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Abstract: Non-wettable surfaces have recently attracted significant attention due to 
their enormous promising applications. These applications are primarily 
due to their ability to repel liquid drops and remain unwetted. In this 
review, the various names used in describing non-wettable surfaces are 
given. This is followed by the fundamental theories of wetting. Natural 
non-wettable surfaces are then considered, along with their importance. 
Thereafter, we discuss how artificial non-wettable (biomimetic) surfaces are 
prepared. Next, the basic properties of non-wettable surfaces, which make 
them promising candidates for a wide range of applications, are discussed. 
Furthermore, the various applications of non-wettable surfaces are 
discussed, with references made to review articles with specific coverage of 
named applications. We conclude with a summary, challenges limiting the 
application of non-wettable surfaces to some real-life situations and possible 
suggestions to mitigate them as well as opportunities for future work. 

Keywords: Wetting, biomimetic surfaces, non-wettable surfaces, contact angle, 
wetting theories 

1 Introduction

By placing liquid drops on solid surfaces and observing the corresponding equi-
librium apparent contact angle (also known as static contact angle), three kinds 
of solid surfaces have been distinguished. These surfaces are namely wettable, 
partially-wettable and non-wettable solid surfaces [1]. Consider placing a liquid 
drop on a relatively smooth solid surface at ambient conditions. The solid surface 
is said to be wettable by the liquid if the liquid drop spreads on it completely to 
form a thin liquid film with an associated equilibrium apparent contact angle 
θ value of 0° [Figure 1(i)]. If the liquid drop forms a hemispherical cap and 
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0 < θ ≤ 90° [Figure 1(ii)], the solid surface is considered to be partially-wettable 
by the liquid. However, the solid surface is considered to be non-wettable by the 
liquid if the liquid drop forms a quasi-spherical cap with θ >> 90° [Figure 1(iii)] 
and can easily roll off. The spreading coefficient S = γsa – γsl – γla, where γsa, γsl and γla 
are the solid-air, solid-liquid and liquid-air interfacial tensions, respectively, deter-
mines whether a liquid drop will spread or not. For partial-wetting and non-wet-
ting, S < 0 while S is positive for complete wetting [1]. Wettable surfaces are said 
to be “philic” with respect to the liquid under consideration [2]. When the liquid 
is water, the surface is said to be hydrophilic and oleophilic when the liquid is oil. 
Wettable surfaces have high affinity for the molecules of the liquid under consid-
eration whereas non-wettable surfaces, which are the focus of this review paper, 
have little affinity for the molecules of the liquid under consideration [3]. Non-
wettable surfaces are said to be “phobic” with respect to the liquid under consid-
eration [2]. For example, the surface is said to be hydrophobic or oleophobic when 
the liquid is water or oil, respectively [4]. Some surfaces are both hydrophobic and 
oleophobic and are said to be omniphobic or panphobic. For these surfaces, θ is 
always higher than 90°. For cases where θ >> 90° (typically ≥ 150°), the surfaces are 
said to be superhydrophobic or superoleophobic when the liquid is water or oil, 
respectively [5]. Correspondingly, surfaces that are both superhydrophobic and 
superoleophobic are said to be superomniphobic [6]. Sometimes surfaces are also 
described as ultrahydrophobic, ultraoleophobic and ultraomniphobic when they 
display superhydrophobic, superoleophobic and superomniphobic characters, 
respectively [7]. Partially-wettable surfaces are said to be either partially-’ philic or 

(i) (ii)

(iii) (iv)

θ

θ
α

Figure 1 Schematics of (i) wetting, (ii) partial-wetting, and (iii) non-wetting solid surfaces. 
For wetting, the liquid drop spreads completely on the solid surface, forming a thin liquid 
film with an associated contact angle θ of 0°. The liquid drop partially wets the solid surface, 
giving rise to θ < 90° for the partial-wetting case. The liquid drop insignificantly wets the solid 
surface with θ >> 90° for the non-wetting case. The schematic in (iv) shows the sliding angle α.
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partially-’ phobic with respect to the liquid being considered. The suffixes “philic” 
and “phobic” stem from Greek meaning “having affinity for” and “lacking affinity 
for”, respectively. To denote the quality or condition of “having affinity for” or 
“lacking affinity for”, “philicity” and “phobicity”, respectively are used. 

In addition to θ, the sliding angle α [Figure 1(iv)] is used to study the adhesion 
property of solid surfaces. The α is the minimum inclination angle required for a 
drop to slide on an inclined solid surface [8]. “Philic” surfaces have high sliding 
angles while “phobic” surfaces have low sliding angles. Lastly, the degree of sur-
face roughness dictates the contact angle hysteresis Δθ, the difference between the 
advancing θA and the receding contact angles θR [9]. The advancing contact angle 
is formed when the drop is advancing on the solid surface, Figure 2(i), while the 
receding contact angle is the angle formed when the drop is retracting from the 
solid surface, Figure 2(ii). For a liquid drop on a solid surface inclined at a certain 
angle, Figure 2(iii), the contact angle of the drop at the rear is the receding angle 
while that at the front is the advancing angle [10]. The magnitude of the advanc-
ing angle is always higher than that of the receding angle. Smooth surfaces have 
high hysteresis as opposed to rough surfaces which have low hysteresis. It must 
be remembered that the description of surface wettability with respect to contact 
angle is in terms of the advancing contact angle.

Non-wettable surfaces are relevant to many plants, animals and human beings. 
The non-wetting nature of the lotus (Nelumbo nucifera) and wild pansy (Viola 
tricolor) leaves is important for “self-cleaning”, i.e. the removal of dust particles 
and other unwanted solid substances from their surfaces by water drops that roll 
unhindered on them [11]. The superhydrophobic nature of the leaves of rice (Oryza 
sativa) enables them to hold gas under water, allowing the plant to photosynthe-
size, at least for three days, when submerged [12]. The superhydrophobicity of the 
wings of many insects like butterfly, dragonfly, termite, flies, cricket, mosquito and 

(i) (ii)

(iii)

drop
advancing

drop
receding

θA

θA

θR

θR

Figure 2 Schematics of (i) advancing θA and (ii) receding θR contact angles, and (iii) the 
advancing (front) and receding (rear) contact angles for a drop on an inclined plane.
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mayfly ensures that they remain free from dust or particle contamination as well 
as are able to fly in humid environments [13]. Also, due to their superhydrophobic 
nature, the eyes of flies, cricket, mosquito and other insects are anti-reflective and 
anti-fogging and their vision is not affected by light intensity and humid weather 
[14]. The ability of insects to walk on water is supported by the superhydrophobic 
nature of their legs [14]. For mankind, non-wetting materials have attracted appli-
cations in the fabrication of self-cleaning surfaces, anti-fogging windows, anti- 
corrosive surfaces, drag reduction surfaces and efficient water transport channels. 
Therefore, this paper reviews non-wettable surfaces in nature as well as those fab-
ricated (artificial) using various methods. The paper also highlights the properties 
and the numerous applications of these surfaces.

2 The Basic Wetting Models

There are three basic wetting models, namely the Young, the Wenzel and the 
Cassie-Baxter wetting models. These wetting models are also called “wetting the-
ories” or “wetting states” and they relate the equilibrium apparent contact angle to 
the liquid-air, solid-air and solid-liquid interfacial tensions [Figure 3(i)] that come 
into play when a liquid drop rests on a solid surface. Let the equilibrium apparent 
contact angle for an atomically smooth surface be θ while that for a rough surface 
be θ*. According to the Young wetting model, the relationship between θ and the 
interfacial tensions for a static liquid drop on an atomically smooth solid surface is 
given by Equation (1) [15,16].

(i) (ii)

(iii) (iv) (v)

air (a)

liquid (I)

solid (s)
θ

θ*

γIa

γsl γsa

grooves
rough or texture
element

Figure 3 (i) Sketch of the action of the solid-liquid (γsl), liquid-air (γla) and solid-air (γsa) 
interfacial tension forces on a liquid drop placed on the surface of an atomically smooth 
solid substrate and how the forces are related to the equilibrium contact angle θ. (ii) Sketch 
of a rough surface showing the grooves and texture elements. Illustrations of the (iii) Wenzel 
and (iv) Cassie-Baxter wetting models. (v) Sketch of the impaled wetting state where the 
texture element spears the drop.
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cosθ γ γ

γ
= −sa sl

la  
(1)

The γsa is also called the solid surface free energy while θ is also called the 
Young’s angle. The “philic” surfaces (θ < 90°) have relatively high γsa while the 
“phobic” ones (θ > 90°) have relatively low γsa. For example, the surface free energy 
of glass (hydrophilic) is ~96 mJ m‒2 while that for Teflon (hydrophobic) is ~18 mJ 
m‒2 [17]. In the Young’s wetting state, the contact angle hysteresis is very high 
and as a result the sliding angle is also high. Only very few solid surfaces are 
smooth in nature and for rough surfaces the Wenzel and the Cassie-Baxter wet-
ting models are used to describe the relationship between θ* and the interfacial 
tensions. Roughness modifies the equilibrium contact angle. Roughness lowers 
the equilibrium contact angle for “philic” surfaces, but increases it for “phobic” 
surfaces. Rough surfaces are also called “textured surfaces” and are characterized 
by grooves and texture elements, Figure 3(ii). According to the Wenzel wetting 
model, the liquid drop fills the spaces between the grooves, Figure 3(iii). The rela-
tionship between θ*, due to roughness, in the Wenzel model, and θ in the Young 
model is given in Equation (2) [18], 

 cos θ* = r cos θ  where  cos θ = (γsa – γsl) / γla (2)

in which r is the roughness factor characterizing the degree of roughness. The r 
(≥ 1) is the ratio of the total surface to the projected surface. Equation (2) indicates 
that for θ < 90° (“philic” surfaces), θ* decreases when r increases, but increases 
when r increases for θ > 90° (“phobic” surfaces). It should be noted that Equation 
(2) changes to Equation (1) when r = 1 (smooth surfaces). When r is large, air is 
trapped within the grooves of the rough surface and the Wenzel wetting model 
transitions to the Cassie-Baxter model, Figure 3(iv). Drops in the Cassie-Baxter 
model are said to be in a ‘fakir state’ while those in the Wenzel model are said to 
be in ‘inverse fakir state’. Intermediate between these models is the ‘impaled state’ 
where the rough elements on the solid surface spear the liquid drop as shown in 
Figure 3(v). According to the Cassie-Baxter wetting model, the liquid drop sits on 
top of the texture element and the relationship between θ* due to roughness and 
the equilibrium contact angle in the Young model is [19]:

 cos θ* = ϕ – 1 + ϕ cos θ (3)

The ϕ (< 1) is the ratio of the area of the rough element top to that of the total 
area of the surface. As ϕ approaches 0, cos θ* approaches ‒1. In other words, θ* 
approaches 180°. The Cassie-Baxter wetting state is important for the creation 
of non-wettable solid surfaces which repel liquid drops. However, a transition 
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from the Cassie-Baxter to the Wenzel wetting state is also possible. This occurs, 
for example, when a liquid drop in the Cassie-Baxter wetting state is pressed 
physically so that Equations (3) and (2) are obeyed before and after transition, 
respectively. The substitution of Equation (2) into (3) gives the threshold angle 
θTh [Equation (4)]:

 
cosθ φ

φTh =
−
−
1

r  
(4)

between the two wetting states. If θ < θTh, the trapped air pockets [shown in Figure 
3(iv)] are metastable and the Wenzel wetting state results. The Cassie-Baxter wet-
ting state results when the rough solid surface is “phobic”, θ > θTh and the trapped 
air pockets are stable. Finally, contact angle hysteresis is quite small in the Cassie-
Baxter wetting state and thus causes the sliding angle to be small. This can be 
compared with the Wenzel wetting state where both the hysteresis and the sliding 
angle are high.

