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Abstract 

The exceptional properties of water contribute to the multitudinous uses of it in the 
world. Nevertheless, the existence of water could cause some hindrances. Hence, the 
surfaces of organisms in nature utilize the hydrophobic property, such as the lotus leaf, 
the water-strider legs, the butterfly wings, and rose petals. Similarly, we also need the 
property for convenience; for example, one cannot expect an umbrella to function if the 
surface does not repel water. Nevertheless, this review contains the basic concepts, 
formulae, chemical and material structures, and the natural superhydrophobic surface. 
Additionally, the synthetic mechanism, advantages, and limitations of artificial design, 
applications, and other related topics are also explored. One of the essential notions is 
superhydrophobicity, the property of a surface being super-repellent of water and other 
hydrophilic substances. The roughness or uneven microscopic structures of the surface 
material determine the superhydrophobicity. The surface tension allows water droplets 
to form and bead off instead of spreading out on the superhydrophobic surface. The 
surfaces’ attributes are examined through relationships mainly include Young’s relation, 
the Wenzel relation, and the Cassie-Baxter relation. Related property such as 
icephobicity that is the repellence of ice, is also explored. Moreover, the applications for 
a hydrophobic property are endless and can be very beneficial for society. Current 
applications include sportswear, kitchenwares, water-resistant electronics, nuclear 
power plants, transportation surfaces, and more. Nonetheless, there are several 
apprehensions concerning the applications of the superhydrophobic surface. In addition, 
the exploration in the development of a superhydrophobic surface is also necessary. 
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1. Introduction 

1.1 Definitions and Background 

Superhydrophobicity is the property of a surface being extremely water repellent. This review fully 

presents related topics with superhydrophobicity, including numerous interdisciplinary terms, such 

as the contact angle, surface tension, hydrophobicity, and more. These properties were determined 

and discovered by biologists, chemists, physicists, material scientists over the history of their fields, 

and they have summarized the findings and developed various understandings and mathematical 

formulae: Young’s relation, used for the contact angle assessment on a smooth surface; the Cassie-

Baxter relation, under which the droplet settles on the surface with small air clusters trapped between 

the liquid and solid interfaces; and the Wenzel Relation, under which the liquid droplet wets through 

the rough surface and fills in the empty cavities of the surface, leaving no air pockets. These 
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understandings of the surface, especially about superhydrophobicity, is our concern in this article. 

Scientists have been able to develop and innovate synthetic surfaces that will be covered in the review. 

1.2 Natural superhydrophobic surfaces 

The entire study of superhydrophobicity is based on its discovery in organisms' natural body surfaces 

in our environment, either plants or animals. For instance, the lotus leaf has a microstructure surface 

over three hierarchical structures that increase the superhydrophobicity. The superhydrophobicity of 

surfaces is also known as the lotus effect. The name “lotus” derives from the superhydrophobic 

surface of the lotus leaves. Surfaces similar to the lotus leaves can bounce off hydrophilic droplets as 

beads [1]. More natural surfaces, like the rice leaf, butterfly wings, rose petals, and the water strider, 

will be explored more in the following parts of the review. The most important message of these 

natural surfaces we receive is how the properties come about and what we can utilize to synthesize 

synthetic surfaces instead of extracting surfaces from organisms.  

1.3 Characteristics of superhydrophobicity and the determinants 

The rough surface with a contact angle that is approximately above 150º is referred to as 

superhydrophobic. To understand the mechanism that forms the bead-like structure of water droplets 

on a superhydrophobic surface, we must comprehend surface tension. Since the surface water 

molecules are affected less by cohesion with molecules inside, they form stronger intermolecular 

forces with other surface water molecules. As a result, all the surface water molecules create a surface 

that has a stretchy nature because surface water molecules are more difficult to keep apart from each 

other than that inside. Surface tension is a property of a liquid. The property allows the water 

molecules within the droplet to form cohesion and induce the surface to resist an external force [2]. 

Surface tension can also be understood as boundary water molecules having fewer cohesion 

interactions with neighboring water molecules, so they exist in a higher energy state. In the state with 

higher energy, the droplet’s surface area minimizes into almost spherical. 

In material science, surface tension is also known as surface energy, which is the free energy between 

the two interfaces. The free energy is equivalent to the energy of disruption of intermolecular bonds 

to create a new material surface. For superhydrophobic surfaces, they generally have low surface 

energy. Hence, the hydrophobic surface will not attract the droplet as strong as those with high surface 

energy, shrinking the droplet instead of flattening it onto the surface. Rough surfaces usually contain 

microstructures with hydrophobic properties, such as papillae and wax clusters and tubules of the 

lotus leaf surface. 

1.4 Applications of superhydrophobic surfaces 

The objective of the study of superhydrophobicity is to apply in real life where water resistance is 

beneficial to the situation. For example, it can be applied on sporting attire or equipment to prevent 

water from interfering in an athletes’ performance, anti-adhesion or self-cleaning glass surfaces on 

car windshield to make the visual perception of the open road better, anti-biofouling surfaces on ships 

to prevent species like barnacles from sticking on the ship, or friction reduction for water 

transportation like ships or submarines. As a result, material scientists have learned from natural 

surfaces, designing, and fabricating synthetic surfaces from available materials to utilize in real-life. 

This review is aimed to summarize and will further discuss the experimental techniques for 

developing synthetic surfaces. 

1.5 Scope of the article 

This article explores the Cassie-Baxter and Wenzel states. The association between the 

microstructures or surface roughness and the droplet’s contact angle or the hydrophobicity. This 

review also introduces the critical contact angle and the breakthrough pressure for a liquid droplet on 

a rough surface. Certain structures of the rough surface are also explored. Certain natural and 

synthetic surfaces material scientists have encountered, and the future possible new development of 

superhydrophobic surfaces or improvement of current existing synthetic surfaces. 
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2. Theory about wettability 

2.1 Contact angle and Young's equation 

Before deriving Young's equation [3], we must first understand surface tension and surface energy.  

