the oil CA in air (OCA) is greater than 150°. While
underwater superoleophobic indicates the OCA >
150° in water. Interestingly, due to the introduction
of the repellent liquid phase (e.g. water), some surfaces
that exhibit oleophilicity in air can show underwater
superoleophobicity [25].

Thomas Young first described the force acting on a
droplet on an ideal plane [3,58,59]. He believed that
the CA of droplets mainly depends on the interfacial
tension between the solid-gas (ygg), solid-liquid
(7vsr) and liquid-gas (vy;) interfaces. Then, Wenzel
modified the Young’s equation by introducing a sur-
face roughness factor r in order to explain wettability
of rough surfaces [4,60]. Next, Cassie and Baxter
derived an equation that can describe CA on a com-
pound smooth surface with heterogeneity [5,61]. All
these are summarised in Table 1.

Although both Wenzel and Cassie-Baxter
equations were originally proposed as semi-empirical
formulae, researchers have also derived them from a
thermodynamic perspective [63-66]. Their validity
has been verified in the study of superhydrophobicity.
Furthermore, it was also found that the surfaces
described by the Wenzel model usually showed very
high droplet adhesion, while the surfaces described
by the Cassie model usually showed very low adhesion
[67-70]. Actually, the wetting behaviour of droplets
on rough surfaces is very complicated. The entire sys-
tem is often under a metastable situation where the
Wenzel and Cassie-Baxter states coexist (Figure 2(d,
h)), part of the surface is wetted by liquid, while air
pockets remain at the interface [65,68-73].

It can be seen from Table 2 that hydrophilic sur-
faces shall be oleophilic in air because the surface ten-
sion of oil is much lower than that of water
(6p < Oy < 90°) [12,18-21,25,74-78], so the values

of both cos 6y and cos 6y are positive. Since the sur-
face tension of oil/organic liquid is much lower than
that of water (yog < Ywg)> the value of
Yo €0s 8o — Yy cos Oy is usually negative. There-
fore, most hydrophilic surfaces in air are oleophobic
under water [25,79,80].

CA hysteresis

The CA predicted in Young’s equation assumes that
the solid surface is flat, chemically uniform, and
homogeneous [3,58,59]. As a droplet spread on a sur-
face it should reach this static, equilibrium CA defined
by the thermodynamic equilibrium state of the solid—
liquid-gas three-phase system. The instantaneous CA
formed at a moving solid-liquid—-gas TPCL is called
the dynamic CA and will depend on the speed of the
contact line. However, the actual solid surface may
be affected by various conditions such as roughness,
inhomogeneous chemical composition, and contami-
nation, and as a result the measured static CA may
exhibit some hysteresis (CAH). The upper limit is
the advancing CA (644,), and the lower limit is the
receding CA (6g.). Generally defined, the CA reached
by the liquid-solid interface replacing the gas-solid
interface is called the advancing CA; and the CA
reached after the gas-solid interface replacing the
liquid-solid interface is called the receding CA.
Usually, the value of 644, is always larger than the
value of Og,., and their difference (044, — Orec) is the
CA hysteresis. This angle determines how easy it is
for a droplet to roll off an inclined solid surface. The
larger the hysteresis, the less likely it is for the droplet
to roll off. The sliding angle (SA, «), which refers to
the minimum inclination angle required for a certain
volume of liquid droplets to roll off a solid surface,
can intuitively reflect the CAH. The relationship
between the SA and the advancing & receding CAs



INTERNATIONAL MATERIALS REVIEWS e 5

Table 2. Fabrication methods and their main functions for bio-inspired surface.

Type Avenue Main use Approach? Ref.
Chemical method Solvothermal Growing inorganic metal-oxide nano-structures Topography [81-86]
Electrochemical Corrosion or deposition on conducting materials Topography [87-93]
Sol-gel Fabricating flexible hydrogels or organ gels Topography [94-100]
Chemical vapor deposition Depositing film or nano-structures on substrates Topography  [101-104]
Atom transfer radical polymerisation ~ Copolymerisation for responsive polymer brushes Chemical [105-110]
Plasma treatment Changing chemistry/roughness to alter the wettability =~ Chemical [1,111-115]
Fluorination Reducing surface energy for superhydrophobicity Chemical [116,117]
Hydroxylation Enhancing surface energy for superhydrophilicity Chemical [118-120]
Layer by Layer Assembling multilayer membrane for modification Chemical [121-123]
Selective catalysis Preparing hybrid surface with surface-energy gradient  Chemical [124,125]
Mechanical treatment Abrasion Adjusting roughness with a tiny change in chemistry ~ Topography [126]
Physical vapor deposition  Laser deposition Accurately changing surface structure/composition Topography  [127-130]
Magnetron sputtering Depositing thin film on the substrate Topography  [131-133]
Molecular beam epitaxy Depositing crystal film on substrate Topography  [134-136]
Phase separation of fluids  Coating (spray/meniscus/spin/dip) Covering original materials with new substance Chemical [137-139]
Breath figure Fabricating porous micro/nano-structures Topography  [35,140,141]
Electrospinning Fabricating nano-level polymer film on substrates Topography  [142-144]
Structure full replication  Lithography Achieving soft/hard biomimetic structures Topography  [145-148]
3D printing Copying and fabricating 3D structures Topography  [149-151]

*Approach here means the main aim of a method: to manipulate the surface chemistry (marked as chemical) or topography

can be given by the Furmidge formula [152]:
m-g-sina= y;oW(cos Orec — cos Oagy) (1)

where m is the mass of the droplet, g is the acceleration
due to gravity, y; is the liquid-gas interfacial tension,
and W is the diameter of the solid-liquid contact
surface. From this formula, it can be concluded that
the smaller the CA hysteresis, the smaller the rolling
angle.