3 Non-Wettable Surfaces

3.1 Non-Wettable Surfaces in Nature: Their Importance to Plants and Animals

The leaves of many plants [11] and many other surfaces of biological origin [20] 
have the inherent ability to repel water and remain unwetted. This is intriguing 
and it is now the basis for the fabrication of many non-wettable surfaces [21], 
frequently referred to, in scientific literature, as biomimetic surfaces as they are 
inspired by surfaces of biological origin. Biomimetic simply means mimicking biol-
ogy or nature. Although, Bhushan and Jung [20] and Darmanin and Guittard [13] 
have given an extensive review of theses surfaces, a brief summary will be given 
here so that the reader can have an idea about the basic nature of these surfaces. 
A common feature of these surfaces is that they are rough and hierarchical, with 
structural dimensions ranging from micrometres to nanometres. This is evident 
from the work of Neinhuis and Barthlott [22]. Using scanning electron microscopy 
(SEM), they studied the microstructure of the epidermal surfaces of 200 water- 
repellent plant leaves. Their study revealed the presence of convex papillae, 
coated with nanoscopic wax crystals (~10 to ~100 nm), on the plant leaves. This 
can be compared with plants with water-wettable leaves which have smooth sur-
face and are not coated by wax crystals [23,24]. The wax crystals, composed of 
hydrocarbons, e.g. n-hexatriacontane [25], roughen the leaves surfaces. Values 
of θ* ranging from 150 to 164° were recorded on the leaves surfaces for water 
drops (4‒14 μL) [22]. For example, the lotus (Nelumbo nucifera) leaves are supe-
rhydrophobic, giving θ*~162° [Figure 4(a)] with water drops, and hence repel 
water [25]. The leaves are reported to have a hydrophobic wax (composed of 
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nonacosane-10,15-diol and nonacosane-10-ol) [25] coating as well as rough and 
hierarchical “microbumps” superimposed with nanostructures [Figure 4(b-d)]. 
Water drops on the leaves are in the Cassie-Baxter wetting state. The leaves of 
rice (Oryza sativa) are also superhydrophobic [Figure 4(e)] with θ* = 162° for water 
drops [22, 26]. The leaves have parallel microgrooves with the epidermic layer 
decorated with papillae [Figure 4(f-g)] [27]. As a result, the leaves exhibit aniso-
tropic or directional wetting property, such that water drops remain stuck to the 
leaves if inclined in the direction perpendicular to the microgrooves, but move 
if inclined in the direction parallel to the microgrooves. Due to the presence of 
wax-covered convex papillae, the leaves of the fossil tree (Ginkgo biloba), mot-
tlecah (Eucalyptus macrocarpa) and bell-fruited mallee (Eucalyptus preissiana) are 
superhydrophobic (θ* = 162° for water drops) [22]. The leaves of cabbage (Brassica 
oleracea), wood spurge (Euphorbia amygdaloides) and cocoyam (Colocasia esculenta) 
possess wax-covered convex papillae and are also superhydrophobic. Similar 
observations were made on peanut (Arachis hypogaea) leaves [28]. The value of 
θ* for water drops on the surfaces of these leaves ranges from 150 to 164° [22] 
with a relatively high adhesion force such that the drop remains stuck even if 
turned over. The rough and superhydrophobic nature of the leaves of these plants 

a b 5 µm

25 µm 0.5 µm

1 µm 0.2 µmc d

e f g

Figure 4 (a) Photograph of a quasi-spherical water drop on the surface of a Lotus leaf. 
(b)-(d) SEM micrographs of the Lotus leaf surface, at increasing magnifications, showing its 
rough hierarchical microstructure. Reprinted from ref. [25], with permission from the Royal 
Society Publishing, London. (e) Photograph of quasi-spherical water drops on the surface 
of a rice leaf. Reprinted from ref. [141], under the Creative Common Attribution License of 
MDPI. (f) and (g) SEM micrographs of the rice leaf at increasing magnifications, showing its 
rough hierarchical microstructure. Reprinted from ref. [135], with permission from Elsevier.
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is important for “self-cleaning”: a water drop on the leaves surfaces rolls over, 
carrying along dust particles and other dirt and leaving them clean [11]. The dirt 
can be toxins, salts or other biologically unwanted species that arrive the leaves 
surfaces as aqueous solution. Self-cleaning keeps the surface free from pathogens, 
e.g. bacteria or fungal spores, minimizing the risk of infection. The removal of 
dust particles also reduces the risk of plant overheating [29].

Similarly, the feathers of many birds [30,31] and the wings of certain insects 
[32], the feet and bodies (e.g. legs) of certain reptiles and arthropods are also 
superhydrophobic [33] and have been observed to be textured, with hierarchical 
nano or microstructures [34]. Feathers primarily enable birds to fly. However, they 
also insulate them from cold and moisture. The coloration of feathers also pro-
vide birds with camouflage. Feathers are made up of a backbone (rachis) which 
supports numerous barbs, interlinked with millions of barbules [Figure 5(a)]. The 
hydrophobicity of bird feathers is primarily a function of the interplay of their 
hierarchical textural structure [Figure 5(b-d)] and the presence of oils produced 
by the spleen glands [30,31]. This oil is constantly applied to the plumage in birds. 
Unfortunately, external oils, e.g. those due to spillage are fatal to birds. Water drops 
on bird feathers are in the Cassie-Baxter state with high θ* values (154−164°) as 
shown in Figure 5(e) for a pigeon feather and low hysteresis (5−7°), with a Cassie-
Wenzel transition occurring as the drops evaporate [30]. Based on this, Liu et al. 
[31] have mimicked the microstructure of duck feathers on textile substrates so as 
to create water-repellent materials.

The wings of many insects like butterflies, Parnassius glacialis, Figure 6(a), and 
dragonflies are also rough with multiple hierarchical micro or nanostructures 
[Figure 6(b)] and are non-wetted by water drops [34-36]. Water drops on the 
wings are in the Cassie-Baxter state (with values of θ* between 121 and 168°) 
with transition to the Wenzel state occurring when the ratio of the depth of the 
hierarchical structure to its size (average diameter or width) is above 20 [34]. 
Because they are non-wetted by water drops, the wings remain clean of dust 
and other particle contamination, via the self-cleaning mechanism, like plants 
with hydrophobic leaves. The hydrophobicity of the wings is also important in 

a b c barb

barbules
rachis

300 µm 50 µm 500 µmd e

Figure 5 (a) Photograph of part of a duck feather, with a quasi-spherical water drop in 
the inset, showing the rachis. (b)-(d) SEM micrographs of the duck feather, at increasing 
magnifications, showing its rough hierarchical microstructure. Reprinted from ref. [31], 
with permission from the Institute of Physics. (e) An image of a water drop on the surface 
of a pigeon feather. The water drop is in the Cassie-Baxter wetting state. Reprinted from ref. 
[30], with permission from Elsevier.
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flight. In addition, the hierarchical microstructure is responsible for the beau-
tiful coloration observed in some flies, e.g. butterflies, especially if they dif-
fract light and induce interference. The color depends on the magnitude of the 
microstructure‒the smaller the structure, the brighter the color and vice versa 
[36-38]. Lastly, for butterflies, the microstructures overlap in only one direction 
and leads to directional adhesion, i.e. a drop of water on a wing is able to roll 
only in the direction of overlap. The feet of reptiles, with gecko as a model 
example, are also hierarchical with thousands of keratinous hairs (setae). Each 
seta contains numerous submicrometer-sized textures (spatula ~ 200 nm) on 
its tip. This arrangement enables them to adhere to walls firmly, via van der 
Waals forces, as well as detach from them rapidly even if smooth and it is also 
responsible for their self-cleaning. Here, self-cleaning is not due to hydropho-
bicity, but because the setae are adhesive and can self-clean when dried [39] 
and this mechanism has inspired the creation of self-cleaning adhesives [40]. 
This notwithstanding, the hierarchical gecko toe pad is superhydrophobic, 
θ* = 150−160° with hysteresis of 2−3° for water drops [41-44]. The water drop 
adheres strongly (with a force of 10−60 μN) to the toes [44] and does not fall 
off even when turned upside down. The gecko’s toes maintain a Cassie-Baxter 
state, even under water, and this is responsible for their ability to adhere to 
wet surfaces [41]. Geckos bodies are hierarchical and also hydrophobic and 
this protects them from water loss when on land and mechanical damage and 
enables them to keep clean [45].

a b c

d e f g

65 µm

10 mm 200 µm 20 µm 5 µm

lamellae
setae

setae

spatulae

Figure 6 (a) Photograph of a transparent butterfly (Parnassius glacialis) with a water drop 
on one of its wings (inset). (b) SEM micrograph of a wing of Parnassius glacialis showing 
its textured microstructure. Reprinted from ref. [36], with permission from Springer. 
(c) Photograph (ventral view) of a gecko. Reprinted from ref. [39], © 2005 National 
Academy of Sciences USA. (d) Photograph of a gecko toe pad. (e)-(g) SEM micrographs of a 
gecko toe pad, showing its rough hierarchical microstructure. Reprinted from ref. [41], with 
permission from the Royal Society, London.
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The superhydrophobicity of the legs of pond skaters (Gerris remigis) is responsi-
ble for their ability to walk on water [Figure 7(a-b)] without becoming wet [46-48]. 
These insects are found on the surfaces of slow streams, ponds and quiet waters 
and are able to walk on them without sinking even when pushed by a rain drop 
that is heavier than their weight. Evidence from SEM [Figure 7(c-d)] shows that 
their legs are hierarchical with numerous hairs (setae) of diameter ≤ 3 μm and 
~50 μm long, nano-grooves and covered with cuticle wax. The setae are inclined 
to an angle of ~20° to the surface of the leg. The water contact angle of a water 
skater’s leg is ~167°. Although the maximum supporting force of a single leg of 
the insect is around 1.52 × 10–3 N, about fifteen times its total body weight, it does 
not pierce the water surface unless a dimple of depth 4.4 mm is formed [32]. Water 
collection is a problem in the desert for many insects, e.g. the darkling beetle, and 
those with patterned non-wettable surfaces use this structural feature to surmount 
the problem. The darkling beetle lives in the Namib Desert (South Africa). The 

a b c d

e

i

1 mm 2 mm 400 nm

100 nm

5 mm

20 µm

1 µm

5 µm

10 µm100 µm

f g h

j

Figure 7 Photographs of water-walking arthropods on a water surface: (a) water measurer 
Hydrometra stagnorum and (b) water strider Gerris. Reprinted from ref. [48], with permission 
from Elsevier. (c)-(d) SEM micrographs of one of the legs of the insect in (b) at different 
magnifications revealing its rough microstructure. Reprinted from ref. [32], with permission 
from Nature Publishing Company. (e)-(h) SEM images of a mosquito eye at increasing 
magnifications, showing its inherent rough hierarchical microstructure. Reprinted from ref. 
[51], with permission from Wiley-VCH. (i) Photograph of the dorsal view of a female adult 
desert beetle (Stenocara sp.) showing peaks and troughs on the wings, and (j) SEM image of 
the insect’s wing, where the rough microstructure is clearly visible. Reprinted from ref. [49], 
with permission from Nature Publishing Company.
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body surfaces of the insect are bumpy with wax-coated alternating hydrophobic 
regions and hydrophilic regions not coated by wax. To collect water, the insect 
crouches, raising its back facing toward the wind during the wind-driven morn-
ing fog. The fog condenses on the front fused wings and the water collected rolls 
down the surfaces of the insect into its mouth. The collection of water is possi-
ble due to the bumpy non-wettable and wettable regions [49]. This mechanism of 
water collection has been confirmed by experiments consisting of surfaces with 
alternating hydrophobic and hydrophilic regions and artificial fog. Applications 
of such surfaces are said to range from biomedical applications [50], water- 
trapping tents and building coverings to anti-fogging coatings [33]. Another 
example of a natural non-wettable surface is the eye of a mosquito (Culex pipiens). 
Evidence from SEM micrographs [Figure 7(e-h)] shows that the eye is textured 
with numerous micrometer-sized spherical structures, known as ommatidum 
(diameter 26 μm), arranged in a hexagonal close-packed manner, which act as sen-
sory units [51]. Each ommatidium is coated with nanometer-sized nipples (diam-
eter 101 nm and pitch 47 nm). Due to this hierarchical arrangement, the mosquito 
eye is superhydrophobic and is non-wetted by fog [46,47]. This ensures a good 
vision even during fog [51].