1). Surface tension: Surface tension refers to the force of attraction between the molecules of a liquid 

that causes the molecules on the surface to move inward, which makes the liquid reduce its surface 

area as much as possible to form a force parallel to the surface; or the mutual traction force within 

the unit length between two adjacent parts of the liquid surface, which is a manifestation of molecular 

force. The unit of surface tension is N / m. The surface tension is related to the chemical nature, purity, 

and temperature of the liquid. 

2). Surface energy: The definition of surface energy is the amount of energy that a surface particle 

has relative to an internal particle. The larger the surface tension and the larger the surface area, the 

greater the surface energy. 

The contact angle refers to the tangent line of the gas-liquid interface at the gas, liquid, and solid 

intersection. The angle θ between the liquid side and the solid-liquid interface is a measure of wetting 

degree. If θ < 90 °, the solid surface is hydrophilic, that is, the liquid is easier to wet the solid, the 

smaller the angle is, the better the wettability is; if θ > 90 °, the solid surface is hydrophobic, that is, 

the liquid is not easy to wet the solid, and easy to move on the surface.  

For young's equation, It describes the relationship between the interfacial tension γSG (solid-gas), γSL 

(solid-liquid), γLG (liquid-gas) and the contact angle θ, also known as the wetting equation. The 

expression is  

γSG - γSL = γLGcosθ (1) 

It is suitable for a state of equilibrium on a smooth surface.  

 

 

Fig. 1. The water droplet on a uniform solid surface [4]. 

 

The wetting process is related to the interfacial tension of the system. When a drop of liquid contacts 

a horizontal solid surface and reaches equilibrium, the contact angle formed, and the interfacial 

tension conform to the following Young’s equation: γSG = γSL + γLG × cosθ 

When the water drop contact angle on the surface is less than 90°, when the water tends to spread on 

the surface, the surface is called hydrophilic. Conversely, if water contact angle > 90°and the surface 

thus repels water, the surface is called hydrophobic. 

2.2 Wenzel and Cassie–Baxter state 

2.2.1. Limitations of the Young’s equation 

Young's equation is suitable for the ideal solid-liquid contact surface, uniform, horizontal, and 

homogeneous. However, most of the solid surfaces are non-ideal surfaces with a certain roughness 
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for the actual situation. For heterogeneous surfaces, Young's equation is no longer applicable. The 

actual wettability of a solid surface depends on its chemical composition and roughness. If the water 

contact angle on the hydrophilic surface is less than 10, the water is almost completely spread on the 

solid, and the surface is usually called super hydrophilic. On the contrary, if the water contact angle 

on the hydrophobic surface is more than 150, the droplet will be spherical on the solid, the surface is 

usually called superhydrophobic. The water contact angle on a smooth surface cannot exceed about 

120° [5], limiting chemical hydrophobicity. Therefore, superhydrophobic solids always have an 

appropriate surface roughness at or below the micron level to obtain a contact angle greater than 150°.  

2.2.2 The application of the Wenzel and Cassie-Baxter state 

To meet the actual surface wetting situation, Wenzel and Cassie Baxter made a more detailed study 

on the wetting theory and established their respective mathematical models.  

 

 

Fig. 2. The models of Wenzel and Cassie-Baxter state [6]. 

 

(1). The Wenzel State 

Wenzel modified the young's equation to get the formula, which is the famous Wenzel equation:cosθ* 

= rcosθ [7], where r is the roughness factor of the solid surface, defined as the ratio of the actual 

surface area of the rough surface to the apparent surface area. Because r > 1, if there is a hydrophobic 

surface, increasing the solid surface's roughness can increase the hydrophobicity of the surface. On 

the contrary, if there is a hydrophilic surface, increasing the solid surface's roughness can increase 

the hydrophilicity of the surface. θ* is the contact angle of the rough surface in the Wenzel state. 

According to the Wenzel equation, the existence of a rough surface makes the solid-liquid contact 

surface larger than the area observed in the apparent geometry, thus enhancing the hydrophobicity or 

hydrophilicity in geometry. When the surface is hydrophobic, it can increase the hydrophobicity of 

the surface [8]. When the surface is hydrophilic, it can also improve the hydrophilicity of the surface. 

The Wenzel model provides a strong theoretical basis for the preparation of the superhydrophobic 

solid surface. However, the Wenzel equation is only applicable to a homogeneous surface. A pure 

Wenzel State is pretty rare. 

(2). The Cassie-Baxter State 

Cassie proposed his formula and assumed the contact angle between water and air is 180 ° used to 

describe water's contact angle on a heterogeneous surface. [9] 

cosθ* = ƒcosθ + (1–ƒ) cos180 ° = rf fscosθ + fs – 1= rφφscosθ + φs – 1 (2)  

Where rf =rφ is the actual wetted area divided by the projected wetted area of the surface, and fs = φs 

is the fraction of the projected area of the surface that is wetted by the liquid. (Fig 3.) When the solid 

surface is hydrophobic, and the liquid cannot fill the air groove on the rough surface, the apparent 

liquid-solid contact surface is solid and gas. The solid surface does not necessarily conform to the 

situation described by the formula, which is related to the solid's surface morphology. Thus, the 

Cassie-Baxter state also owns some limitations. For example, surfaces with parallel grooves and pits, 

although they have the same roughness but different properties. Therefore, if a composite surface's 

morphology is not known at all, its roughness may not be modified by roughness factor r. 
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Fig. 3. The Cassie-Baxter state [9]. 