The CAH is mainly caused by the adhesion between
the droplet and the surface. For super-lyophobic sur-
faces (CA >150°), four typical states for the CAH
effect have been identified, namely the Wenzel state,
the Cassie-Baxter state, the transition between Wenzel
and Cassie-Baxter states, and the gecko state [153].

In the Wenzel state, droplets will be pinned to the
surface, which will result in a large CA hysteresis
and high adhesive force. However, in the Cassie
state, there is an air layer between the droplet and
the bottom of the surface grooves, droplets roll off

a) Vapour b)
Yiv

Liquid
Vsu 9

Young state
in air

in air

e) Water f)

Yow

Young state
under water

Wenzel state

Wenzel state
under water

easily, and the CA hysteresis is small (the ‘Lotus’
effect is regarded as a special case of the Cassie
state). Among these two states, the SA can only
reflect the CA hysteresis of the Cassie state, but not
that Wenzel state (droplet pinning on the surface).
However, even if some surfaces are in the Cassie
state, high CA hysteresis (pinning state) will appear
in a single micro or nanostructure, and the SA could
not reflect the CA hysteresis in these conditions
[9,154]. In addition, when a droplet contacts an actual
sample, sometimes there will be a transition state
between the Wenzel and Cassie states [155]. The
special transitional state in which the droplet is in con-
tact with the surface like a droplet on a red rose petal is
called the ‘petal’ state [31]. Besides, researchers also
found a gecko state, different from Cassie’s state that
results in extremely high adhesion [156]. In the Cassie
state, there is a connection between the external
atmosphere and the gas pocket in the surface grooves
(open state). However, for the ‘gecko’ state, there are

c) d)

0 ]
h
Transition state
in air

Cassie-Baxter state
in air

9) h)

Transition state
under water

Cassie-Baxter state
under water

Figure 2. Typical adhesion state of a droplet on the solid substrates in different media (air & water). (a,e) Young’s model. (b,f)
Wenzel's model. (c,g) Cassie-Baxter's model. (d,h) Transition model.
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two types of air pockets trapped in the polystyrene
(PS) nanotubes: the completely closed-air pocket
inside and the open-air pocket connected to the
atmosphere [156]. The trapped air in the open-air
pocket resulted in a higher CA, while the negative
pressure provided by the sealed air in the closed-air
pocket led to extremely high adhesion. To accurately
study the adhesion between droplets and the superhy-
drophobic surfaces for this state, a highly sensitive
microelectromechanical balance is needed rather
than measuring the 04,4,, Ogec Or SA.

Adhesion & liquid behaviour

The movement of the droplet on a surface is deter-
mined by both the CA and the adhesion force. As
mentioned in Section “CA Hysteresis”, a higher
adhesion force could prevent liquids from leaving
the surface, even if the surface is superhydrophobic.
Therefore, understanding the complex adhesion
behaviour of droplets on micro-nano structured sur-
faces aids in the understanding of their dynamic
behaviour. We now review some of the adhesion
forces caused by typical surface structures.

Droplets inside a micro/nano groove are subject to
capillary pressure (P.), along the perpendicular direc-
tion as shown in Figure 3(a), On the basis of the
Young-Laplace formula [157,158], P, = 2y/R/, where
R’ is the radius of curvature of the droplet meniscus
in the micro/nano grooves and y is the liquid-surface
tension. The situation of vertical and oblique grooves
is shown in Figure 3(a). It can be observed that
w,sin @ = 2R’ cos 0 and the capillary pressure can be
calculated by the following formula [159,160]:

4 0
p _ dycos

e =— )

W sin w
where w, and w are the width and oblique angle of the
grooves, respectively. On every non-smooth surface,
the change in CA and surface morphology may give
rise to variation in direction and the absolute value
of the capillary force. This variation transforms the
wetting between the Cassie-Baxter state and Wenzel
state, where droplets move easily or are tightly pinned
on the surface.

Droplets on a conical, spinous, or needle-like struc-
ture are also affected by Laplace pressure differences
[87,88,161-163], as shown in Figure 3(b). It can be
given by [164]:

1 1 sin 3
P =y(— 3
’ 7<R1« R2/> R —R, ®

where y is the liquid-surface tension; Ry and Ry are
the local curvatures of the contact lines at two opposite
sides of the droplet along with the structure; R; and R,
are the local radii of the structure; 3 is the half apex

angle of the micro/nanostructure, which is related to
its conicity. The Laplace force on vertical conical
arrays tends to drive droplets to move from the
cusps to the base (the droplet sitting on a needle).
The consequences of this force on the droplets are
also linked with the capillary force. When the whole
surface is ultra-repellent to the droplets, the effect of
the Laplace force is very minor. Otherwise, the cusps
could penetrate a relatively large droplet and the
resulting adhesion could resist water moving in any
direction.