Some natural surfaces are also non-wettable to oil. For example, the upper side 
of the lotus leaf exposed to air is superhydrophobic while the lower side exposed 
to water is superoleophobic (θ* > 150° for oil drops). This surface is made up of 
numerous textured (200–500 nm) tubular slightly convex micropapillae (length 
30–50 μm and width 10–30 μm) [52]. On this basis, a Janus material, with the upper 
side non-wettable by water and the lower side non-wettable by oil has been fabri-
cated. The upper and lower sides were mimicked by using poly(dimethylsiloxane) 
and epoxy resin, respectively. The Janus material was able to float on water just 
like the lotus leaf [52]. The scales on fishes are also superoleophobic and are not 
wettable by oil. This property protects them during oil spillage [53]. Leafhoppers 
are another example of superoleophobic structures in nature [54]. Leafhoppers 
are able to produce highly textured spherical (diameter 200–700 nm) honey-
comb-shaped hollow particles known as bronchosomes as shown in Figure 8(a,b). 
These structures coat their integuments uniformly and densely. Because these 
structures are superoleophobic, they are not wettable by oil and protect them from 
contamination by plant sap. Also, because they are loosely attached to their bodies 
and thus erodible, they lower the risk of being captured by predators. The super-
oleophobic nature of these structures is due to a combination of their re-entrant 
curvature and protein coating. Although the bronchosomes-coated surfaces are 
wettable by ethanol, the values of θ* for water, ethylene glycol and diiodomethane 
drops which do not wet them are reported to be 165–172°, 153–164° and 148–156°, 
respectively [54]. The bodies of springtails, skin-breathing arthropods that live in 
the soil, are also not wettable by oils [55-59]. Their bodies are covered by cuticle 
with highly ordered hexagonal [Figure 8(c-e)] or rhombic comb-like [Figure 8(f-
h)] micro/nano structures. Their surfaces are not wettable by polar liquids like 
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water, methanol, ethanol as well as many non-polar liquids (oils) like hexadec-
ane and tridecane. The nanostructured cuticle of a springtail, e.g. Tetrodontophora  
bielanensis, is reported [55] to be composed of three different layers, namely the 
inner, the epicuticular, and the outer cuticle layers. The inner layer is made up 
of lamellar chitin skeleton with numerous pore channels. The epicuticular layer 
is made up of chemicals like glycine, tyrosine and serine while the outer layer is 
made up of chemicals like hydrocarbon acids and esters, steroids and terpenes. 
The chemical composition of the cuticle as well as its nanostructure are responsible 
for the observed superoleophobicity of springtail [55].

3.2  Artificial Non-Wettable Surfaces

Artificial non-wettable surfaces are fabricated surfaces, i.e. not of biological origin, 
which are not wetted by liquid drops. Because they are inspired by biological spe-
cies, plants and animals alike, whose surfaces are not wetted by liquid drops, they 
are often called ‘bioinspired non-wetting’ or biomimetic surfaces. Just like their 
biological counterparts, these surfaces are highly textured with micro or nano-
structures. In addition, they are coated with non-polar groups like alkyl groups, 
silicones –[Si(CH3)2O]− or fluorocarbons –CnF2n+1 and as a result they have low 

a b

c d e

hgf

0.35 mm 500 nm

500 nm

2 µm

2 µm

100 µm1 µm

0.3 mm

Figure 8 (a,b) SEM micrographs of the surface of leafhopper at a low and high magnification, 
showing the superoleophobic bronchosomes. Reprinted from ref. [54], with permission 
from Royal Society Publishing. (c) Photograph of a springtail (Tetrodontophora bilanensis) 
and (d)-(e) corresponding SEM images of the springtail at a low and high magnification. 
(f) Photograph of a springtail (Orthonychiurus stachianus) and (g)-(h) corresponding SEM 
images of Orthonychiurus stachianus at a low and high magnification. The SEM images 
show the textured nature of the superoleophobic surfaces. Reprinted from ref. [56], with 
permission from Springer.
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surface free energy [60]. Due to their textured nature, liquid drops are either in the 
Wenzel or Cassie-Baxter wetting state. These surfaces have numerous applications. 
They are the basis for the creation of self-cleaning surfaces, anti-fog windows and 
drag-reduction systems. They also offer an efficient way for liquid transportation. 
Their applications in medicine range from high-throughput cell culture platforms 
to biomedical devices.

By extension, wettable powdered particles (nm–μm) are also rendered 
non-wettable when coated with suitable organic groups. This has given rise 
to hydrophobic, oleophobic, omniphobic, superhydrophobic, superoleopho-
bic and superomniphobic powdered particles. By contrast to their wettable 
(hydrophilic or oleophilic) counterparts which are wetted by liquids, these 
particles are unwetted and remain on the liquid surfaces [61]. The three-
phase contact angle is 0° for wettable very hydrophilic or oleophilic parti-
cles, 0° < θ < 90° for the hydrophilic or oleophilic particles and >90° for the 
hydrophobic, oleophobic or omniphobic non-wettable particles. For supe-
rhydrophobic, superoleophobic or superomniphobic non-wettable parti-
cles θ >> 90° (normally ≥150°). This is illustrated in Figure 9 for a spherical 
particle at a liquid-air interface [62]. Non-wettable particles are especially 

(i) θ = 0° (ii) θ < 90° (iii) θ > 90°

(iv) (v)θ >> 90°

air a

θ

θ

θ

liquid I

powdered
particles

liquid drop

liquid marble

γsa

γla

γsl

Figure 9 Sketches of a spherical particle at a liquid-air interface: (i) particle is very 
hydrophilic or oleophilic and is totally wetted by the liquid, (ii) particle is hydrophilic or 
oleophilic and is partially wetted by the liquid, (iii) particle is hydrophobic or oleophobic and 
is partially wetted by the liquid and (iv) particle is superhydrophobic or superoleophobic 
and is partially wetted by the liquid. (v) Schematic of a liquid marble showing the liquid 
drop and the enwrapping powdered particles.
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important in the preparation of liquid marbles and other novel colloidal 
systems. Liquid marbles, Figure 9(v), are non-stick millimetre-sized liquid- 
in-air drops formed by wrapping liquid drops with powdered particles that 
poorly wet them [63]. Detailed information on the formation, characterization 
and applications of liquid marbles has been given by Tyowua [2].

3.3 Preparation of Non-Wettable Surfaces

In line with natural non-wettable surfaces, which are decorated with nano- and 
or microstructures with a wax overlaying film, the preparation of non-wettable 
surfaces from wettable ones involves the construction of nano- to microstruc-
tures on them [11, 22]. This is followed by surface chemistry modification using 
suitable organic or inorganic molecules that also decrease the surface free energy, 
crucial for achieving non-wettability [60]. The construction of nano- or micro-
structure is achieved via different methods like lithography, etching, deposition, 
deformation, and transfer [20]. Lithography is the art or a process of transfer-
ring a pattern onto a surface. The process includes photo (also called optical 
or ultraviolet) lithography, electron-beam (also E-beam) lithography, X-ray 
lithography, and soft lithography [64]. Photolithography uses light to pattern 
a surface, electron-beam lithography uses an electron beam to trace a pattern 
on a surface, X-ray lithography uses X-rays to make a geometric pattern on a 
surface while soft lithography imparts patterns of organic molecules or other 
materials like metals and ceramics on surfaces using mechanical processes like 
molding, embossing or printing [64]. Lithography has high accuracy and can 
be applied to a large surface. However, it is slow and expensive [20]. Etching 
refers to the process of making patterns on surfaces by removing part of them 
[65]. It involves plasma etching which uses plasma discharge [66], laser etch-
ing which uses laser beam [65], chemical etching which uses corrosive chemi-
cals like concentrated acids and bases [67] and electrochemical etching which 
uses an electrolytic cell to etch the material [68]. Etching is fast, but it is diffi-
cult to control and the chances of chemical contamination are very high [20]. 
Deposition involves dip coating, spin-coating, spray-coating, adsorption, self- 
assembly, anodization, electrochemical, evaporation, plasma and chemical vapor 
deposition (CVD) [69]. Deposition is flexible and inexpensive, but it is difficult to 
control and often involves high temperature [20]. Deformation involves stretching 
or extension while transfer involves casting and nanoimprinting. Deformation is 
precise, but expensive. The choice of technique depends on the material or sur-
face under consideration and availability of the necessary equipment.

Examples of different non-wettable surfaces reported in literature are summa-
rized in Table 1, where the name of the material or surface, method of preparation, 
reagent, property and contact angle of liquid drops with the associated references 
are given. Although this is not a complete list of all the surfaces reported in the 
literature, it gives an idea of how various surfaces have been rendered non- 
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wettable. The contact angle of a water drop on a Teflon surface does not exceed 
120° [70], but contact angles between 128 and 170° have been reported when ren-
dered superhydrophobic via plasma lithography [71], extension [72], sanding 
[73,74] or laser irradiation [75]. Metal oxides and metal surfaces have been ren-
dered non-wettable. For example, aluminium oxide and titanium oxide surfaces 
were made non-wettable to water by CVD of 1,3,5,7-tetramethylcyclotetrasiloxane 
at 180 °C for a day [76]. The surfaces became textured with structures of diameter 
500 nm to 4 μm and gave a θ* of 163° with water drops. Oxides of zinc [77] and 
silicon [78] were also reported to become non-wettable to water and oils follow-
ing patterning and chemical modification with fluorocarbons. Qian and Shen [79] 
have rendered polycrystalline metals like aluminium, copper and zinc superhy-
drophobic by etching, using a dislocation etchant that preferentially dissolves the 
dislocation sites in the metals, followed by surface chemical modification with 
fluoroalkylsilane. Values of θ* greater than 150° were observed with water drops 
on the metal surfaces. Many non-wettable silicon surfaces have also been reported 
[80-88]. The surfaces were reported to be textured and gave θ* >150° with water 
and oils (e.g. hexadecane). 

The preparation of non-wettable carbon nanotubes has also been reported [94-
97]. These tubes were observed to exhibit θ* as high as 161° with oils, e.g. rapeseed 
oil [97], and 170° with water [94, 97], with low hysteresis. Non-wettable surfaces 
have also been prepared from silica particles. These surfaces exhibited θ* values 
≥150° and relatively low hysteresis with water drops [98-100]. In another study 
[101], glass slides were spin-coated with silica particles, treated with fluoroalkyl-
silane, and θ* values between 130−149° (water drops) and >136° (relatively low 
surface tension liquids like hexadecane) were reported with low hysteresis. The 
preparation of non-wettable surfaces has also been done with polymers in combi-
nation with suitable fluorocarbons, like fluorodecyl POSS, using either dip-coating 
[103] or electrospinning [78, 104]. The θ* for water and oil drops, especially hexa-
decane, were observed to be above 150° with relatively low hysteresis. A detailed 
review on the preparation of superhydrophobic surfaces from polystyrene using 
electrospinning has been given by Sas et al. [105]. These surfaces were called poly-
mer webs and exhibited θ* above 150° and low hysteresis with water drops. Clay 
(sericite) powdered particles were treated with perfluoroalkyl phosphate and 
compressed to obtain a non-wettable surface [106]. The θ* for water and hexade-
cane drops on the compressed powdered particles were observed to be 148 and 
118°, respectively. 

It should be noted that majority of the non-wettable surfaces listed in Table 
1 underwent chemical modification with fluorocarbon compounds. This is espe-
cially important for oil-repellent surfaces (low surface free energy), which have 
been reviewed by Kota and Tuteja [107]. This is because fluorocarbons are known 
to lower the surface free energy of many surfaces [108].
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3.4 Properties of Non-Wettable Surfaces

Non-wettable surfaces (natural or synthetic) are always textured (Figure 10 a,b) 
[109,110], with hierarchical multi-scale roughness in some cases (Figures 4-8), and 
coated with a thin film of wax or other organic or inorganic non-wetting chemi-
cal groups [111]. This arrangement is important for liquid repellence as it favors 
the Cassie-Baxter wetting state. Studies [8, 112-116] on the relationship between 
roughness and the wetting states have revealed that there is a critical value of the 
fraction of surface that is in contact with the liquid drop, below which the Cassie-
Baxter state prevails and above which the Wenzel state is favored as illustrated in 
Figure 10 c-g. This transition corresponds to the threshold angle given in Equation 
(4). The stability or metastability of the two wetting states was also highlighted. 
It was shown that drops can exist in the Cassie state (metastable) on surfaces 
that thermodynamically favor the Wenzel state depending on the applied pres-
sure, drop evaporation and mode of drop deposition. For example, a Cassie drop 
relaxed to the Wenzel state upon: (a) application of a certain minimum pressure 
and (b) evaporation. Also, the Wenzel state prevailed on a Cassie surface when the 
liquid was deposited in the form of mist rather than all at once.