 

2.2.3 The Cassie-Baxter and Wenzel Wetting state transition  

If we combine Cassie-Baxter equation and Wenzel equation, we can get the formula of critical contact 

angle:  

cosθcrit = –
1 – φs

r – φs

 (3) 

Where φs is the fraction of the projected area of the surface that is wetted by the liquid. We know that 

we could vary the cosθcrit value by controlling roughness and volume fraction from this formula. 

When the cosθ > cosθcrit, the liquid droplet is in Wenzel state. When the cosθ < cosθcrit, the liquid 

droplet is in Cassie-Baxter state [10].  

 

Fig. 4. The critical contact angle [10]. 

 

Wenzel and Cassie Baxter's contact angle models regard solid surface as smooth, rough (the droplet 

is filled), and rough (the droplet is not filled). There may be the latter two situations for the actual 

solid surface, and the conversion can be realized in the two states.  

1. According to the contact angle model of the solid surface, the wettability of the solid-liquid 

interface can be changed by adjusting the microstructure parameters to transfer the Wenzel's model 

and Cassie-Baxter's model. 

2. On the hydrophobic surface, the larger the droplet volume is, the smaller the contact angle is, but 

the effect is not significant.  

3. The interfacial energy determines the surface hydrophobicity/hydrophilicity of the solid material. 

If the solid material's surface energy is higher than that of a water droplet, the solid material will be 
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a hydrophilic surface in Wenzel State. On the contrary, if the solid material's surface energy is lower 

than that of a water droplet, the solid material will be a hydrophobic surface in Cassie-Baxter State 

[11]. 

2.3 Contact angle hysteresis 

 

Fig. 5. Contact angle hysteresis [12]. 

 

Contact angle hysteresis refers to the difference between advancing contact angle and receding 

contact angle of the solid surface [13]. As shown in Fig. 5. The liquid is pumped at the leading edge, 

and the contact angle at this edge corresponds to the advancing contact angle. The liquid is pumped 

away from the trailing edge, and the angle at the trailing edge corresponds to the receding contact 

angle. The advancing contact angle is always greater than the receding angle, the difference between 

them Δθ = (θadv – θrec) called contact hysteresis value, Δθ also named rolling angle. The rolling angle 

reflects the dynamic wetting behavior of droplets. The larger Δθ is, the more difficult it is for droplets 

to roll off. When it tends to zero, the surface has low surface hysteresis, and the droplets are easy to 

roll on the surface.  

  

 

Fig. 6. Self-cleaning function of low hysteresis surface [11]. 

 

Fig. 6. is the schematic diagram of surface cleaning. In Fig. a, it is a high hysteresis surface which 

unable to take away the pollutants. Fig. b. shows the small rolling angle that makes the 

superhydrophobic surface take away the pollutants on the surface when the droplets roll-off and 

achieve the self-cleaning function. Compared with a and b, we can see that the surface with low 

hysteresis value can take away the surface dirt better and realize the self-cleaning function. In order 

to study the practical application of hydrophobic surface or self-cleaning surface, the movement of 

droplets under the action of small force must be considered, so it is very important to study the contact 
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angle hysteresis. McCarthy et al. [14] found that the three-phase contact line's topological structure 

is the key factor in determining the contact angle hysteresis. Reducing the contact angle's continuity 

between the contact line and the solid surface or increasing the twist degree of the contact line can 

reduce the contact angle hysteresis. Besides, as the fraction of the wetted area decreases (in the Cassie 

state), the contact angle hysteresis also decreases. Therefore, the preparation of superhydrophobic 

surface should not only consider the size of the surface roughness but also consider the specific 

geometry of the surface roughness and reduce the contact angle hysteresis so as to realize 

superhydrophobicity and self-cleaning function.  

2.4 Breakthrough pressure 

The determination of the breakthrough pressure is the pressure for a water droplet required to 

transition from Cassie-Baxter state to Wenzel state.  

We have introduced the Cassie-Baxter equation:  

cosθ* = ƒcosθ + (1–ƒ)cos180 ° = rφφscosθ + φs – 1 (4) 

This is an idealized equation which is used to describe the wetting process which water droplet 

completely not fill into the air groove on the pillar-like rough surface. While, in fact, the water droplet 

partially fills into the groove between two solid microstructures (the red circle in Fig. 8.) in most 

cases which called impregnated state [15]. 

 

 

Fig. 7. The impregnated state [15]. 

 

The higher the value of φs, the lower the apparent contact angle in the Cassie-Baxter state, and the 

higher the value of the breakthrough pressure. By giving a pressure to press the water droplet, we can 

make the water droplet transit from Cassie-Baxter state to partially filled Cassie-Baxter state. When 

we further increase the pressure applied to the water droplet, we can change the droplet to the Wenzel 

state. The pressure at this time is called breakthrough pressure. When the droplet is transformed from 

Cassie-Baxter state to Wenzel state, it is difficult for it to return, and the hydrophobic surface changes 

into a hydrophilic surface. The higher breakthrough pressure required, the more difficult for the water 

droplet to transform from Cassie-Baxter state to Wenzel state. The difficulty of transformation is 

determined by a water droplet's properties, solid surface, and gas. We define robustness factor A* = 

Pbreakthrough/Pref to measure the ease of transition from Cassie-Baxter state to Wenzel state where Pref 

is related to the liquid's property. The bigger value of A*, the more difficult to make the transition 

from Cassie-Baxter to Wenzel. 

2.5 Hierarchical structure 

Wenzel and Cassie-Baxter put forward their models in the form of single-scale roughness. However, 

with the study of superhydrophobic theory and the analysis of the micro-scale of biological surface 

in nature, people have observed the hierarchical structure that makes them superhydrophobic from 

lotus leaf and water strider [16].  
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Fig. 8. The hierarchical structure in water strider's leg (Fig. a. and Fig. c.) and lotus leaf (Fig. b. and 

Fig. d.) [16] 

 

Water striders are a type of insect that has a remarkable ability to stand effortlessly and walk quickly. 