Droplets on the surface of a hybrid structure
(Figure 3(c)) or on the surface of a structure with vary-
ing roughness are affected by a surface-energy gradi-
ent [124,165-167]. The corresponding force (F;) can
be described by the formula [165,168]:

F, = iz Y(cos 04 — cos Og)dl (4)

where 644, and g, represent the local advancing and
receding angle of the liquid on the structure respect-
ively, and dl is the integrating variable from one
location (L) to another (L,). Forces induced by sur-
face-energy gradients tend to move droplets towards
the location which has higher surface energy. For
example, on a vertical or oblique hybrid pillar or
cone whose upper part is less lyophobic than the
lower part, liquid tends to move to or stay at the
upper part of the structure. Formula (2)-(4) show
that the forces related to adhesion are the function
of not only the CA of the surface but also the property
of the micro/nano-structures. By altering the chemical
composition and geometry of micro/nanostructure,
surface adhesion along the perpendicular direction is
controllable.

When the special structure and/or chemical com-
position appear in the parallel direction of the surface,
the droplet dynamic on the surface is affected by the
corresponding forces according to the same mechan-
isms. In addition, when a liquid moves on the surface,
a concomitant retention force (F,) may resist the
liquid movement. This force can be estimated by
[23,169]:

F, = wy(cos Ogr — cos 04) (5)

where w is the radius of the droplet and 6 and 6,4 rep-
resent the local receding and advancing angles of the
liquid, respectively. Droplets on a vertical micro/
nano array face an isotropic surface. An oblique
array or other anisotropic re-entrant structure gives
rise to a difference in F, depending on the direction
of movement (Figure 3(d-f)). When droplets move
following the tilting direction, the liquid-solid contact
width decreases, and the liquid meniscus is postponed.
It results in a lower F,, which facilitates liquid direc-
tional motion or even release out of the surface.
When droplets move in the opposite direction, the
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Figure 3. Surface structure induced force to change surface adhesion property. (a) Capillary force for the non-smooth surface. (b)
Laplace force for surface with geometry gradient. (c) Surface-energy gradient force for surfaces with hybrid structure. (d—f) con-
comitant retention force on moving liquid for surface with straight or oblique arrays.

increasing solid-liquid contact width eventually con-
tributes to the attachment of the liquid droplet.

Scattered tiny droplets tend to coalesce, achieving
higher kinetic energy which helps to overcome surface
adhesion [170]. On the micro/nanostructured surface,
the kinetic energy of a combined droplet (Ei) can be
described as [170,171]:

Ex = ymR*{(2 — 2*/*)(2 — 2 cos 0)

(6)
+[22 4, (f) — 2(f)]sin’ 6} — 64/ YR? /p

where (f) = f(r;cos Oy +1) — 1, f is the area of
wetted sample and ry refers to the roughness factor
of the wetted area which is related to the property of
micro/nanostructure and vy, p, w are the surface
tension, density, and viscosity-coeflicient of liquid,
respectively, 6 and 6y represent the CAs with and
without rough micro/nanostructure, ,(f) represents
the value of ¢(f) after a tiny droplet combines with
another. If the micro/nanostructure surface can be
designed to promote droplet movement in preferred
directions and droplet combination, it might be easier
to control droplet behaviour using surface adhesion.

Surface wetting properties characterisation
Sessile drop experiment (static CA)

The static CA measurement is used to characterise
surface wettability. Generally, droplets with a volume
of 2-5puL are used to measure the CA. When the

wettability of different surfaces is compared, the
same volume of droplets must be used to make the
measurement because the droplet volume and gravity
will affect the measured CA.

Dynamic CA

A series of methods have been developed to measure
dynamic CA, including advancing & receding angle
(Bagy & Ogec), SA, CA measurement using surfactant
solution [172,173], etc. The 044,—06r.. and SA are
used to quantify CAH. The specific value of
Oady—Orec can be measured by slowly injecting liquid
or sucking liquid from droplets on the solid surface
[174]. The typical measurement procedure involves
controlling the volume of the droplets through a liquid
injector while taking continuous pictures. As the
volume of the droplet is increased/decreased, the cor-
responding advancing/receding angle is measured
(Figure 4(a,b)). In addition, the bouncing drop
method can be used to characterise CAH. When a
non-wetting droplet is dropped onto a solid surface
it will bounce due to elasticity [10,175,176]. The ability
of the droplet to bounce on a wet surface can also
reflect the CAH. The SA, «, refers to the critical
angle formed by the inclined surface and the horizon-
tal plane when the droplet starts to roll on the inclined
surface (Figure 4(c)).

Surfactant solutions can also be used as a probe to
reflect CAH by measuring the CAs for droplets with/
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without surfactant, for different CAH surfaces the sur-
factant would have different effects on CA. McCarthy
[174] and Ferrari [172] demonstrated that adding sur-
factant molecules in water can reduce the CA on some
superhydrophobic surfaces which had high hysteresis;
but for low CAH superhydrophobic surfaces, both
pure water droplet and water droplet containing sur-
factant, the CAs are similar. McCarthy [173] also
reported a method for measuring CAH by lowering
the superhydrophobic surface onto the droplet and
pressing/releasing multiple times.