Some non-wettable surfaces are non-sticky [117-120] while others are sticky 
[115,121,122]. The non-sticky surfaces are very important in the manufacture of 
the so-called “self-cleaning materials” like glass windows and car windscreens. 
Liquid drops roll freely on non-sticky surfaces even for small inclinations (sliding 
angles), but they will not in the case of sticky surfaces. Liquid drops are considered 

a b 2 µm

20 µm 50 µm

600 µm Wenzel state Cassie-Baxter state

(c) (d) (e) (f ) (g)

Figure 10 (upper) Examples of textured non-wettable surfaces. (a) SEM image of photoresist 
SU8 towers obtained by lithography. Reprinted from ref. [109], with permission from the 
Institute of Physics and (b) SEM image of electrospun polystyrene fibres. Reprinted from 
ref. [110], with permission from the Institute of Physics. (lower) Wetting transition of 
a water drop (1 μL) on surfaces with increasing degree of roughness, quantified by the 
roughness factor r. The contact angle and the corresponding r are: (c) 114°/1.0, (d) 138°/1.1, 
(e) 155°/1.2, (f) 151°/2 and (g) 153°/3.1. Reprinted from ref. [116], with permission from the 
American Chemical Society.
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to be in the Cassie-Baxter state for non-sticky surfaces and in the Wenzel state 
for sticky ones. The contact angle of liquid drops on non-sticky surfaces is nor-
mally higher, with low hysteresis, than on sticky ones with high hysteresis. This 
is because the high contact angle greatly reduces the solid-liquid contact area so 
that pinning of the drop in solid-liquid-air contact line is minimal. In terms of 
sliding angle, non-sticky surfaces have lower sliding angles compared with sticky 
surfaces [123]. For example, water drops stick (Wenzel state) to Teflon surface with 
θ* ≤ 120° and roll when the sliding angle is between 10 to 30°. A transition to the 
Cassie-Baxter state occurs when it is textured by sanding. Here the contact angle 
is 151° with a hysteresis of 4° and the sliding angle decreases to ≤5° [73]. This is 
consistent with other surfaces that water does not stick to [117-120] and can be 
compared with other surfaces that repel other liquids like oils where the sliding 
angle is ≤21° [91, 124,125].

Another remarkable property of non-wettable surfaces is the ability of liquid 
drops to bounce on them. This is related to the wetting state of the drop upon 
arriving the surface, with the bouncing drops being in the Cassie-Baxter state and 
sticky ones being in the Wenzel state. This, in turn, depends on the height of fall 
and the velocity with which it impacts the surface. Liquid drops released from a 
relatively high distance to a Cassie surface arrive with a kinetic energy sufficient to 
push the drop into the asperities and induce the Wenzel state and remain stuck to 
the surface. This is also the case with drops released with a relatively high veloc-
ity. In fact the impact velocity increases with the height of fall. For a water drop 
(~4 μL) impacting a textured poly(dimethylsiloxane) surface, composed of trian-
gular arrays (pitch 42 or 50 μm) and cylindrical pillars (radius 9 or 11 μm) [126], 
bouncing was observed when the impact velocity was 0.27 m s−1. However, the 
drop stuck to the surface when the velocity increased to 0.6 m s−1 [126] as shown 
in Figure 11(a,b). 

For bouncing, the drop expands laterally before jetting-off the surface. Several 
bouncing events occur before the drop finally rests on the surface in the Cassie-
Baxter state with a well-defined large contact angle. The degree to which a drop 
deforms upon impacting the surface depends on the impact velocity V gh= 2 , which 
is embodied in the Weber number, We = ρV2Ro/γla, with ρ being the liquid den-
sity [127]. (The Weber number compares the kinetic energy and surface tension of 
the liquid drop.) The larger the Weber number, the larger the drop deforms upon 
impact. There exists a speed threshold below which the drop does not bounce 
again [127]. This corresponds to the non-bouncing regime. Here, the drop expands 
weakly and undergoes damping oscillation after impact before reaching the Cassie 
state where it remains quasi-spherical. Unfortunately, surfaces that allow a broad 
spectrum of liquids, i.e. Newtonian, non-Newtonian, polar, non-polar, concentrated 
organic or inorganic acids and bases, to bounce on them are very rare. However, 
Pan et al. [128] electrospun a mixture of cross-linked poly(dimethylsiloxane) and 
fluorodecyl polyhedral oligomeric silsequioxane on stainless steel wire meshes to 
obtain a surface that was non-wettable [θ* > 150°, low hysteresis (≤ 7°), α ≤ 2°] by 
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these liquids. When released from a height of 4.5 mm, drops (Ro ~ 1 mm) of these 
liquids (γla ≥ 19.8 mN m−1) were able to bounce even for impact velocities higher 
than 150 m s−1 compared with the other surface where they did not bounce [126].

Another property of non-wettable surfaces is related to the so-called “smart 
surfaces” which are able to switch from non-wetting to wetting, e.g. ZnO par-
ticle-coated surfaces [90]. A glass wafer, spin coated with ZnO particles, was 
reported to be textured and non-wettable by water (θ* ~ 161°). Upon irradiation 
with UV light from a 500 W Hg lamp, whose filter is centered at 365 ± 10 nm, for 
2 h changed the contact angle to 0°, but its superhydrophobicity was recovered 
after placing it in the dark for seven days. This behavior was induced by the 
adsorption and desorption of surface hydroxyl groups at the outmost layer of 
ZnO film. UV irradiation generates electron-hole pairs in the ZnO surface and 
some of the holes can react with lattice oxygen to form surface oxygen vacan-
cies. Water and oxygen compete to dissociatively adsorb on the surface oxygen 
vacancies. The defects are kinetically more favorable to hydroxyl adsorption than 
oxygen adsorption. The adsorption of the hydroxyl groups coupled with rough-
ness improves the surface wettability. When placed in the dark, the adsorbed 
hydroxyl groups are gradually replaced by oxygen and superhydrophobicity is 
recovered. Similar results have been reported for TiO2 particle-coated surfaces 
[129,130].

Lastly, it is important to note that although many non-wettable surfaces are 
opaque, a few transparent ones have also been created [131-134].

a b

c

d 2 mm

2 mm

0 10 23 29 40 52 57 64 71 83 90 101 110 125 140 157 161
ms

ms
15 27 32 43 56 63 73 81 92 104 114 123 141 155 172 1760

Figure 11 Dynamics of liquid drops upon impacting non-wettable surfaces. (a) Bouncing 
of a water drop (radius Ro ~ 1 mm; impact velocity V = 0.27 m s−1) on a textured 
poly(dimethylsiloxane) surface and (b) the sticking of the same water drop when V = 
0.6 m s−1. Reprinted from ref. [126], with permission from the Institute of Physics.  
(c, d) Images of acetic acid and hexylamine drops (Ro ~ 1 mm), respectively, at various 
impact velocities bouncing on a textured non-wettable surface, tilted at 2° relative to 
the horizontal. Reprinted from ref. [128], with permission from the American Chemical 
Society.
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4 Applications of Non-Wettable Surfaces and Challenges

There are numerous applications of non-wettable surfaces as summarized by 
many authors [8,13,20,25,105,107,108,133,136-143]. These applications are in 
line with the properties of these surfaces. The applications include (i) anti-
fog surfaces that prevent fog accumulation [144], (ii) anti-bacteria adhesion or 
anti-fouling surfaces that prevent bacteria and other fouling organisms from 
adhering as given in the review of Genzer and Efimenko [108], (iii) anti-icing 
surfaces that prevent the accumulation of snow and ice as reported in the review 
of Drelich and Marmur [4], (iv) anti-contamination packages that prevent con-
tamination from biological stains and fingerprints [145,146], (v) stain-resistant 
surfaces that prevent staining from colored biological and synthetic molecules 
[147], (vi) oil-repellent coatings that repel oil [148], (vii) wax-resistant surfaces 
in fuel tanks that prevent wax formation, (viii) non-wettable clothing that are 
not wetted by liquids [149], (ix) droplet transfer in microfluidics for transport-
ing liquids from one point to the other, (x) separation of oil-water dispersions, 
(xi) self-cleaning windshields for automobiles, airplanes and buildings that 
become clean as liquid drops roll on them carrying dirt along [4,5], (xi) drag 
reduction surfaces that reduce the effect of flow resistance during liquid flow 
[150], and (xii) corrosion-resistant surfaces that do not corrode easily [151,152]. 
In medicine, they are used for: (i) cell patterning for cellular interaction stud-
ies, (ii) functional cell spheroid culture, (iii) lab-on-a-chip for drop control, (iv) 
biomedical devices for liquid transportation, (v) high-throughput cell assay, 
(vi) anti-fouling slippery surfaces for biomedical implantable devices, and 
(vii) blood typing [153]. Medical applications of non-wettable surfaces are dis-
cussed in detail in the review of Shin et al. [141], Lima and Mano [154], Jokinen 
et al. [155] and Maani et al. [156]. Due to the enormous number of review articles 
on the applications of non-wettable surfaces, only highlights of recent applica-
tions will be given here. This will be accompanied by the challenges limiting the 
use of these surfaces in real life.

4.1 Non-Wettable Surfaces for Water Collection and Transportation

In areas where water is scarce, water is obtained from the condensation of mois-
ture in air. In some cases, the collected water is required to be transported from one 
region to the other over long distances. Luo et al. [157] have shown that superhy-
drophobic surfaces can be used for water collection in air and transportation when 
necessary. Aluminium plates (thickness ~2 mm) were made superhydrophobic 
using electrochemical etching, electrochemical anodizing, low surface free energy 
modification and lubricant infusion followed by chemical modification with flu-
oroalkylsilane and used for the experiment. Although the surface was reported 
to be robust, stable over a wide range of pH and temperature, applying the tech-
nology to solve the problem of water scarcity in real life will require longer and 
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wider aluminium sheets compared with those used in the experiment. Obviously, 
the associated cost and time will also be high and long, respectively. This not-
withstanding, lab-scale experiments demonstrating water collection and transpor-
tation using superhydrophobic surfaces are still emerging [158-166]. Conversely, 
Jiao and co-workers [167] and Chen et al. [168] have designed other non- 
wettable surfaces for underwater capturing and transportation of gas bubbles. 
Because these surfaces allow a free movement of liquid drops from one point to 
the other, they can potentially be used in microfluidic experiments and devices 
where the transportation of liquid from one point to the other is important as illus-
trated by Yang and co-workers [169].

4.2 Non-Wettable Surfaces as Self-Cleaning and Icephobic Surfaces

Surfaces that repel a wide range of liquids (from polar to apolar) are import-
ant in many industries because they are able to remain clean for a long period 
of time as a result of their self-cleaning ability. For example, they are import-
ant in the manufacture of solar panels, the so-called self-cleaning windows, 
wind turbines, automotive and aerospace components. The optimal capacity 
of solar panels is impaired when dirt accumulates [170]. This problem can be 
surmounted when they are made liquid repellent so that they can self-clean 
themselves. The same applies to wind turbines and automotive and aerospace 
components. Unfortunately, only few surfaces repel a range of different liquids 
and by extension may not repel biological waste like bird droppings, which are 
complex mixtures. Recognizing this, Bhushan and Multanen [171] have prepared 
a mechanically robust surface that repels a wide range of liquids even at low pH 
values, low (‒60 °C) and high temperature (95 °C) conditions. The surface was 
said to have potential applications in the manufacture of self-cleaning, solar pan-
els, satellite dish antennas, windows, windscreens, wind turbines, automotive 
and aerospace components. Other similar surfaces have also been reported [172-
178]. Although, the approach used here gave surfaces with the desired proper-
ties, their fabrication requires a lengthy procedure that is time consuming and 
shorter routes are therefore solicited.