The reason why water strider can float on the water is the special micro and nanostructure of its legs. 

Jiang Lei has found that under a high-power microscope, thousands of multi-layer micron-sized 

bristles are arranged in the same direction on the legs of a water strider. The diameter of human hair 

is about 80 to 100 μm, but the diameter of these needle-like micron bristles is less than 3 μm. The 

surface forms a spiral nanostructure groove, and the bubbles adsorbed in the groove form air cushion 

so that the water strider can freely shuttle and glide on the water surface without wetting the legs. 

There are numerous wax papillae on the surface of the lotus leaf. When observing these papillae with 

an electron microscope, we can see that there are many nanoparticles with similar structures on each 

micrometer papillae's surface. Scientists call them the micro nano dual structure of lotus leaf. These 

tiny double structures make the contact area between the lotus leaf surface and water droplets or dust 

very limited. Therefore, the phenomenon of water droplets rolling on the leaf surface and taking away 

dust is produced. Water cannot stay on the surface of the lotus leaf, so lotus leaf shows its 

superhydrophobicity.  

The amazing superhydrophobic properties of water strider and lotus leaf have aroused scientists' 

interest, who have carried out a deeper exploration of why the hierarchical structure can lead to these 

hydrophobic biological properties. Patankar et al. [12]. were inspired by the self-cleaning function of 

lotus leaves. The lotus leaf with two hierarchical level roughness was simulated. They show single 

scale roughness with macroscale pillars and double scale roughness with nanoscale pillars on 

microscale pillars (Fig. 9.). For surfaces with ordered roughness, the state of classical Wenzel and 

Cassie Baxter models is easy to describe, but on such layered surfaces, it is usually difficult to find 

the values of r and f. 

 

Fig. 9. The stimulated lotus-like hierarchical structure [15]. 
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Fig. 10. The simulated hierarchical structure [17]. 

 

Su et al. [18] claims that for a single pillar-like structure the Cassie-Baxter Equation: 

cosθ*= fs·cosθ + fs – 1 (5) 

The apparent contact angle of a single-level structure:  

θ* = arccosθ* = fs·cosθ0 + fs − 1 (6) 

By generalizing it to higher hierarchical structure levels, we could have the recurrence relation of: 

θn = arccos(fn cosθn – 1 + fn –1) (7) 

The subscript n denotes the level of the surface structure. By substituting the expression for θn-1 into 

that for θn recursively (n=1, ... N) we can obtain the explicit expression of the apparent contact angle 

equation of the Nth level as: 

θN
* = arccos[∏(1≤n≤N)fn·cosθ0 + ∏(1≤n≤N)fn – 1] (8) 

When each of the levels is superhydrophobic, the whole hierarchical surface's superhydrophobicity 

will increase. 

2.6 Re-entrant structure 

For the first time, Tuteja et al. [18] demonstrated the third factor called "re-entrant geometry" besides 

the already known surface chemistry and roughened texture. The re-entrant surface formed by nano 

roughness on the micro convex body will result in local energy minimization, which will lead to a 

stable equilibrium state, which can fix the water surface and stabilize the Cassie Baxter composite 

interface. In contrast, convexity leads to energy maximization, which leads to an unstable equilibrium 

state. Nosonovsky [19] also suggested that the hierarchical roughness is needed since the small-scale 

roughness constitutes an additional stability factor to the three-phase line at the surface. Thus, a re-

entrant micro-structure enable to make the interface stable. The surface could own a low hysteresis 

and high contact angle at the same time, so that contributes to a superhydrophobic surface even though 

an omniphobic surface (a surface is a repellent both water and other liquid).  

Their research reveals the astonishing effects of surface geometry. To support a composite interface, 

the liquid must meet its equilibrium contact angle locally for a certain surface. For a surface with 

trapezoid columns texture, it can hold liquid droplet when the equilibrium contact angle is larger than 

90° and the trapezoid column's top angel ψ larger than 90°. At the same time, the liquid equilibrium 

contact angel lager than the trapezoid column's top angle (Fig. 13.) In this case, the liquid does not 

permeate into the texture as long as θ ≥ ψ. It is a hydrophobic composite interface. 
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Fig. 11. The liquid surface tension higher than the trapezoid column and both θ and ψ larger than 

90°. 

 

On the contrary, when the liquid surface tension is too low, the equilibrium contact angle will be less 

than the top angle of trapezoid columns, so it can easily be imbibed in the surface texture and θ < ψ 

(Fig. 14.). It is a wetted surface. 

 

Fig. 12. The liquid surface tension is less than the trapezoid column and θ < ψ. 

 

However, for a surface which has re-entrant structure, it is possible to support a composite interface 

even if θ < 90° (Fig. 15.). 

 

Fig. 13. The re-entrant water and composite interface. 

 

The re-entrant structure generates an energy barrier that cannot let droplet from immediate, 

irreversible transition despite the lowest surface energy of a system and a tendency from Cassie-

Baxter to Wenzel transition. This energy barrier of wetting regimes is primarily because capillary 

forces exert on the liquid−air interface between re-entrant structures.   

The re-entrant structure as the third factor helps attain extreme repellency against various polar and 

nonpolar liquids. Moreover, Re-entrant geometry exhibited a capability of supporting repelling 

behavior to both high and low surface tension liquids.  

3. Superhydrophobic surfaces in nature 

3.1 Features and characterization of superhydrophobicity in natural surfaces 

3.1.1. Lotus Leaf  

Lotus leaf is viewed as one of the most common superhydrophobic surfaces in nature. During rain, 

the water droplets could not make the lotus leaf wet, even when they hit the lotus leaf, they were 
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splashed out. Meanwhile, after raining, the leaves would be much clearer than before. Those 

phenomena are associated with the special properties that lotus leaves surfaces have, the 

superhydrophobic surface and self-cleaning ability.  