Kwoun et al. used high-frequency shear acoustic
waves generated by the thickness-shear mode (TSM)
of piezoelectric quartz resonators to distinguish
between superhydrophobic surfaces with similar CA
but different CAH [177]. When the frequency range
is 1-100 MHz, the penetration depth of the droplet
is about dozens of nanometres to micrometres. As
for superhydrophobic surfaces with low CAH, the
water layer can only wet the top of the surface, making
it difficult to penetrate into the grooves of the rough
structure. Compared with the surfaces with large
CAH, the harmonic frequency shift of the low CAH
surface is much smaller. In terms of the measurement
of CAH on non-planar surfaces, it can be achieved by
moving the surface to contact water droplets hanging
from a needle, such as a gold wire with a larger radius
[178]. If there is almost no CAH, the water droplets
will only move to one side of the gold wire, with a
slight shape deformation. Conversely, if there is a
large CAH, the water droplets will adhere to the sur-
face and do not move.

Adhesive force

When a droplet can be completely removed from a
surface, its adhesion with a surface can be measured
using a high-sensitivity microelectromechanical

balance (resolution of uN, Figure 4(d)) [19,35,179].
Usually, a copper cap is connected with a test droplet
and attached to the balance, the surface of interest is
moved toward the droplet at a constant rate until it
makes contact. Subsequently, the substrate is moved
downward and away from the droplet. The evolution
of the force is recorded to obtain the adhesion between
the droplet and the surface [180]. Jamali et al. also
developed a method to test adhesion and relate it to
CA hysteresis when the droplet could not leave the
surface totally using magnets [181].

Natural examples

After millions of years of evolution, organisms have
developed specific surface structures and chemistries
that can adapt depending upon the environment
(Figure 5). Based on the theory summarised in Sections
“CA Hysteresis” and “Adhesion & Liquid Behaviour”
and using the characterisation introduced in Section
“Surface  Wetting  Properties ~ Characterization”,
researchers found that the surface adhesion properties
of some organisms as well as the liquid behaviour on
these surfaces are unique and diverse. For example, Sec-
tions “Superhydrophobic Low Adhesion (in Air)” and
“Superhydrophobic High Adhesion (in Air)” summar-
ise natural superhydrophobic surfaces with low or high
adhesion, respectively. Section “Anisotropic Adhesion
(in Air)” summarises different surface with anisotropic
wettability or/and adhesion properties which realise
diverse transport modes of liquids. Section “Superoleo-
phobic Low Adhesion (under Water)” introduces the
underwater superoleophobic low adhesion surfaces.

Superhydrophobic low adhesion (in air)

Superhydrophobicity results from the surface micro/
nanostructure and is usually accompanied by low
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Figure 5. Photographs and surface microstructures of natural examples of special-adhesion surface: (a—-b) Low adhesion super-
hydrophobic surfaces: (a) Upper side of the lotus leaf. Reproduced with permission [182]. Copyright 2008, The Royal Society.
Reproduced with permission [183]. Copyright 2016, Elsevier Ltd. (b) Nepenthes. Reproduced with permission [28]. Copyright
2016, Springer Nature. (c) Superhydrophobic and superoleophobic low adhesion surface: springtail. Reproduced with permission
[184]. Copyright 2018, AAAS. (d—e) High adhesion superhydrophobic surfaces: (d) Rose petal. Reproduced with permission [31].
Copyright 2008, American Chemical Society. (e) Salvinia. Reproduced with permission [185]. Copyright 2010, Wiley-VCH. (f-h) Ani-
sotropic adhesion surfaces: (f) Butterfly wing. Reproduced with permission [30]. Copyright 2007, The Royal Society. (g) Ryegrass
leaf. Reproduced with permission [186]. Copyright 2012, The Royal Society. (h) Pine needle. Reproduced with permission [187].
Copyright 2019, Elsevier Ltd. (i-1) Underwater superoleophobic low adhesion surfaces: (i) Lower side of the lotus leaf. Reproduced
with permission [74]. Copyright 2011, The Royal Society. (j) Clam shell; Reproduced with permission [179,188]. Copyright 2012,
2016, Wiley-VCH. (k) Seaweed. Reproduced with permission [189]. Copyright 2015, Wiley-VCH. (I) Filefish. Reproduced with per-

mission [190]. Copyright 2014, Wiley-VCH.

droplet adhesion. For example, researchers reported
that the WCA on lotus leaves is around 160°, and
the water sliding angle (WSA) is around 5°% the
adhesive force is much lower than on other biological
surfaces [9,182,183]. Hydrophobic epicuticular waxes
were first proposed as the cause of the low water
adhesion and superhydrophobic properties of lotus
leaves [191]. However, it was suggested that the com-
bination of roughness at multiple length scales from
the micro to the nano levels is the reason behind
this performance as many other waxed surfaces with-
out a similar rough structure do not have this ability
[182,192]. As shown in Figure 5(a), the surface is den-
sely covered with micro papillae arrays formed by

nanowires. It was concluded that these arrays contrib-
ute to the superhydrophobicity of the lotus leaves, and
the nanowire structure causes super-low adhesion
[183,193].

Apart from the micro/nanostructure, the chemical
composition also affects surface hydrophobicity.
Researchers found that Nepenthes have low adhesion
surfaces, different from the lotus leaves [194-197]. As
shown in Figure 5(b), Nepenthes have a lubricant-
induced slippery surface of their peristomes at which
striped micro-grooves with arch-shaped edges are
densely distributed [28]. The surface is fully infused
with a self-contained lubricating liquid, which is the
main reason for the low adhesion [26,34,194]. It was
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also reported that the unique complex structure of
peristomes may well cause superhydrophobicity
while preventing the scape of preys or droplet
backflow, and avoiding draining of lubricant to main-
tain the slippery, low adhesion surface [28,198,199].