Surfaces with ice adhesion strength τice < 100 kPa and which are able to repel ice 
are known as icephobic surfaces. They are useful in preventing ice accumulation 
on surfaces of wind turbines and airplane wings, which often damages them or 
make them ineffective [179]. Many superhydrophobic surfaces are also icephobic, 
i.e. not all superhydrophobic surfaces are icephobic [180]. For example, Jafari et 
al. [181] created a superhydrophobic and icephobic surface on aluminium alloy. 
The alloy surfaces were patterned by anodizing and then coated with Teflon par-
ticles. The fabricated surface displayed θ* of ~165° with low hysteresis (~3°) and 
a low ice adhesion strength compared with a polished aluminium surface. Many 
icephobic surfaces with different properties have been created [182-196]. The 
passive removal of ice on many surfaces, e.g. on airplane wings and power lines 
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requires values of τice lower than 20 kPa. Unfortunately, it is difficult to create 
such surfaces. However, Golovin et al. [197] have shown that by tailoring the 
cross-link density of different elastomeric coatings and by enabling interfacial 
slippage, surfaces with ice adhesion strength lower than 0.2 kPa can be realized 
irrespective of the material chemistry. The fabricated surfaces were reported to 
be durable with τice < 10 kPa after severe mechanical abrasion, acid/base expo-
sure, hundred icing-deicing cycles, thermal cycling, accelerated corrosion and 
exposure to Michigan wintery conditions for several months. Details on the fab-
rication, characterization, properties and applications of icephobic surfaces can 
be found in the review of Jamil et al. [198].

4.3 Non-Wettable Surfaces for Biomedical Applications 

Biological samples like blood are collected in small amounts in medical laboratories 
whenever they are required so that the patients do not develop problems in addi-
tion to the one being diagnosed. Microfluidics is the solution here as the amount 
of liquid required ranges between nanoliters to microliters, compared with the 
amount (≤ 20 mL) commonly required in many medical laboratories. The applica-
tion of non-wettable surfaces in microfluidics for biomedical applications is well 
covered in the review of Oliveira and co-workers [199]. The authors described how 
biological specimens (liquids) are conveyed from one point to the other for analy-
sis. They have also discussed the advantages and disadvantages of microfluidics 
over conventional methods of analysis. In addition to microfluidics, non-wettable 
surfaces have also been used for blood typing [153]. Using a simple printing tech-
nique, superhydrophobic surfaces were fabricated with Teflon powder and used 
for the experiment. Because blood does not wet the surface (θ* = 149 to 159°), quasi- 
spherical blood drops were formed on it. This allowed easy haemagglutination 
reaction after which the drop was photographed and images analyzed for blood 
grouping [153]. Compared with conventional lab procedures, the method requires 
small blood samples. In addition, the method is also capable of identifying blood 
samples with weak red blood cell antigens. The downside of this technique is the 
possibility of clotting and drying before the experiment is completed as the blood 
sample is very small. In another study, Li et al. [200] fabricated durable and flexible 
superhydrophobic and blood-repelling surfaces, from silicone and functionalized 
silica nanoparticles, for use in medical blood pumps. This technology circumvents 
the problem of blood damage or clotting (also known as hemolysis), associated 
with many extracorporeal blood pumps [200]. Because blood does not wet the 
surface (θ*~151°), the frictional force experienced by it, which leads to stress and 
damage, while flowing is significantly reduced. It has also been reported that 
non-wettable surfaces can be used to perform high-throughput assays to generate 
3D cell environment, characterize and analyze the properties of biomaterials, and 
cell-cell and cell-biomaterial interactions [201]. Additionally, non-wettable materi-
als have also been used as medical implants [155].



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC26

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

5 Summary and Future Prospects

Due to their ability to repel liquid drops and remain non-wetted, non-wettable 
surfaces have attracted significant attention. As a result, they can potentially serve 
as precursors for many industrial and biomedical applications. For example, 
non-wettable films can be applied to textile fabrics that need not to become wet 
during usage like raincoat and umbrella. Unfortunately, this application is still 
in the development state. For snowy areas, a combination of superhydrophobic 
and icephobic films will profit companies producing raincoats and umbrellas. In 
addition, such films are expected to be resistant to abrasion, temperature changes 
and pH. Sadly not all superhydrophobic films repel ice nor are resistant to abra-
sion, temperature changes and pH. Future fabrication of non-wettable surfaces 
can be tailored to films that repel both water and ice and are resistant to abrasion, 
temperature changes and pH. This also applies to non-wettable films required 
for the fabrication of non-wettable windows, windscreens, solar panels, satellite 
dishes and other related applications. Non-wettable surfaces are important for 
liquid transportation in microfluidics where only small quantities of liquids are 
required, but the chances of liquid contamination are high as the quantities of 
liquid involved are quite small. To overcome this, such surfaces should be kept 
clean at all times and preferably used in a closed system. This problem is similar 
to that encountered in biomedical applications where the samples of interest are 
also very small. Here, the chances of contamination and drying before the exper-
iment is completed are high. This is in addition to the change in sample compo-
sition due to adsorption of biomolecules. Adsorption also alters the structural 
conformation of the biomolecules. The use of a closed chamber will reduce the 
chances of contamination and drying and the use of non-adsorptive surfaces will 
reduce the adsorption of biomolecules. It should be remembered that adsorption 
will be more in the Wenzel state, where the sample makes a significant contact 
with the surface, compared to the Cassie-Baxter state, where the sample makes 
less contact with the surface. Suffice it to say that non-adsorptive surfaces can be 
realized by fabricating Cassie-Baxter surfaces. Overall, the commercialization of 
non-wettable surfaces will involve the development of rapid and cost-effective 
fabrication routes for durable non-wettable films. For environmental concerns, 
“green” fabrication routes, involving the use of environmentally benign chemi-
cals, are also encouraged. 

6 Acknowledgements

The Tertiary Education Trust Fund (TetFund) of Nigeria is thanked for financial 
support. Professor Bernard P. Binks (University of Hull, UK) is thanked for useful 
discussions. 

Conflicts of Interest: The authors declare no competing financial interest.



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 27

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

References

 1. D. Quéré, Wetting and roughness. Annu. Rev. Mater. Res. 38, 71-99 (2008).
 2. A.T. Tyowua, Liquid Marbles: Formation, Characterization and Applications. CRC Press, 

Boca Raton, FL (2018).
 3. A.T. Tyowua, Modern Principles of Colloid and Surface Chemistry. Academy Press, 

Lagos, Nigeria (2017).
 4. J. Drelich and A. Marmur, Physics and applications of superhydrophobic and super-

hydrophilic surfaces and coatings. Surf. Innovations 2, 211-227 (2014).
 5. E. Bittoun and A. Marmur, Optimizing superhydrophobic surfaces: Criteria for com-

parison of surface topographies. J. Adhesion Sci. Technol. 23, 401-411 (2009).
 6. R. Murakami, H. Moriyama, M. Yamamoto, B.P. Binks and A. Rocher, Particle stabi-

lization of oil-in-water-in-air materials: Powdered emulsions. Adv. Mater. 24, 767-771 
(2012).

 7. W. Chen, A.Y. Fadeev, M.C. Hsieh, D. Öner, J. Youngblood and T.J. McCarthy, 
Ultrahydrophobic and ultralyophobic surfaces: Some comments and examples. 
Langmuir 15, 3395-3399 (1999).

 8. M. Callies and D. Quéré, On water repellency. Soft Matter 1, 55-61 (2005).
 9. L. Gao and T.J. McCarthy, Contact angle hysteresis explained. Langmuir 22, 6234-6237 

(2006).
 10. C.W. Extrand and Y. Kumagai, Liquid drops on an inclined plane: The relation 

between contact angles, drop shape, and retentive force. J. Colloid Interface Sci. 170, 
515-521 (1995).

 11. W. Barthlott and C. Neinhuis, Purity of the sacred lotus, or escape from contamination 
in biological surfaces. Planta 202, 1-8 (1997).

 12. A. Winkel, T.D. Colmer, A.M. Ismail and O. Pedersen, Internal aeration of paddy field 
rice (Oryza sativa) during complete submergence–importance of light and floodwater 
O2. New Phytol. 197, 1193-1203 (2013).

 13. T. Darmanin and F. Guittard, Superhydrophobic and superoleophobic properties in 
nature. Mater. Today 18, 273-285 (2015).

 14. B. Bhushan, Biomimetics: lessons from nature–an overview. Phil. Trans. R. Soc. A 367, 
1445-1486 (2009).

 15. T. Young, An essay on the cohesion of fluids. Philos. Trans. R. Soc. London 95, 65-87 
(1805).

 16. T. Young, Miscellaneous Works. Vol. 1. Murray, London (1855).
 17. J.H. Clint and A.C. Wicks, Adhesion under water: Surface energy considerations. Int. 

J. Adhesion Adhesives 21, 267-273 (2001).
 18. R.N. Wenzel, Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 28, 988-

994 (1936).
 19. A. Cassie and S. Baxter, Wettability of porous surfaces. Trans. Faraday Soc. 40, 546-551 

(1944).
 20. B. Bhushan and Y.C. Jung, Natural and biomimetic artificial surfaces for superhydro-

phobicity, self-cleaning, low adhesion, and drag reduction. Prog. Mater. Sci. 56, 1-108 
(2011).

 21. A. Tuteja, W. Choi, M. Ma, J.M. Mabry, S.A. Mazzella, G.C. Rutledge, G.H. McKinley 
and R.E. Cohen, Designing superoleophobic surfaces. Science 318, 1618-1622 (2007).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC28

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 22. C. Neinhuis and W. Barthlott, Characterization and distribution of water-repellent, 
self-cleaning plant surfaces. Annals Botany 79, 667-677 (1997).

 23. K. Koch, B. Bhushan and W. Barthlott, Multifunctional surface structures of plants: An 
inspiration for biomimetics. Prog. Mater. Sci. 54, 137-178 (2009).

 24. K. Koch, B. Bhushan and W. Barthlott, Diversity of structure, morphology and wetting 
of plant surfaces. Soft Matter 4, 1943-1963 (2008).

 25. B. Bhushan, Y.C. Jung and K. Koch, Micro-, nano- and hierarchical structures for supe-
rhydrophobicity, self-cleaning and low adhesion. Phil. Trans. R. Soc. A 367, 1631-1672 
(2009).

 26. G.D. Bixler and B. Bhushan, Bioinspired rice leaf and butterfly wing surface structures 
combining shark skin and lotus effects. Soft Matter 8, 11271-11284 (2012).

 27. Z. Guo, W. Liu and B.-L. Su, Superhydrophobic surfaces: From natural to biomimetic 
to functional. J. Colloid Interface Sci. 353, 335-355 (2011).

 28. S. Yang, J. Ju, Y. Qiu, Y. He, X. Wang, S. Dou, K. Liu and L. Jiang, Peanut leaf inspired 
multifunctional surfaces. Small 10, 294-299 (2014).

 29. J. Genzer and A. Marmur, Biological and synthetic self-cleaning surfaces. MRS Bull. 
33, 742-746 (2008).

 30. E. Bormashenko, Y. Bormashenko, T. Stein, G. Whyman and E. Bormashenko, Why 
do pigeon feathers repel water? Hydrophobicity of pennae, Cassie-Baxter wet-
ting hypothesis and Cassie-Wenzel capillarity-induced wetting transition. J. Colloid 
Interface Sci. 311, 212-216 (2007).

 31. Y. Liu, X. Chen and J.H. Xin, Hydrophobic duck feathers and their simulation on 
textile substrates for water repellent treatment. Bioinspiration Biomimetics 3, 046007 
(2008).

 32. X.F. Gao and L. Jiang, Biophysics: Water-repellent legs of water striders. Nature 432, 36 
(2004).

 33. L. Zhai, M.C. Berg, F.C. Cebeci, Y. Kim, J. Milwild, M.F. Rubner and R.E. Cohen, 
Patterned superhydrophobic surfaces: Toward a synthetic mimic of the Namib desert 
beetle. Nano Lett. 6, 1213-1217 (2006).

 34. D. Byun, J. Hong, Saputra, J.H. Ko, Y.J. Lee, H.C. Park, B.-K. Byun and J.R. Lukes, 
Wetting characteristics of insect wing surfaces. J. Bionic Eng. 6, 63-70 (2009).

 35. T. Wagner, C. Neinhuis and W. Barthlott, Wettability and contaminability of insects 
wings as a function of their surface sculptures. Acta Zool. 77, 213-225 (1996).

 36. P.P. Goodwyn, Y. Maezono, N. Hosoda and K. Fujisaki, Waterproof and translucent 
wings at the same time: Problems and solutions in butterflies. Naturwissenschaften 96, 
781-787 (2009).

 37. Z.-Z. Gu, H. Uetsuka, K. Takahashi, R. Nakajima, H. Onishi, A. Fujishima and O. Sato, 
Structural color and the Lotus effect. Angew. Chem. Int. Ed. 42, 894-897 (2003).