Typically, those phenomena are caused by the special hierarchical surface structure of lotus leaves, 

which have many tiny papillae on the epidermis and induce the strong water repellency and huge 

contact angles. In addition to the special structures mentioned above, lotus leaves also have 

epicuticular wax crystals on its papillae. The concave portion between the papillae is filled with air, 

reducing the contact area between lotus leaves and water droplets through this structure. Thus, there 

would be a thin layer between water droplets and lotus leaves, which led to its superhydrophobicity. 

Moreover, when the water droplets roll down, it would absorb the dust or other particles on the surface, 

achieving the goal of self-cleaning. This kind of structure is called the Cassie-Baxter state [20]. 

3.1.2. Rose Petal   

Rose petal is another common type of superhydrophobic surface, but it is different from lotus leaves. 

During raining or spraying water on lotus leaves or rose petals, while water would roll down from the 

lotus leaves, it would remain on the rose petals. Though water does not wet the rose petals, the 

adhesion force keeps the droplets from falling. 

For the special structure of the rose petals’ surface, many petals have micron-sized mastoids nano-

scale folds. The water could only enter the first large micro-structure but not the second finer nano-

scale folds. Since the water could not enter the second finer nano-scale folds, water cannot wet the 

rose petals. That is, the surface of rose petals is Wenzel state for a relatively larger scale, but it is 

Cassie-Baxter state for a relatively small scale. The special structure makes the rose petal hydrophobic, 

but the water would not easily fall. This effect is also called the rose petal effects.  

 

 

Fig. 14. Schematic of nine wetting scenarios for a surface with hierarchical roughness [21]. 

 

3.1.3. Water Strider 

Water striders are some insects that can light stand and walk on water. Nevertheless, because of the 

special hierarchical texture on their legs and surface tension of water, they could do this.  

Their legs have a special hierarchical structure, including numerous oriented needle-shaped micro 

setae with elaborate nano grooves. Additionally, many levels have this kind of structure. There would 

form a thin layer of air between water and their legs. This displaces some volume of water that has 

enough buoyancy to support the mass of the water strider. Thus, they could easily stand on the water.  

There is another condition for water striders to walk on water, which is unpolluted water. The more 

pollution in the water, the more concentrated the water is. With increasing concentration, the surface 

tension would decrease, and it is harder for water strider to stand on water [22]. 
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3.1.4. Butterfly Wings  

Butterfly wings are also an example of a superhydrophobic surface, but it is different from others. It 

has the ability of directional wettability. When water rolls to the butterfly wings, it would roll to radial 

outward direction, away from the butterfly’s body. This could prevent butterflies from drowning by 

water.  

This special kind of ability has resulted from its special surface structure. It has an organized 

arrangement. There are many overlapping micro-scales on the wings, and on the scales, there are 

many fine lamella-stacking nano-stripes at the one-dimensional level. This would cause an adhesion 

force to the water droplets, and it would have a specific direction of water flow [23]. 

3.2 Common characteristics and differences 

They are both superhydrophobic surfaces and have contact angles bigger than 150°. However, in a 

nanostructure, they have different hierarchical structures.  

Lotus leaves are simple Cassie--Baxter state. Rose petals, water striders, and butterfly wings all have 

multiple levels of structure and complex states. Rose petals are Wenzel state on a relatively large 

scale, but the nano-scale folders make the rose petal in Cassie-Baxter state on a smaller scale. For 

water striders, multiple and repeated hierarchical structures provide them a strong support force. 

Furthermore, the special structure of butterfly wings makes the water droplets could only flow in one 

direction. 

4. Synthetic superhydrophobic surface 

4.1 How to replicate natural superhydrophobic surface’s property synthetically 

4.1.1 Roughen to create a one-level structure 

Making the surface more roughen could replicate a superhydrophobic surface.  

One specific way is to use electrochemical anodization. Put the material on the anode of the power, 

undergo oxidization reaction. A coarser porous structure is produced when machining the material 

surface in this way. Scientist Zhen and her teammates [24] using this method and other auxiliary steps 

successfully created a superhydrophobic surface. The optimal anodization voltage is 20V. They 

obtained the Al-based superhydrophobic coating under the voltage, and the water contact angle is 

about 155°.  

Another method is chemical etching. Soaking the material in the strong acid or base, which depends 

on the solution’s corrosiveness, micro-nano structures are processed on the metal surface. Zhang and 

her teammates [25] raised a method that could quickly replicate a superhydrophobic surface—using 

chemical etching to form a micro rough surface, then using electrochemical etching to create a nano 

rough surface. This method has a lower requirement of od time and power supply, which could be 

massively used in industrial production.  

4.1.2 Coat a lower surface energy material on a porous surface  

Surface energy is a kind of property that solids have. It is the work done per unit area to create a new 

surface in the material. According to the Young’s equation, a material with low surface energy would 

achieve hydrophobicity.  

To make the surface have low surface energy, people would usually coat this surface with other 

materials with low surface energy. There is some common material used to coat lower surface energy 

material—for example, fluorine-containing latex. Fluorine has the biggest electronegativity in the 

periodic table. It has some specific properties that make it have low surface energy and a low 

coefficient of friction. It is endowed fluorine-containing latex with excellent water resistance ability. 

Another example is stearic acid.  

Li et al. [26] using coating and electrochemical anodization, set up nanostructure on the aluminum 

alloy surface. The surface free energy was reduced by fluorine silane modification. The special 
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structure created by this method is the key to improve hydrophobic performance. When contacting 

with water droplets, this structure could stably trap air, producing superhydrophobic.  