In addition, some natural surfaces were found to be
super-amphiphobic (i.e. not only superhydrophobic
but also superoleophobic) or so-called super-omni-
phobic (i.e. repellent to all liquids) in air. For example,
springtails, living in a humid and humid environment,
show a strong ability to avoid being wetted by either
water or some liquids with low surface tension (e.g.
surfactant or oil) [200,201]. As shown in Figure 5(c),
the cuticle of springtail has a re-entrant micro/nanos-
tructure composed of densely distributed hexagon or
rhombus nano arrays [184]. This structure can main-
tain an air layer to prevent wetting by either aqueous
or oil-based liquids, which is the main reason for its
repellency [184,202].

Superhydrophobic high adhesion (in air)

The micro/nano-structures could not only promote
hydrophobicity, but their shapes play an important
role in surface adhesion. For example, it was reported
that WCA on the red rose petal is around 152°, but
water droplets adhered to the petal surface even
when it is turned upside down [31]. This combination
of superhydrophobic with high adhesion is called the
(rose) petal effect [203-206]. The dense micro papillae
arrays are deemed as the reason for the superhydro-
phobicity, and the nano creases where air pockets
can be retained give rise to the high adhesion (Figure
5(d)) [31,207]. Peanut leaves were found to have a
similar structure leading to a combination of superhy-
drophobicity with high adhesion [208,209].

In contrast to the previous examples, Salvinia
Molesta has a superhydrophobic sticky surface due
to the discrete chemical composition of the micro-
structure. As shown in Figure 5(e), the surface con-
tains unique pillar arrays. The pillars are 2 mm high
with hairs on top (Figure 5(e)), resembling an eggbea-
ter [185,210]. The pillars are covered with hydro-
phobic wax crystals while the hairs are wax-free. The
micro array structure together with the hydrophobi-
city of each pillar contributes to the superhydrophobi-
city of the entire leaf. The hydrophilic hairs on the top
promote adhesion [211,212]. Tiny water droplets on
Salvinia leaves exhibit spherical shapes and are pinned
on the surface. The phenomenon of a functional entity
based on a wettability gradient is now known as the
Salvinia paradox [185,213-215].

Anisotropic adhesion (in air)

The anisotropy of the micro and nanopatterns plays
another important role in surface adhesion. For

example, butterfly wings have a direction-dependent
hierarchical arrangement of micro-scales, nano-
stripes, and nano-tips, as shown in Figure 5(f).
These hierarchical structures generate superhydro-
phobicity (WCA = 150°-154°) [30,216]. Furthermore,
the direction-dependent arrangement contributes to
an anisotropic adhesion [170,217]. The measured out-
wards WSA was 10°, but the droplet was pinned on the
wing when the inwards SA was tested [30]. It was
suggested that such an anisotropic adhesion might
be caused by the difference between the discontinuous
TPCL of droplets moving outwards and the quasi-con-
tinuous TPCL of droplets moving inwards
[30,170,218-220]. Similar oriented striped micro-
structures (micro-grooves) were also found on rice
and other plant leaves [28,221-223]. Oriented nano-
stripes with nano-tips are also present on goose feath-
ers and other animal feathers [224-226]. All of them
exhibit anisotropic adhesion that enables the move-
ment of droplets in prescribed directions.

Another type of superhydrophobic anisotropic sur-
face, common in some plants, contains oblique arrays
[227-229]. For example, oblique micro thorn arrays
were found in the ryegrass leaves (Figure 5(g)), and
the thorns are at an angle of ~25° to the surface.
The WSA towards the end of the ryegrass leaf
(towards the oblique direction of thorn) is around
12° while towards the opposite direction is around
26° [186]. Water droplets moving against the oblique
direction will be pinned while droplets moving along
will be accelerated [186,227,230]. This resulting aniso-
tropic adhesion promotes directional droplet
movement.

The combination of a groove structure with conical
shape could realise another mode of liquid transport.
For example, the entire geometry of pine needles
(Figure 5(h)) or some cactus plants is conical, with
some directional micro-groove structure [161,187].
Liquid could move unidirectionally along the
microchannel formed by the grooves, driven by
Laplace pressure and surface-energy gradients as
analysed in Section “Surface Wetting Properties
Characterisation”.

Superoleophobic low adhesion (under water)

Through an in-depth study of the underwater supero-
leophobic surface in nature, scientists have concluded
that hydrophilic chemical composition and the
designing of the micro-nano composite rough surface
structure are the key factors to construct an under-
water superoleophobic surface. The lotus leaves from
silt without dyeing not only because of the superhy-
drophobicity and self-cleaning effect on its upper sur-
face, but also for its underwater superoleophobicity
(OCA =155.0 +1.5°, 1,2-dichloroethane), and the
ability to resist oil adhesion (OSA =12.1+24° 1,2-



dichloroethane) [74]. The lower surface of the lotus
leaf is mainly composed of flat protrusions with a
length of 30-50 pum, a width of 10-30 pm, and a height
of 4 um. The micro protrusion is further covered with
nano grooves with a size of 200-500 nm. Their combi-
nation forms a hierarchical surface structure with
micro/nano roughness (Figure 5(i)). In addition,
there is no crystalline wax layer coating on the lower
surface of lotus leaf, and it is replaced by a layer of
hydrophilic material, so that water can be embedded
inside the rough structure, thereby preventing oil dro-
plets from infiltrating the surface, and ultimately
achieving  superoleophobic, low oil adhesion
[74,231]. Similar structures and chemistries can also
be found on clam shells (Figure 5(j)) [179,188], fish
scales [25,232], shrimp shells [233,234] and seaweed
(Figure 5(k)) [235,236]. These organisms also exhibit
superoleophobicity and ultra-low oil adhesion under
water.