 38. H. Li, L. Chang, J. Wang, L. Yang and Y. Song, A colorful oil-sensitive carbon inverse 
opal. J. Mater. Chem. 18, 5098-5103 (2008).

 39. W.R. Hansen and K. Autumn, Evidence for self-cleaning in gecko setae. Proc. Natl. 
Acad. Sci. USA 102, 385-389 (2005).

 40. S. Sethi, L. Ge, L. Ci, P.M. Ajayan and A. Dhinojwala, Gecko-inspired carbon nanotube- 
based self-cleaning adhesives. Nano Lett. 8, 822-825 (2008).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 29

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 41. A.Y. Stark, S. Subarajan, D. Jain, P.H. Niewiarowski and A. Dhinojwala, Superhydro-
phobicity of gecko toe pad: Biological optimization versus laboratory maximization. 
Phil. Trans. R. Soc. A 374, 20160184 (2016).

 42. W.K. Cho and I.S. Choi, Fabrication of hairy polymeric films inspired by geckos: 
Wetting and high adhesion properties. Adv. Funct. Mater. 18, 1089-1096 (2008).

 43. D.Y. Lee, D.H. Lee, S.G. Lee and K. Cho, Hierarchical gecko-inspired nanohairs with a 
high aspect ratio induced by nanoyielding. Soft Matter 8, 4905-4910 (2012).

 44. K. Liu, J. Du, J. Wu and J. Jiang, Superhydrophobic gecko feet with high adhesive 
forces towards water and bio-inspired materials. Nanoscale 4, 768-772 (2012).

 45. U.N. Hiller, Water repellence in gecko skin: How do geckos keep clean? in: Functional 
Surfaces in Biology, S.N. Gorb (Ed.), Springer, Dordrecht, 47-53 (2009).

 46. M. Nosonovsky and B. Bhushan, Roughness-induced superhydrophobicity: A way to 
design non-adhesive surfaces. J. Phys.: Condens. Matter 20, 225009 (2008).

 47. M. Nosonovsky and B. Bhushan, Multiscale Dissipative Mechanisms and Hierarchical 
Surfaces: Friction, Superhydrophobicity and Biomimetics. Springer, Heidelberg, Germany 
(2008).

 48. J.W.M. Bush, D.L. Hu and M. Prakash, The integument of water-walking arthropods: 
Form and function. Adv. Insect Physiol. 34, 117-192 (2008).

 49. A.R. Parker and C.R. Lawrence, Water capture by a desert beetle. Nature 414, 33-34 
(2001).

 50. S.D. Gillmor, A.J. Thiel, T.C. Strother, L.M. Smith and M.G. Lagally, Hydrophilic/
hydrophobic patterned surfaces as templates for DNA arrarys. Langmuir 16, 7223-7228 
(2000).

 51. X. Gao, X. Yan, X. Yao, L. Xu, K. Zhang, J. Zhang, B. Yang and L. Jiang, The dry-style 
antifogging properties of mosquito compound eyes and artificial analogues prepared 
by soft lithography. Adv. Mater. 19, 2213-2217 (2007).

 52. Q. Cheng, M. Li, Y. Zheng, B. Su, S. Wang and L. Jiang, Janus interface materials: 
Superhydrophobic air/solid interface and superoleophobic water/solid interface 
inspired by a lotus leaf. Soft Matter 7, 5948-5951 (2011).

 53. Y. Cai, L. Lin, Z. Xue, M. Liu, S. Wang and L. Jiang, Filefish-inspired surface design for 
anisotropic underwater oleophobicity. Adv. Funct. Mater. 24, 809-816 (2014).

 54. R. Rakitov and S.N. Gorb, Brochosomal coats turn leafhopper (Insecta, Hemiptera, 
Cicadellidae) integument to superhydrophobic state. Proc. R. Soc. B 280, 20122391 (2013).

 55. R. Helbig, J. Nickerl, C. Neinhuis and C. Werner, Smart skin patterns protect spring-
tails. PLoS ONE 6, e25105 (2011).

 56. J. Nickerl, R. Helbig, H.-J. Schulz, C. Werner and C. Neinhuis, Diversity and potential 
correlations to the function of collembola cuticle structures. Zoomorphology 132, 183-
195 (2013).

 57. R. Hensel, R. Helbig, S. Aland, H.-G. Braun, A. Voigt, C. Neinhuis and C. Werner, 
Wetting resistance at its topographical limit: The benefit of mushroom and serif T 
structures. Langmuir 29, 1100-1112 (2013).

 58. R. Hensel, A. Finn, R. Helbig, H.-G. Braun, C. Neinhuis, W.-J. Fischer and C. Werner, 
Biologically inspired omniphobic surfaces by reverse imprint lithography. Adv. Mater. 
26, 2029-2033 (2014).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC30

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 59. J. Nickerl, M. Tsurkan, R. Hensel, C. Neinhuis and C. Werner, The multi-layered pro-
tective cuticle of collembola: A chemical analysis. J. Royal Soc. Interface 11, 20140619 
(2014).

 60. S.S. Chhatre, J.O. Guardado, B.M. Moore, T.S. Haddad, J.M. Mabry, G.H. Mckinley 
and R.E. Cohen, Fluoroalkylate silicon-containing surfaces–estimation of solid- 
surface energy. ACS Appl. Mater. Interfaces 2, 3544-3554 (2010).

 61. A.T. Tyowua, Solid particles at fluid interfaces: Emulsions, liquid marbles, dry oil 
powders and oil foams, Ph.D. thesis University of Hull, Hull, UK (2014).

 62. B.P. Binks and T.S. Horozov, Colloidal Particles at Liquid Interfaces. Cambridge University 
Press, Cambridge, UK (2006).

 63. P. Aussillous and D. Quéré, Liquid marbles. Nature 411, 924-927 (2001).
 64. H. Schift, Nanoimprint lithography: An old story in modern times? A review. J. Vac. 

Sci. Technol. B. 26, 458-480 (2008).
 65. R. Von Gutfeld and R. Hodgson, Laser enhanced etching in KOH. Appl. Phys. Lett. 40, 

352-354 (1982).
 66. J.W. Coburn and H.F. Winters, Plasma etching–a discussion of mechanisms. J. Vac. Sci. 

Technol. 16, 391-403 (1979).
 67. S. Mancha, Chemical etching of thin film PLZT. Ferroelectrics 135, 131-137 (1992).
 68. O.L. Guise, J.W. Ahner, M.-C. Jung, P.C. Goughnour and J.T. Yates, Reproducible 

electrochemical etching of tungsten probe tips. Nano Lett. 2, 191-193 (2002).
 69. V. Kadekar, W. Fang and F. Liou, Deposition technologies for micromanufacturing: 

A review. J. Manuf. Sci. Eng. 126, 787-795 (2004).
 70. D.K. Sarkar, M. Farzaneh and R.W. Paynter, Superhydrophobic properties of ultra-

thin rf-sputtered Teflon films coated etched aluminum surfaces. Mater. Lett. 62, 1226-
1229 (2008).

 71. J.-Y. Shiu, C.-W. Kuo, P. Chen and C.-Y. Mou, Fabrication of tunable superhydrophobic 
surfaces by nanosphere lithography. Chem. Mater. 16, 561-564 (2004).

 72. J. Zhang, J. Li and Y. Han, Superhydrophobic PTFE surfaces by extension. Macromol. 
Rapid Commun. 25, 1105-1108 (2004).

 73. M.A. Nilsson, R.J. Daniello and J.P. Rothstein, A novel and inexpensive technique 
for creating superhydrophobic surfaces using Teflon and sandpaper. J. Phys. D: Appl. 
Phys. 43, 045301 (2010).

 74. D. Song, R.J. Daniello and J.P. Rothstein, Drag reduction using superhydrophobic 
sanded Teflon surfaces. Exp. Fluids 55, 1783 (2014).

 75. S.F. Toosi, S. Moradi, S. Kamal and S.G. Hatzikiriakos, Superhydrophobic laser ablated 
PTFE substrates. Appl. Surf. Sci. 349, 715-723 (2015).

 76. A. Hozumi, D.F. Cheng and M. Yagihashi, Hydrophobic/superhydrophobic oxidized 
metal surfaces showing negligible contact angle hysteresis. J. Colloid Interface Sci. 353, 
582-587 (2011).

 77. B.P. Binks, S.K. Johnston, T. Sekine and A.T. Tyowua, Particles at oil-air surfaces: Powdered 
oil, liquid oil marbles, and oil foam. ACS Appl. Mater. Interfaces 7, 14328-14337 (2015).

 78. A. Tuteja, W. Choi, J.M. Mabry, G.H. McKinley and R.E. Cohen, Robust omniphobic 
surfaces. Proc. Natl. Acad. Sci. USA 105, 18200-18205 (2008).

 79. B. Qian and Z. Shen, Fabrication of superhydrophobic surfaces by dislocation- 
selective chemical etching on aluminum, copper, and zinc substrates. Langmuir 21, 
9007-9009 (2005).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 31

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 80. B. Bhushan and Y.C. Jung, Wetting study of patterned surfaces for superhydropho-
bicity. Ultramicroscopy 107, 1033-1041 (2007).

 81. E. Martines, K. Seunarine, H. Morgan, N. Gadegaard, C.D.W. Wilkinson and M.O. 
Riehle, Superhydrophobicity and superhydrophilicity of regular nanopatterns. 
Nano. Lett. 5, 2097-2103 (2005).

 82. K. Tsujii, T. Yamamoto, T. Onda and S. Shibuichi, Super oil-repellent surfaces. Angew. 
Chem. Int. Ed. 36, 1011-1012 (1997).

 83. N.J. Shirtcliffe, G. McHale, M.I. Newton, G. Chabrol and C.C. Perry, Dual-scale 
roughness produces unusually water-repellent surfaces. Adv. Mater. 16, 1929-1932 
(2004).

 84. C. Martin, G. Rius, X. Borrise and F. Perez-Murano, Nanolithography on thin layers of 
PMMA using atomic force microscopy. Nanotechnology 16, 1016-1022 (2005).

 85. M. Sun, C. Luo, L. Xu, H. Ji, Q. Ouyang, D. Yu and Y. Chen, Artificial lotus leaf by 
nanocasting. Langmuir 21, 8978-8981 (2005).

 86. R. Furstner, W. Barthlott, C. Neinhuis and P. Walzel, Wetting and self-cleaning proper-
ties of artificial superhydrophobic surfaces. Langmuir 21, 956-961 (2005).

 87. L. Cao, T.P. Price, M. Weiss and D. Gao, Super water- and oil-repellent surfaces on 
intrinsically hydrophilic and oleophilic porous silicon films. Langmuir 24, 1640-1643 
(2008).

 88. A. Ahuja, J. Taylor, V. Lifton, A. Sidorenko, T. Salamon, E. Lobaton, P. Kolodner 
and T. Krupenkin, Nanonails: A simple geometrical approach to electrically tunable 
superlyophobic surfaces. Langmuir 24, 9-14 (2008).

 89. T. Darmanin and F. Guittard, Molecular design of conductive polymers to modulate 
superoleophobic properties. J. Am. Chem. Soc. 131, 7928-7933 (2009).

 90. X. Feng, L. Feng, M. Jin, J. Zhai, L. Jiang and D. Zhu, Reversible superhydrophobicity 
to superhydrophilicity transition of aligned ZnO nanorod films. J. Am. Chem. Soc. 126, 
62-63 (2004).

 91. D. Wang, X. Wang, X. Liu and F. Zhou, Engineering a titanium surface with con-
trollable oleophobicity and switchable oil adhesion. J. Phys. Chem. C 114, 9938-9944 
(2010).

 92. A. Steele, I. Bayer and E. Loth, Inherently superoleophobic nanocomposite coatings 
by spray atomization. Nano Lett. 9, 501-505 (2009).

 93. X. Zhang, F. Shi, X. Yu, H. Liu, Y. Fu, Z. Wang, L. Jiang and X. Li, Polyelectrolyte 
multilayer as matrix for electrochemical deposition of gold clusters:  Toward 
super-hydrophobic surface. J. Am. Chem. Soc. 126, 3064-3065 (2004).

 94. K.K.S. Lau, J. Bico, K.B.K. Teo, M. Chhowalla, G.A.J. Amaratunga, W.I. Milne, G.H. 
McKinley and K.K. Gleason, Superhydrophobic carbon nanotube forests. Nano Lett. 3, 
1701-1705 (2003).