4.1.3 Create a hierarchical textured low surface energy surface  

A hierarchical structure is a common structure that many natural superhydrophobic surfaces have, 

such as rose petals and water striders. Creating a hierarchical structure could make the material 

superhydrophobic. This could improve the solid surface’s roughness by changing the three-

dimensional microstructure of the solid surface, reaching the goal of creating a superhydrophobic 

surface.  

One method is using a chemical deposition. The reactive metal is reduced by placing the material in 

the metal salt solution by undergoing a chemical reduction replacement reaction. Therefore, the 

surface of the material is deposited out of the micro-nano structure [27] [28]. 

4.2 Limitations of the current generation of superhydrophobic surfaces 

4.2.1. Durability  

Physical superhydrophobic properties usually determine the superhydrophobicity. When used for a 

long time exposed to the environment, the contact angle of many superhydrophobic surfaces to water 

will decrease.  

Durability is essential for a superhydrophobic metal surface7, which could improve the metal’s life 

span. When metal is not superhydrophobic, it is easy to react with water, leading to corrosion of the 

metal, engineered structures might be destroyed. If the superhydrophobic surface is used, it could 

prevent the water from interacting with metal; this could decrease the metal corrosion rate.  

4.2.2. Repairability and Weatherability 

Many recent generation superhydrophobic surfaces have the problem of repairability. For example, 

the ability of waterproofing is useful in a rainstorm. Under the storm surge, it is harder to keep the 

material having its original properties. It is easy to be destroyed.   

Nevertheless, scientists are discovering some new ways to repair broken superhydrophobic surfaces. 

An example is superhydrophobic fabrics [29]. Some scientists find that most of the superhydrophobic 

fabrics have low stability. They are not practical. Zhu and his teammates immersed the fabric in a 

transparent [Ag(NH3)2]
+, glucose solution, water, and then dry in an oven in sequence. In this way, 

they found that broken superhydrophobic fabrics could be repairability.  

However, this method is not practical. It requires rigorous calculation in the laboratory and cannot be 

widely used in industry or normal life. This is one limitation of the superhydrophobic surface now.  

4.3 The possibility to create a durable superhydrophobic surface 

Although the superhydrophobic materials have many limitations today, it could still play a crucial 

role in the future with the advancement of science and technology. One major limitation of the 

superhydrophobic surface is that the models we have are almost ideal. In the real world, there are 

many other exceptions. Once there is a more comprehensive model that could be set up, this material 

could have more functions. 

Meanwhile, the major synthetic superhydrophobic surface is based on a natural existed structure; 

there might be some new structure of having superhydrophobic is undiscovered, which probably 

could have an unexpected function of superhydrophobic. 

5. Application  

5.1 Self-cleaning surface  

Several structures can lead to a superhydrophobic self-cleaning surface, including solid gradient 

porous network, hydrogel-coated grids, capillary-liquid-based porous membranes, fluid-instilled 

porous membranes, proximally immobilized ions, self-assembled colloidal photonic crystals, and 

micro/nano-hierarchical structures [30] [31] [32] [33] [34] [35] [36] [37] [38] [39]. The soft-
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lithographic imprinting technique that fabricates a superhydrophobic surface also leads to self-

cleaning properties [40]. There are also surfaces created by electro-brush plating [41] and blackening 

processes, by coating with aluminum oxide [42].  

Metal oxide colloidal is also a method to create self-cleaning surfaces, which involve the material 

being processed through contact with metal oxide colloidal solution and heated to make its surface 

possess microscopic roughness, thus creating superhydrophobic properties, increasing the contact 

angle to at least 150º. 

The construction of a microstructured surface involves carbon nanotubes (CNTs), and surface-

modified carbon nanotubes (PBA-g-CNTs) are used to construct. The microstructured surface of the 

lotus-leaf-mimicking surface, as shown below. 

 

Fig. 15. The array of carbon nanotubes provides an opportunity to construct a surface with a contact 

angle above 150º. 

 

Combination of nanowhiskers that are composed of hydrocarbons and are extremely thin, about 

1/1000 the size of a typical cotton fiber, and silver nanoparticles can produce a superhydrophobic 

self-cleaning surface as well [43]. 

5.1.1. Applications in the field of architecture 

Outdoor architecture surfaces are exposed to darkening, due to the accumulation of particles like soot, 

mainly carbon or carbonaceous particles. These dark carbon particles are also produced from the 

industrial process like smelting of iron and traveled into the atmosphere, and then further be 

transported by rain and fall to architecture heritage, which is mostly made of marbles that are white 

and easily darkened. As a result, we need to redress the problem, and this review introduces the 

application of superhydrophobic surfaces to prevent water from lingering, thus prevent soot residue.  

Moreover, car windshield or mirrors are also strongly affected by water because when rains, the 

rainwater droplet lingers on the mirror or windshield surface and compromises the driver's visual 

perception, possibly increasing the number of car accidents. A similar situation occurs on the window 

of tall buildings fouled due to rainfall and requires people to clean the building suspended hundreds 

of meters high, but with self-cleaning surfaces, we can reduce the risks of all of these two situations. 

Acid rain corrosion of buildings with metal composition or architectural heritage like statues mainly 

made of marbles is also a great threat posed by pollution. Self-cleaning surfaces can easily roll-off 

water droplets with the minimized contact time, so less easily eroded, to preserve building surfaces. 

Numerous applications of self-cleaning surfaces have appeared in architecture. However, to make a 

universal and commonly applicable surface, further research and experiment are inevitable. 
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5.1.2. Applications in the field of the textile 

The clothes we wear are made of mainly cotton, which is susceptible to water wetting, which can 

cause discomfort, so to apply these self-cleaning surfaces on garments we wear is important. We can 

already see this application in hospital garments, helping doctors or surgeons safely perform surgery 

or take care of patients with nobody fluids or dangerous liquid remaining on their garments, which is 

also a way to save resources by reducing the replacement of the hospital garments.  