The morphology of the surface microstructure
could also determine the rolling direction of the oil
droplets. When the Navodon Septentrionalis filefish
swims in oil-contaminated waters, the oil droplets
slide across its skin without sticking to it [190,237].
This is mainly because its skin not only contains a
lot of high surface-energy organic substances such as
collagen but it is covered with a layer of hook-shaped
spines with the hooks aligned in specific directions
(Figure 5(1)). This layer of closely aligned directional
spines increases the surface roughness of the skin,
thus making the skin superoleophobic and with low
adhesion to oil [190]. Furthermore, the unidirectional
movement of the oil droplets directed by the hook-
shaped spines results in a directional self-cleaning
ability in oil sewage to prevent the oil from accumulat-
ing on the head of the fish [32,238].

Fabrication of bio-inspired surfaces

The above sections have highlighted the link between
droplet-surface adhesion and the micro/nanostructure
or chemical composition of the surface. This section
summarises typical methods to fabricate bio-inspired
surfaces with special-adhesion properties, including
both chemical and physical methods and their combi-
nation, which mimic the structural features or per-
formance of the biological surface. As shown in
Table 2, these methods can modify the chemical prop-
erties of the surface, can alter the surface roughness,
can grow/deposit micro/nano-structures on the sur-
face of the substrate, and/or can directly mimic the
entire structure of the biological surface.

Many of the techniques listed in Table 2 have been
the subject of surface pre-treatment reviews and will
not be discussed further here. However, the new and
rapidly evolving manufacturing technology of 3D
printing has opened up many exciting possibilities in
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this field, and as the resolution of this manufacturing
technique improves, so will its ability to mimic com-
plex and intricate natural surfaces.

Bio-inspired switchable-adhesion surfaces

Inspired by the special biological surfaces introduced
in Section “Natural Examples” and using the methods
mentioned in Section “Fabrication of Bio-inspired
Surfaces”, researchers have developed a large number
of ‘smart’ surfaces which could switch their surface
chemistry or micro/nanostructure in response to
different external stimuli (Figure 6), e.g. mechanical
stretching, magnetic fields, temperature, light, electric
potential and pH. This switching can induce the
switching of surface adhesion, leading to switchable
liquid behaviour on surface.

Developing smart surfaces has attracted the atten-
tion of researchers working in a wide range of fields.
Relevant review papers on stimuli-responsive surface
usually summarises the studies according to the type
of external stimuli [51,239]. In this section, we classify
different responsive surfaces according to three strat-
egies as shown in Table 3.

In addition to making smart responsive surfaces to
control the wetting and adhesion of droplets on a sur-
face, there are some special examples where the stimuli
do not act on the surface but act on the droplet or the
surrounding medium. In these cases, the stimuli can
affect the liquid behaviour on a surface by controlling
the interaction between the liquid and its environ-
mental phase (e.g. air or water) around the surfaces
[276]. Some unique mechanisms have been reported
recently, e.g. the Leidenfrost effect [277-280], and
the Lewis acid-base interaction effect [281]. Typical
examples are shown in Table 4.

Applications

The special surfaces introduced in this review, includ-
ing atmospheric or underwater super-lyophobic low/
high adhesion surfaces, anisotropic surfaces, and
artificial switchable-adhesion surfaces, have diverse
applications. The advantages and challenges for each
functional surface are summarised in Table 5. Typical
applications involve droplet manipulation, oil/water
separation, self-cleaning, anti-bioadhesion, anti-cor-
rosion, drag reduction, anti-icing, anti-oil coating
(Figure 7).

Conclusions and perspectives

This review has systematically evaluated the research
progress in the field of liquid behaviour on special-
adhesion surfaces: from biological surfaces exhibiting
different liquid adhesion to artificial surfaces with
switchable adhesion, and from the basic principles to
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Figure 6. The various external stimuli of bio-inspired controllable adhesive surfaces.

the latest developments and practical applications.
During the past decades, researchers have mimicked
nature to construct surfaces on which the liquid
behaviour can be regulated, and have successfully
demonstrated various applications in the fields of,
for example, biomedicine, aerospace and marine
engineering.

However, surface wetting is a complex issue invol-
ving many variables. Existing traditional theories and
concepts are not sufficient to explain some emerging
surface wetting phenomena, especially the wetting
and adhesion at the molecular or even atomic level.
Although the existing composite wetting model for
rough surfaces can explain the static wetting

Table 3. Bio-inspired and artificial strategies to control surface wetting.