 95. L. Huang, S.P. Lau, H.Y. Yang, E.S.P. Leong, S.F. Yu and S. Prawer, Stable superhydro-
phobic surface via carbon nanotubes coated with a ZnO thin film. J. Phys. Chem. B 109, 
7746-7748 (2005).

 96. Y.C. Jung and B. Bhushan, Mechanically durable carbon nanotube-composite hierar-
chical structures with superhydrophobicity, self-cleaning, and low-drag. ACS Nano 
3, 4155-4163 (2009).

 97. H. Li, X. Wang, Y. Song, Y. Liu, Q. Li, L. Jiang and D. Zhu, Super-“amphiphobic” 
aligned carbon nanotube films. Angew. Chem. Int. Ed. 40, 1743-1746 (2001).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC32

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 98. M. Hikita, K. Tanaka, T. Nakamura, T. Kajiyama and A. Takahara, Superliquid-
repellent surfaces prepared by colloidal silica nanoparticles covered with fluoroalkyl 
groups. Langmuir 21, 7299-7302 (2005).

 99. Y. Zhao, M. Li, Q. Lu and Z. Shi, Superhydrophobic polyimide films with a hierarchi-
cal topography: Combined replica molding and layer-by-layer assembly. Langmuir 24, 
12651-12657 (2008).

 100. L. Zhang, J. Wu, Y. Wang, Y. Long, N. Zhao and J. Xu, Combination of bioinspira-
tion: A general route to superhydrophobic particles. J. Am. Chem. Soc. 134, 9879-9881 
(2012).

 101. B.P. Binks and A.T. Tyowua, Influence of the degree of fluorination on the behavior of 
silica particles at air-oil surfaces. Soft Matter 9, 834-845 (2013).

 102. C.-T. Hsieh, F.-L. Wu and W.-Y. Chen, Contact angle hysteresis and work of adhe-
sion of oil droplets on nanosphere stacking layers. J. Phys. Chem. C 113, 13683-13688 
(2009).

 103. W. Choi, A. Tuteja, S. Chhatre, J.M. Mabry, R.E. Cohen and G.H. McKinley, Fabrics 
with tunable oleophobicity. Adv. Mater. 21, 2190-2195 (2009).

 104. A. Tuteja, W. Choi, M. Ma, J.M. Mabry, S.A. Mazzella, G.C. Rutledge, G.H. McKinley 
and R.E. Cohen, Designing superoleophobic surfaces. Proc. Natl. Acad. Sci. USA 318, 
1618-1622 (2007).

 105. I. Sas, R.E. Gorga, J.A. Joines and K.A. Thoney, Literature review on superhydropho-
bic self-cleaning surfaces produced by electrospinning. J. Polym. Sci. B Polym. Phys. 50, 
824-845 (2012).

 106. B.P. Binks, T. Sekine and A.T. Tyowua, Dry oil powders and oil foams stabilized by 
fluorinated clay platelet particles. Soft Matter 10, 578-589 (2014).

 107. A.K. Kota and A. Tuteja, Superoleophobic surfaces, in: Advances in Fluorine-
Containing Polymers, ACS Symp. Ser. No. 1106, 171-185, American Chemical Society, 
Washington DC (2012).

 108. J. Genzer and K. Efimenko, Recent developments in superhydrophobic surfaces and 
their relevance to marine fouling: A review. Biofouling 22, 339-360 (2006).

 109. N.J. Shirtcliffe, S. Aqil, C. Evans, G. McHale, M.I. Newton, C.C. Perry and P. Roach, 
The use of high aspect ratio photoresist (SU-8) for superhydrophobic pattern proto-
typing. J. Micromech. Microeng. 14, 1384 (2004).

 110. Y. Miyauchi, B. Ding and S. Shiratori, Fabrication of a silver-ragwort-leaf-like superhy-
drophobic micro/nanoporous fibrous mat surface by electrospinning. Nanotechnology 
17, 5151-5156 (2006).

 111. T. Fujii, Y. Aoki and H. Habazaki, Fabrication of super-oil-repellent dual pillar sur-
faces with optimized pillar intervals. Langmuir 27, 11752-11756 (2011).

 112. J. Bico, C. Marzolin and D. Quéré, Pearl drops. Europhys. Lett. 47, 220-226 (1999).
 113. J. Bico, C. Tordeux and D. Quéré, Rough wetting. Europhys. Lett. 55, 214-220 (2001).
 114. A. Lafuma and D. Quéré, Superhydrophobic states. Nature Mater. 2, 457-460 (2003).
 115. D. Quéré, A. Lafuma and J. Bico, Slippy and sticky microtextured solids. Nanotechnology 

14, 1109-1112 (2003).
 116. Z. Yoshimitsu, A. Nakajima, T. Watanabe and K. Hashimoto, Effects of surface structure 

on the hydrophobicity and sliding behavior of water droplets. Langmuir 18, 5818-5822 
(2002).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 33

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 117. S.S. Latthe, C. Terashima, K. Nakata and A. Fujishima, Superhydrophobic surfaces 
developed by mimicking hierarchical surface morphology of lotus leaf. Molecules 19, 
4256-4283 (2014).

 118. D. Richard and D. Quéré, Viscous drops rolling on a tilted non-wettable solid. 
Europhys. Lett. 48, 286-291 (1999).

 119. C. Lv, C. Yang, P. Hao, F. He and Q. Zheng, Sliding of water droplets on microstruc-
tured hydrophobic surfaces. Langmuir 26, 8704-8708 (2010).

 120. Z. Yuan, H. Chen, J. Tang, X. Chen, D. Zhao and Z. Wang, Facile method to fabricate 
stable superhydrophobic polystyrene surface by adding ethanol. Surf. Coat. Technol. 
201, 7138-7142 (2007).

 121. N.D. Boscher, C.J. Carmalt and I.P. Parkin, Atmospheric pressure chemical vapor 
deposition of WSe2 thin films on glass–highly hydrophobic sticky surfaces. J. Mater. 
Chem. 16, 122-127 (2006).

 122. B. Balu, V. Breedveld and D.W. Hess, Fabrication of “roll-off” and “sticky” superhy-
drophobic cellulose surfaces via plasma processing. Langmuir 24, 4785-4790 (2008).

 123. M. Miwa, A. Nakajima, A. Fujishima, K. Hashimoto and T. Watanabe, Effects of the 
surface roughness on sliding angles of water droplets on superhydrophobic surfaces. 
Langmuir 16, 5754-5760 (2000).

 124. W. Wu, X. Wang, D. Wang, M. Chen, F. Zhou, W. Liu and Q. Xue, Alumina nanowire 
forests via unconventional anodization and super-repellency plus low adhesion to 
diverse liquids. Chem. Commun., 1043-1045 (2009).

 125. R. Saraf, H.J. Lee, S. Michielsen, J. Owens, C. Willis, C. Stone and E. Wilusz, Comparison 
of three methods for generating superhydrophobic, superoleophobic nylon nonwo-
ven surfaces. J. Mater. Sci. 46, 5751-5760 (2011).

 126. D. Bartolo, F. Bouamrirene, E. Verneuil, A. Buguin, P. Silberzan and S. Moulinet, 
Bouncing or sticky droplets: Impalement transitions on superhydrophobic micropat-
terned surfaces. Europhys. Lett. 74, 299-306 (2006).

 127. D. Richard, C. Clanet and D. Quéré, Surface phenomena: Contact time of a bouncing 
drop. Nature 417, 811 (2002).

 128. S. Pan, A.K. Kota, J.M. Mabry and A. Tuteja, Superomniphobic surfaces for effective 
chemical shielding. J. Am. Chem. Soc. 135, 578-581 (2012).

 129. R. Wang, N. Sakai, A. Fujishima, T. Watanabe and K. Hashimoto, Studies of surface 
wettability conversion on TiO2 single-crystal surfaces. J. Phys. Chem. B 103, 2188-2194 
(1999).

 130. L.-Q. Wang, D.R. Baer, M.H. Engelhard and A.N. Shultz, The adsorption of liquid 
and vapor water on TiO2 (110) surfaces: The role of defects. Surf. Sci. 344, 237-250 
(1995).

 131. S.L. Dhere, S.S. Latthe, C. Kappenstein, G. Pajonk, V. Ganesan, A.V. Rao, P.B. Wagh 
and S.C. Gupta, Transparent water repellent silica films by sol-gel process. Appl. Surf. 
Sci. 256, 3624-3629 (2010).

 132. S.S. Latthe, H. Imai, V. Ganesan, C. Kappenstein and A.V. Rao, Optically transparent 
superhydrophobic TEOS-derived silica films by surface silylation method. J. Sol-Gel 
Sci. Technol. 53, 208-215 (2010).

 133. Y. Rahmawan, L. Xu and S. Yang, Self-assembly of nanostructures towards transpar-
ent, superhydrophobic surfaces. J. Mater. Chem. A 1, 2955-2969 (2013).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC34

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 134. S. Sutha, S. Suresh, B. Raj and K. Ravi, Transparent alumina based superhydrophobic 
self-cleaning coatings for solar cell cover glass applications. Solar Energy Mater. Solar 
Cells 165, 128-137 (2017).

 135. Z. Guo and W. Liu, Biomimic from the superhydrophobic plant leaves in nature: 
Binary structure and unitary structure. Plant Sci. 172, 1103-1112 (2007).

 136. M. Valipour, F.C. Birjandi and J. Sargolzaei, Super-non-wettable surfaces: A review. 
Colloids Surfaces A 448, 93-106 (2014).

 137. X. Feng and L. Jiang, Design and creation of superwetting/antiwetting surfaces. Adv. 
Mater. 18, 3063-3078 (2006).

 138. T. Sun, L. Feng, X. Gao and L. Jiang, Bioinspired surfaces with special wettability. Acc. 
Chem. Res. 38, 644-652 (2005).

 139. P. Roach, N.J. Shirtcliffe and M.I. Newton, Progess in superhydrophobic surface devel-
opment. Soft Matter 4, 224-240 (2008).

 140. X. Yao, Y. Song and L. Jiang, Applications of bio-inspired special wettable surfaces. 
Adv. Mater. 23, 719-734 (2011).

 141. S. Shin, J. Seo, H. Han, S. Kang, H. Kim and T. Lee, Bioinspired extreme wetting sur-
faces for biomedical applications. Materials 9, 1-26 (2016).

 142. A. Nakajima, Design of hydrophobic surfaces for liquid droplet control. NPG Asia 
Mater. 3, 49-56 (2011).

 143. A. Carré and K.L. Mittal (Eds.), Superhydrophobic Surfaces, CRC Press, Boca Raton, FL 
(2009).

 144. Z. Sun, T. Liao, K. Liu, L. Jiang, J.H. Kim and S.X. Dou, Fly-eye inspired superhydro-
phobic anti-fogging inorganic nanostructures. Small 10, 3001-3006 (2014).

 145. G. Wang, H. Wang and Z. Guo, A robust transparent and anti-fingerprint superhydro-
phobic film. Chem. Commun. 49, 7310-7312 (2013).

 146. M. Belhadjamor, M. El Mansori, S. Belghith and S. Mezlini, Anti-fingerprint properties 
of engineering surfaces: A review. Surf. Eng. 34, 85-120 (2018).

 147. W. Zhang, P. Lu, L. Qian and H. Xiao, Fabrication of superhydrophobic paper surface 
via wax mixture coating. Chem. Eng. J. 250, 431-436 (2014).

 148. J. Li, Q.H. Qin, A. Shah, R.H. Ras, X. Tian and V. Jokinen, Oil droplet self-transportation 
on oleophobic surfaces. Sci. Advances. 2, e1600148 (2016).

 149. Y. Deng and Z.-J. Lian, Application of a new anti-dirty and self-cleaning surface treat-
ment coating. Textile Auxiliaries 9, 25-27 (2005).

 150. R.J. Daniello, N.E. Waterhouse and J.P. Rothstein, Drag reduction in turbulent flows 
over superhydrophobic surfaces. Phys. Fluids 21, 085103 (2009).

 151. B. Zhang, Y. Li and B. Hou, One-step electrodeposition fabrication of a superhy-
drophobic surface on an aluminum substrate with enhanced self-cleaning and 
anti-corrosion properties. RSC Adv. 5, 100000-100010 (2015).