Athletes like a football player or basketball player value speed greatly, so if sweat or rain wet their 

garment, they will carry the water with them while they move. As a result, to create a surface with 

the ability to self-clean water from the surface, to prevent cotton textiles from being wet, we can make 

sure athletes achieve their best performance and are not interfered with by water. 

A similar situation can apply to the military. Because soldiers need to concentrate, and if not, their 

lives could be easily lost, irritation from contact with wet textiles can cause distraction or under-

performance. As a result, self-cleaning surfaces can be applied to military uniforms to bead off water 

droplets to prevent wetting quickly. 

Furthermore, self-cleaning surfaces can be applied to upholstery, which is the soft, padded textile 

covering that is fixed to furniture such as armchairs and sofas, because people sweat or accidentally 

pour liquid on it, leaving odor or attract insects. Thus, the application here is to bead off water droplet 

quickly, so no liquid residue remains on the surface to reduce the cleaning frequency of upholstery. 

5.2 The corrosion resistance of metals  

Superhydrophobic surfaces protect the coated material from environmental water particles. They also 

shelter the material from electrochemical reactions. As a result, they can preserve the material, 

especially active metals, become corrosion resistant. Many metals are used in daily lives, including 

magnesium, calcium, aluminum, copper, zinc, steel, and more. They are susceptible to acid corrosion, 

usually associated with acid deposition [44]. 

The superhydrophobic surfaces' microstructure allows small air pockets, called the plastron, to be 

trapped between those structures, so they can separate the dissolved corrosive substance from 

contacting and reacting with the surface. The air pockets passivate the coated material from erosion 

[45]. 

When active metals come into direct contact with a corrosive substance such as hydrochloric acid, 

they are eroded quickly. However, when the superhydrophobic coating is applied to these metal 

surfaces, the microstructure protects the material by hindering contact with corrosive media. Hence, 

the superhydrophobic surface achieves corrosion resistance.  

5.3 Reduction of drag force in fluid  

Recently, the energy efficiency issue has been a real concern for scientists, and one of the topics 

involved in the energy used for transportation, specifically underwater drag reduction. Because 

objects move with less friction and obstruction in the air than in water, due to the large dynamic 

viscosity difference between water and air. As a result, scientists have developed many different ways 

to create a thin air layer on the contact surface with water to significantly reduce the frictional drag. 

A solid-gas interface replaces the solid-liquid interface through the application of air cushioning, 

which reduces the frictional wall drag significantly.  

One of those methods involves forming an air layer on the interface between solid and water, leading 

to a drag reduction between 25% to 80% [46] [47] [48] [49] [50]. Air bubbles decrease the fluid's 

average density and viscosity in the boundary layer, thus changing the transport momentum and 

decreasing the drag force. Superhydrophobic surfaces can achieve the formation of a thin air layer. It 

is widely accepted that the geometry and surface energy distribution of the micro- and nanoscale 

structures, characterizing a generic superhydrophobic surface, may prevent water from penetrating 

the space between them (leading to a Cassie-Baxter wetting regime). Therefore, numerous air/water 

menisci form between the surface roughness and lead to dragging reduction [51] [52] [53] [54] [55]. 

However, more extensive research must be done to perfect this method to reduce drag reduction.  
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5.3.1. Improvement of current transportation  

Current marine transportations, like ship or submarine and aircraft, experience strong drag forces. 

The drag forces are created by the contact of the surface with fluids like water or air. Thus, to reduce 

the transportation costs and increase efficiency to reduce fossil fuel consumption, scientists have 

applied superhydrophobic surfaces on ship transportation model surfaces, and by Dong et al. [56], 

the superhydrophobic surface can reduce drag force up to 49.1%. Zhang et al. [57] has also 

demonstrated the effectiveness of superhydrophobicity, created by immobilizing hydrophobic copper 

particles on the PDMS surface, to reduce drag force when applied to submarine models. However, 

because the coatings of superhydrophobicity are damaged gradually in water as time passes by, so 

over time, the drag reduction will cease, which is a longevity problem faced by developers and 

urgently needs to be solved right now. Also, the coatings must be composed of chemicals that can 

suit the environment applied: marine transportations suffer greatly from corrosion by chloride ions in 

seawater, and aircraft must have low weight to prevent more efficiency reduction and properties that 

can withstand low temperature or radiation such as ultraviolet. Extensive studies have shown that 

superhydrophobic surfaces composed of metal oxide can withstand corrosion in a dry environment 

and that air-trapping surfaces have the effect of maintaining a layer of air that prevents corrosive ions 

from attacking the surface. 

5.4 Icephobicity 

Ice adhesion strength is the adhesion force between ice and a solid surface. The shear strength of ice 

is used to calculate the ice adhesion strength. Nosonovsky et al. [58] show that icephobic surfaces 

possess an ice adhesion strength smaller than 100 kPa. Some scholars refer to icephobicity as the 

prevention of ice formation on a solid surface.  

There exists a heated debate on whether icephobicity is correlated to superhydrophobicity. However, 

a recent study by Hejazi et al. [59] reveals that icephobicity is not correlated to superhydrophobicity 

through experimental procedures. Because ice exists at a temperature below zero under 1 atmosphere 

of air pressure, so the liquid water droplets undergo condensation, filling up the gaps between the 

superhydrophobic surface protrusions, transition from the Cassie-Baxter state to the Wenzel state, 

resulting in larger contact surface area, therefore larger van der Waals interactions between ice water 

molecules and the surface molecules. The transition makes the ice completely remained on the surface, 

not repel ice, as shown in the graph below, when the surface sample is superhydrophobic, the ice 

adhesion strength is much larger than hydrophobic or hydrophilic surfaces.  