Strategy Environment Stimuli Examples of material Ref.
Use stimuli to modify roughness or surface Atmospheric  Mechanical PDMS based polymer [240,241]
topography Atmospheric  Magnetic Fes0,-Zn0, Co-PDMS [49,242]
Atmospheric  Thermal PDMS or/and FAS based polymer, PMMA-b- [243-247]
PNIPAAm, TiO,
Atmospheric  Photo Zn0, Azobenzene based polymer [248,249]
Underwater  pH Cu, PAA-glass, PPFPA-g-PMAA [250-252]
Use stimuli to create or eliminate a liquid /lubricant ~ Atmospheric  Mechanical Teflon-PDMS-Perfluoropolyether [36]
layer on the surface (usually using the SLIPS) Atmospheric  Magnetic lubricant-infused PDMS @ Co/Fe;0,, Ferrofluid [34,253,254]
infused HMDS
Atmospheric  Thermal n-paraffin-swollen PDMS [255]
Atmospheric  Electric silicone oil infused polypropylene porous film [256]
Atmospheric  Electric- per-fluorinated oil infused shape memory [257]
thermal polymer-porous graphene sponge
Atmospheric  Photo- Fes0, nanoparticle-embedded PDMS and oil [169]
thermal infusion
Atmospheric  Photo- ZnO nanorod array on FAS [258]
electric
Underwater ~ Photo Paraffin-impregnated laser-ablated Fe;0,-doped [259]
Surfaces
Atmospheric  Photo Polymer gel using Ru-Se bond [260]
Use stimuli to change the surface chemical Atmospheric  Photo-pH P-PDMS@MPDA MSPs [45]
composition Atmospheric  Electric Ag porous membrane on Aucovered Si-wafer [261]
Underwater  Electric Cu/Sn, PANI [262,263]
Underwater ~ Photo TiO, [264-269]
Underwater  pH HS(CH,)9CH3 & HS(CH,)1,COOH, P2VP-b-PDMS, [270-272]
Silica NPs
Underwater  Thermal PNIPAAm based polymer, e.g. PNIPAAm hydrogel,  [273-275]
PNIPAAm-g-HCA, HFMS-PNIPAAmM
Underwater  lon GO-PIL@CF [48]
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Table 4. Use stimuli to manipulate the liquid behaviour by controlling the interaction between the liquid and the environmental

phase.

Stimuli Type Materials Environment Response to stimulus Ref.

Temperature Sanded Cu surfaces Atmospheric  Heat to responsive temperature: Leidenfrost effect — water-ethanol droplet  [279]

deformation, bounces, splitting, or splashing. The behaviour is related to
temperature, the Weber number, chemical composition of liquids.

Si or Al surfaces Atmospheric  Heat to responsive temperature: Leidenfrost effect — droplet trampolining. [280]
The responsive temperature is related to the geometry, wettability, chemical
composition, roughness of the surfaces.

Air flow Porous hydrophilic Cu  Atmospheric ~ Without air flow: wetting (liquid adheres to the surface, spread, and infiltrate). [282]

surfaces With air flow: force related to pressure difference — show dewetting
behaviour like spherical droplets on common superhydrophobic surfaces

Density of the repellent  Laser-irradiated Underwater  Adding sugar water with a density of greater than the oil droplet density — the  [283]

phase liquid silicon surface buoyancy of the oil droplets in the water was enough to resist gravity — so
when oil droplets contacted the surface on the upper side, they
automatically detached from the lower surface and were manipulated by the
upper surface.

Lewis acid/base FAS-TMS-smooth Underwater  Increasing the pH of aqueous solution from acidic to basic: the interface [281]

silicon substrates between the Lewis acidic liquid and the Lewis basic liquid has an attractive
force — the Lewis acid-base interaction at the oil-water interface can
significantly reduce the liquid-liquid interfacial tension —Lewis acid—base
interactions at the oil-water interface can achieve a wetting transition from
lipophilic to oleophobic and ultra-hydrophobic on unresponsive smooth/
microstructured surfaces.

Table 5. Usage of special-adhesion surfaces.

Options for the property of a
Main function typical surface Advantages Challenges Ref.
Droplet Anisotropic adhesion Controllable droplet moving, jumping,  Realising industrial scale of liquid [40,284-
manipulation Switchable adhesion stop, deformation, splitting, or jetting transport or water/fog collection 290]
Controllable velocity, direction (3D), Realising efficient underwater oil
acceleration of droplet dynamic harvesting
Further usage in micro-fluidic chips
Oil/water Superhydrophobic and also Diverse raw materials Also separating different oils or [54,291-
separation superoleophilic high oil Easy and fast procedures, with low multiphase 299]
adhesion cost Improving selectivity for miscible oil/
Underwater superoleophobic Relatively high selectivity water
low oil adhesion Reusability of the interface
Switchable adhesion

Self-cleaning Superhydrophobic low adhesion  Diverse raw materials Improving stability against harsh [300-308]
Superhydrophobic anisotropic Large-scale coating available conditions
adhesion Multifunction (with other Improving durability
Underwater superoleophobic applications) Self-cleaning in multiphase media
low oil adhesion
Switchable adhesion

Anti- Superhydrophobic low adhesion  Biocompatible substrates Improving the durability [309-312]

bioadhesion Also anti-biofouling Achieving anti-bacterial or/and anti-
virus for further medical application

Anti-corrosion Superhydrophobic low adhesion  High performance for alloy Extending the range of applicable [313-317]
Underwater super-lyophobic Good performance in humid air or corrosive environment for a specific

corrosive solution material
Application in large-scale material
manufacturing

Drag reduction Superhydrophobic low adhesion  Novel mechanisms Extending the range of usable situation. ~ [215,318]