 152. D. Sebastian, C.-W. Yao and I. Lian, Mechanical durability of engineered superhydro-
phobic surfaces for anti-corrosion. Coatings 8, 162 (2018).

 153. L. Li, J. Tian, M. Li and W. Shen, Superhydrophobic surface supported bioassay–an 
application in blood typing. Colloids Surfaces B 106, 176-180 (2013).

 154. A.C. Lima and J.F. Mano, Micro/nano-structured superhydrophobic surfaces in the 
biomedical field: Part II: applications overview. Nanomedicine 10, 271-297 (2015).

 155. V. Jokinen, E. Kankuri, S. Hoshian, S. Franssila and R.H. Ras, Superhydrophobic 
blood-repellent surfaces. Adv. Mater. 30, 1705104 (2018).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 35

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 156. N. Maani, V.S. Rayz and M. Nosonovsky, Biomimetic approaches for green tribology: 
From the lotus effect to blood flow control. Surf. Topography 3, 034001 (2015).

 157. H. Luo, Y. Lu, S. Yin, S. Huang, J. Song, F. Chen, F. Chen, C.J. Carmalt and I.P. Parkin, 
Robust platform for water harvesting and directional transport. J. Mater. Chem. A 6, 
5635-5643 (2018).

 158. Y. Si, T. Wang, C. Li, C. Yu, N. Li, C. Gao, Z. Dong and L. Jiang, Liquids unidirectional 
transport on dual-scale arrays. ACS Nano 12, 9214-9222 (2018).

 159. D. Li, J. Huang, G. Han and Z. Guo, A facile approach to achieve bioinspired PDMS@ 
Fe3O4 fabric with switchable wettability for liquid transport and water collection. 
J. Mater. Chem. A 6, 22741-22748 (2018).

 160. C. Xu, R. Feng, F. Song, J.-M. Wu, Y.-Q. Luo, X.-L. Wang and Y.-Z. Wang, Continuous 
and controlled directional water transportation on a hydrophobic/superhydrophobic 
patterned surface. Chem. Eng. J. 352, 722-729 (2018).

 161. Y. Wang, K. Ma and J.H. Xin, Stimuli-responsive bioinspired materials for controllable 
liquid manipulation: Principles, fabrication, and applications. Adv. Funct. Mater. 28, 
1705128 (2018).

 162. D. Shi, Y. Chen, X. Chen, X. Chen, J. Gao, Y. He and C.-P. Wong, Ladderlike tapered 
pillars enabling spontaneous and consecutive liquid transport. ACS Appl. Mater. 
Interfaces 10, 34735-34743 (2018).

 163. S. Chatterjee, P.S. Mahapatra, A. Ibrahim, R. Ganguly, L. Yu, R. Dodge and C.M. 
Megaridis, Precise liquid transport on and through thin porous materials. Langmuir 
34, 2865-2875 (2018).

 164. S. Zhang, J. Huang, Z. Chen, S. Yang and Y. Lai, Liquid mobility on superwettable 
surfaces for applications in energy and the environment. J. Mater. Chem. A 7, 38-63 
(2019).

 165. D. Ishii, Liquid manipulation, in: Stimuli-Responsive Dewetting/Wetting Smart Surfaces 
and Interfaces, A. Hozumi, L. Jiang, H. Lee and M. Shimomura (Eds.), 399-415, Springer 
International Publishing, Cham (2018).

 166. C. Peng, Z. Chen and M.K. Tiwari, All-organic superhydrophobic coatings with mech-
anochemical robustness and liquid impalement resistance. Nature Mater. 17, 355-360 
(2018).

 167. Y. Jiao, X. Lv, Y. Zhang, C. Li, J. Li, H. Wu, Y. Xiao, S. Wu, Y. Hu and D. Wu, Pitcher 
plant-bioinspired bubble slippery surface fabricated by femtosecond laser for 
buoyancy-driven bubble self-transport and efficient gas capture. Nanoscale 11, 1370-
1378 (2019).

 168. M.-Y. Chen, Z.-H. Jia, T. Zhang and Y.-Y. Fei, Self-transport of underwater bubbles on 
a microholed hydrophobic surface with gradient wettability. Soft Matter 14, 7462-7468 
(2018).

 169. Y. Yang, X. Li, X. Zheng, Z. Chen, Q. Zhou and Y. Chen, 3D-Printed biomimetic super-
hydrophobic structure for microdroplet manipulation and oil/water separation. Adv. 
Mater. 30, 1704912 (2018).

 170. B.S. Yilbas, Why self-cleaning is important for solar thermal receivers? Int. J. Energy 
Res. 43, 616-620 (2019).

 171. B. Bhushan and V. Multanen, Designing liquid repellent, icephobic and self-cleaning 
surfaces with high mechanical and chemical durability. Philos. Trans. Royal Soc. A 377, 
20180270 (2018).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC36

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 172. S. Pan, R. Guo, M. Björnmalm, J.J. Richardson, L. Li, C. Peng, N. Bertleff-Zieschang, 
W. Xu, J. Jiang and F. Caruso, Coatings super-repellent to ultralow surface tension 
liquids. Nature Mater. 17, 1040-1047 (2018).

 173. C. Feng, Z. Zhang, J. Li, Y. Qu, D. Xing, X. Gao, Z. Zhang, Y. Wen, Y. Ma and J. Ye, 
A bioinspired, highly transparent surface with dry-style anti-fogging, anti-frosting, 
anti-fouling, and moisture self-cleaning properties. Macromol. Rapid Commun., 1800708 
(2018).

 174. J.A. Maurer, M.J. Miller and S.F. Bartolucci, Self-cleaning superhydrophobic nanocom-
posite surfaces generated by laser pulse heating. J. Colloid Interface Sci. 524, 204-208 
(2018).

 175. T.-W. Liao, S. Verbruggen, N. Claes, A. Yadav, D. Grandjean, S. Bals and P. Lievens, 
TiO2 films modified with Au nanoclusters as self-cleaning surfaces under visible light. 
Nanomaterials 8, 30 (2018).

 176. A. Kumar and B. Gogoi, Development of durable self-cleaning superhydrophobic 
coatings for aluminium surfaces via chemical etching method. Tribol. Int. 122, 114-118 
(2018).

 177. G. He, S. Lu, W. Xu, P. Ye, G. Liu, H. Wang and T. Dai, Stable superhydrophobic 
Zn/ZnO surfaces fabricated via electrodeposition on tin substrate for self-cleaning 
behavior and switchable wettability. J. Alloys Compounds 747, 772-782 (2018).

 178. P. Varshney, J. Lomga, P. Gupta, S. Mohapatra and A. Kumar, Durable and regenerable 
superhydrophobic coatings for aluminium surfaces with excellent self-cleaning and 
anti-fogging properties. Tribol. Int. 119, 38-44 (2018).

 179. H.A. Stone, Icephobic surfaces that are wet. ACS Nano 6, 6536-6540 (2012).
 180. M. Nosonovsky and V. Hejazi, Why superhydrophobic surfaces are not always ice-

phobic. ACS Nano 6, 8488-8491 (2012).
 181. R. Jafari, R. Menini and M. Farzaneh, Superhydrophobic and icephobic surfaces 

prepared by RF-sputtered polytetrafluoroethylene coatings. Appl. Surf. Sci. 257, 
1540-1543 (2010).

 182. R. Menini and M. Farzaneh, Elaboration of Al2O3/PTFE icephobic coatings for protect-
ing aluminum surfaces. Surf. Coat. Technol. 203, 1941-1946 (2009).

 183. L.B. Boinovich, A.M. Emelyanenko, V.K. Ivanov and A.S. Pashinin, Durable icephobic 
coating for stainless steel. ACS Appl. Mater. Interfaces 5, 2549-2554 (2013).

 184. Q. Fu, X. Wu, D. Kumar, J.W. Ho, P.D. Kanhere, N. Srikanth, E. Liu, P. Wilson and 
Z. Chen, Development of sol-gel icephobic coatings: Effect of surface roughness 
and surface energy. ACS Appl. Mater. Interfaces 6, 20685-20692 (2014).

 185. R. Menini and M. Farzaneh, Advanced icephobic coatings. J. Adhesion Sci. Technol. 25, 
971-992 (2011).

 186. M.J. Kreder, J. Alvarenga, P. Kim and J. Aizenberg, Design of anti-icing surfaces: 
Smooth, textured or slippery? Nature Rev. Mater. 1, 15003 (2016).

 187. S. Kulinich, M. Honda, A. Zhu, A. Rozhin and X. Du, The icephobic performance of 
alkyl-grafted aluminum surfaces. Soft Matter 11, 856-861 (2015).

 188. L. Zhu, J. Xue, Y. Wang, Q. Chen, J. Ding and Q. Wang, Icephobic coatings based on 
silicone-oil-infused poly(dimethylsiloxane). ACS Appl. Mater. Interfaces 5, 4053-4062 
(2013).

 189. X. Wu, S. Zheng, D.A. Bellido-Aguilar, V.V. Silberschmidt and Z. Chen, Transparent 
icephobic coatings using bio-based epoxy resin. Mater. Des. 140, 516-523 (2018).



Rev. Adhesion Adhesives, Vol. 7, No. 2, June 2019 © 2019 Scrivener Publishing LLC 37

DOI: 10.7569/RAA.2019.097308

Andrew Terhemen Tyowua et al.: Non-Wettable Surfaces and Applications

 190. H. Niemelä-Anttonen, H. Koivuluoto, M. Tuominen, H. Teisala, P. Juuti, J. Haapanen, 
J. Harra, C. Stenroos, J. Lahti and J. Kuusipalo, Icephobicity of slippery liquid infused 
porous surfaces under multiple freeze-thaw and ice accretion-detachment cycles. Adv. 
Mater. Interfaces 5, 1800828 (2018).

 191. R. Jafari, G. Momen and M. Farzaneh, Durability enhancement of icephobic fluoro-
polymer film. J. Coat. Technol. Res. 13, 405-412 (2016).

 192. R. Ramachandran, M. Kozhukhova, K. Sobolev and M. Nosonovsky, Anti-icing supe-
rhydrophobic surfaces: Controlling entropic molecular interactions to design novel 
icephobic concrete. Entropy 18, 132 (2016).

 193. L.F. Mobarakeh, R. Jafari and M. Farzaneh, Robust icephobic, and anti-corrosive 
plasma polymer coating. Cold Regions Sci. Technol. 151, 89-93 (2018).

 194. T.M. Schutzius, S. Jung, T. Maitra, P. Eberle, C. Antonini, C. Stamatopoulos and 
D. Poulikakos, Physics of icing and rational design of surfaces with extraordinary 
icephobicity. Langmuir 31, 4807-4821 (2014).

 195. H. Jin, Z. Li, S. Wei, S. Nie, Z. Pan, T. Zhang and N. Gao, Corrosion resistance and 
dynamic anti-icing of superhydrophobic surface on ASW. Surf. Eng. 34, 603-610 (2018).

 196. X. Sun, V.G. Damle, S. Liu and K. Rykaczewski, Bioinspired stimuli-responsive and 
antifreeze-secreting anti-icing coatings. Adv. Mater. Interfaces 2, 1400479 (2015).

 197. K. Golovin, S.P. Kobaku, D.H. Lee, E.T. DiLoreto, J.M. Mabry and A. Tuteja, Designing 
durable icephobic surfaces. Sci. Advances 2, e1501496 (2016).

 198. M.I. Jamil, A. Ali, F. Haq, Q. Zhang, X. Zhan and F. Chen, Icephobic strategies and 
materials with superwettability: Design principles and mechanism. Langmuir 34, 
15425-15444 (2018).

 199. N.M. Oliveira, S. Vilabril, M.B. Oliveira, R.L. Reis and J.F. Mano, Recent advances on 
open fluidic systems for biomedical applications: A review. Mater. Sci. Eng. C 97, 851-
863 (2018).

 200. Z. Li, B.L. Nguyen, Y.C. Cheng, J. Xue, G. MacLaren and C.H. Yap, Durable, flexi-
ble, superhydrophobic and blood-repelling surfaces for use in medical blood pumps. 
J. Mater. Chem. B 6, 6225-6233 (2018).

 201. A.I. Neto, P.A. Levkin and J.F. Mano, Patterned superhydrophobic surfaces to process 
and characterize biomaterials and 3D cell culture. Mater. Horizons. 5, 379-393 (2018).



View publication stats

https://www.researchgate.net/publication/346371773