 

Fig. 16. Ice adhesion strength of different samples [60]. 

 

As a result, Icephobicity is different from superhydrophobicity. However, we still need to investigate 

it because new situations require a solution from such an area of study, for example, the tall buildings 

in northernmost or southernmost areas like Russia or Canada experience the formation of ice and 

breaking off which can damage smaller buildings, vehicles, or pedestrians under the buildings.  
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The following formula (9) is usually used to calculate the ice adhesion strength on a solid surface: 

𝜏 = X√
WAG

t
 

(9) 

Where X is constant, G is the shear modulus, WA is the work of adhesion, t is the substance's 

thickness. 

A solid is usually covered with a layer of rubber as a lubricant, usually, silicone (PDMS), 

polyurethane (PU), fluorinated polyurethane (FPU), and perfluoro-acrylic (PFPE) to reduce the ice 

adhesion strength. However, the lubricant is worn off by every trial in the experiment by Golovin et 

al. [61]. 

 

Fig. 17. The ice adhesion strength of surfaces with different compositions [61]. 

 

Fig. 17. above indicates that the ice adhesion strength will not change over successive trials, over 

successive cavitations, when applied with rubber with low cross-link density (ρCL) and an interfacial 

slippage. The high ρCL and ρCL with interfacial slippage correspond to the Sylgard 184, and the 

Sylgard 184 with oil. The two surfaces with low ρCL correspond to the soft sylgard. Also, the ice 

adhesion strength is calculated on an interfacial slippage with the following equation:  

𝜏 = 
Gfa

kT
 

(10) 

 

Fig. 18. The ice detaching force on PDMS-silane with slippage surface and F-silane without 

slippage over successive icing/de-icing cycles [58]. 

 

The ice adhesion strength equation (10) on a surface with an interfacial slippage, where f is the force 

required to detach a chain from the surface, a is the polymer's segmental length, kT is the thermal 
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energy. The equation is different from the equation of ice adhesion strength on a solid surface because 

an interfacial slippage ensures the durability of icephobicity over successive icing/de-icing cycles, as 

shown under the graph, where the F-silane with no slippage is not durable with its icephobicity over 

successive icing/de-icing cycles as the ice adhesion strength needs to be overcome increases 

throughout all cycles. In contrast, the PDMS-silane with slippage shows durable icephobicity as the 

ice adhesion strength needs to overcome to shear off the ice is almost unchanged throughout all cycles.  

6. Conclusion 

In this Review Article, an outline of classical theories on wettability is discussed in the first part, 

where some selected models appropriate to strengthen the concept of wettability of surfaces are taken 

up. Then some natural superhydrophobic surfaces are introduced and a summary of how to fabricate 

artificial superhydrophobic surfaces. The application of a superhydrophobic surface is mainly 

introduced in this paper. Due to its self-cleaning ability, superhydrophobic material has been widely 

used in architecture and clothes to keep these surfaces clean. Moreover, superhydrophobic surface's 

high resistance to corrosion and reduction of drag forces also contribute to numerous kinds of 

utilization in other fields.  

There is no doubt that scientists will continue to explore other potential applications of 

superhydrophobic materials in the future to explore a variety of virtue of superhydrophobic surfaces. 

Recently, the porous silica coating was developed with the help of an Electrodeposited porous 

PEDOT template. The superhydrophobic coating with high transparency, thermal stability, and 

mechanical stability can be obtained after modified by fluorosilane, which is expected to be used in 

solar cells and self-cleaning windows. As the electrodeposition template is used, it can be extended 

to other conductive metal substrates, such as oil-water separation and corrosion protection of metal 

grid [62]. In the water conservancy project, leakage is one of the common dam body diseases. The 

traditional treatment measures for leakage include surface coating, surface patching, gouging and 

patching, and the anti-seepage layer construction. Although these measures can achieve the expected 

use purpose in a short period, they generally have limitations such as heavy workload, affecting the 

integrity and strength of concrete, and playing a small role.  

Suppose the superhydrophobic material is covered on the concrete surface in contact with water to 

form an air film. In that case, the dam surface will not be in direct contact with water, and the 

immersion will be reduced, to effectively prevent leakage [63]. Another potential area of application 

of superhydrophobic coatings in medical applications, such as anti-blood coatings, to avoid blood 

contact with devices and thrombus formation on implant surfaces. This antithrombotic surface 

reduces the amount of platelet adhesion per unit area of a surface [64]. Moreover, a kind of bandages 

made of superhydrophobic microfibers (PMMA, ZnO, and zinc stearate) can prevent the penetration 

of water, air, and water vapor from microorganisms, to cure wounds more effectively than cotton 

bandages [65]. 

Nowadays, most classical models assume that droplet impact is only perpendicular to the surface for 

surfaces with re-entrant geometry or other macrostructures. However, in reality, the surface can be 

inclined or parallel to the colliding droplets' direction. Therefore, the future research direction should 

focus on droplet dynamics, contact time, droplet volume, droplet shape, and more. Besides, recent 

techniques to fabricate superhydrophobic surfaces (e.g., lithography, etching, CDV, deposition, and 

self-assembly, and more.) involve multistep processing, require a complex operation, and are time-

consuming. Future investigation will focus more on developing advanced, facile, and green 

techniques to fabricate superhydrophobic surfaces with fully decorated macrotextures. With the 

development of polymer subject, there also will be more various low surface energy material that 

could be synthesized to fabricate a superhydrophobic surface. Finally, due to the harmful effects of 

fluorine coating on the environment, research toward developing cheaper and fluorine-free coatings 

resulted in the exploration of silicon-based [66] and bio-based [67] polymers to adopt a green route 

to synthesize superhydrophobic surfaces in the future.  
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