Underwater super-lyophobic Low cost i.e. air/water, air/oil, water/oil, oil/oil
Diverse high-speed motion, e.g. on Durability in harsh practical condition
water (like strider), in water (like e.g. the marine
duck), under water (like fish)

Anti-icing Superhydrophobic low adhesion  Also anti-fog Performance in lower temperature or/ [130,319-
Superhydrophobic anisotropic Reducing freezing temperature and and more humid conditions 322]
adhesion easy ice removal Improving mechanical stability and

Large-scale coating available durability in low temperature or/and
more humid conditions

Anti-oil coating  Repellent to all liquids Diverse raw materials Improving mechanical and chemical [323-326]
Underwater superoleophobic Various further applications in stability
low oil adhesion industry or daily life Increasing salt tolerance for

underwater systems

Nanogenerator Superhydrophobicity Using natural water, e.g. raindrop, wave Improving the corrosion-resistance to [327-332]

Switchable adhesion Controllable droplet dynamic and acidic or salty water
output Developing effective electrified
materials

Thermal Superhydrophobic low adhesion  High specific heat capacity of water Heat transfer: controllable or improved ~ [333-336]

management Superhydrophilicity High latent heat of vaporisation of efficiency

water

Utilising solar energy: improving
absorption via new carbon
nanomaterials
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Figure 7. Various applications of bio-inspired controllable adhesive surfaces, such as oil/water separation, self-cleaning, anti-
bioadhesion, anti-corrosion, drag reduction, anti-icing, anti-oil coating, and energy conversion.

behaviour of droplets on the surface, it is still difficult
to quantify the dynamic behaviour of droplets. For
example, we can qualitatively know that the surfaces
described using the Cassie wetting model usually exhi-
bit smaller CA hysteresis when compared to the ones
described by the Wenzel model. However, none of the
existing theories or concepts can quantify the relation-
ship between different composite wetting models and
CA hysteresis. Therefore, further exploration is
required to develop new theories and concepts to
explain the dynamic wetting phenomenon of complex
surfaces and extend it into the field of dynamic droplet
fluidity on multi-scale structured surfaces.

To promote the practical application of special-
adhesion surfaces in real life, more fundamental
research is needed. So far, most of the research on sur-
face wetting has been carried out at room temperature
and atmospheric pressure, while the research on
special wetting systems under extreme conditions is
still far from comprehensive. However, special wetting
systems under extreme conditions often show unex-
pected phenomena. For example, the water droplets
would bounce off the superhydrophobic surface if
the environmental pressure decreases [337]. There-
fore, the study of the dynamic wetting behaviour of
droplets on the surface under extreme conditions
will become the focus of interface science and nano-
technology, including the study of dynamic wettability
under ultra-low (ultra-high) temperatures and

pressures. And we also need to expand the droplets
in the composite wetting system from water to liquid
nitrogen, liquid metals, ionic liquids and non-Newto-
nian liquids. In addition, in-depth research on wett-
ability of the composite systems in different
atmospheres such as hydrogen, methane, oxygen or
carbon dioxide is needed to overcome the challenges
faced in the fields of catalysis and fuel cells. Of particu-
lar interest are the emerging applications of special
wetting surfaces in the field of energy generation
that have been proposed in the last three years. Super-
hydrophobic or superhydrophilic surfaces are found
to be useful in the development of devices to convert
liquids with high mechanical, thermal, or chemical
energy into a source of usable energy. On a personal
note, well-designed anisotropic or switchable surfaces
may contribute to improved performance in these
emerging applications, and no doubt these will be
extensively studied in the future.

Researchers also need to solve the challenges faced
in industrial applications. As summarised in Table 5,
the progress and challenges of diverse functional sur-
faces differ. Generally, large-scale manufacturing
methods to build functional special-adhesion surfaces
should be improved. Most of the existing preparation
methods are limited to laboratory scale or face great
challenges in their translation to the industrial
environment. Researchers urgently need to develop
some simple, efficient, and low-cost fabrication



methods. The time and energy consumption as well as
the environmental pollution should also be con-
sidered. Besides, the mechanical properties, chemical
durability and stability of artificial materials should
be studied and further improved to expand their prac-
tical application [338].

Learning from nature remains a principle for
designing and manufacturing unique surfaces. In con-
trast to artificial materials, organisms can spon-
taneously rebuild their surfaces to regain their
original structure and wetting performance when
damaged. Thus, building artificial surfaces with self-
healing functions is another important area of
research, since solving these problems will pave the
way for the practical application of special-adhesion
surfaces. On the other hand, how to effectively use
special wetting surfaces to overcome a series of chal-
lenges faced in important industrial applications also
requires further research, e.g. reducing the deposition
of liquids on superhydrophobic surfaces, realising the
separation of miscible organic liquids, promoting the
separation of droplets on the surface, anti-icing engin-
eering, realising green and efficient catalytic reactions,
and improving the efficiency of pesticide spraying
[339]. We also expect to see the development of new
concepts and new ideas related to special wetting sys-
tems. There are many unique wetting phenomena in
nature, and researchers can develop novel materials
by understanding the main mechanisms behind
these interesting wetting phenomena.
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