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Graphical Abstract 

 

 

 

 

The properties and functions of both biological and artificial materials with hierarchical 

surface structures are reviewed to establish the functional map of various hierarchical 

surface structures. 
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Abstract 

Many biological materials utilize hierarchical surface structures to achieve their wetting-

based functions, e.g. self-cleaning and antifogging. In this paper, a classification method 

is proposed for both biological and artificial materials with hierarchical surface structures 

to establish the functional map of various hierarchical surface structures. From the 

viewpoint of geometric features, the constituent building elements on functional surfaces 

are categorized into dimensional classes both at the micrometer and nanometer scales. 

Following this classification, one can correlate the biological functions, especially those 

related to superhydrophobicity, with surface morphologies. In addition to natural 

biological tissues, we also briefly review the fabrication techniques for realizing these 

superhydrophobic structures in laboratory. This dimensionality classification may serve 

as a guideline for future analysis, design and preparation of surfaces with tuned functions 

achieved by geometrical morphologies. 

 

 

Keywords: 

Biological materials, functional map, superhydrophobicity, hierarchical surface structure, 

biomimetics 
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1. Introduction 

 Wetting is a physical process occurring when a liquid phase gets in contact with a 

solid–gaseous interface. Wetting-related phenomena are widely observed in our daily life, 

for instance, paper printing, cleaning and rinsing process, and medicine transport.1 The 

extent to which the liquid phase wets the solid surface can be described by the contact 

angle,  , as defined in Fig. 1 (a). A larger contact angle indicates that a droplet prefers 

having less contact area with the solid surface and assumes a sphere-like shape; while a 

smaller contact angle implies that the liquid tends to spread on the solid surface. Based on 

the value of contact angle, the water-wetting ability of a solid surface can be roughly 

divided into four levels: superhydrophilic, hydrophilic, hydrophobic, and 

superhydrophobic. In nature, biological materials have vastly different wetting properties 

to achieve different functions. For examples, for some species of lower plants that have 

no roots (e.g., ferns), superhydrophilicity is the basis for them to uptake water and 

nutrients from the surrounding environment; in contrast, many creatures utilize their 

hydrophobic cuticles to reduce loss of water and necessary ions to the environment.2 

Traditionally, a solid surface with a contact angle larger than 150° is called 

superhydrophobic. When the sliding angle of a superhydrophobic surface is lower than 

10°, the surface can exhibit the self-cleaning property. The non-wetting and water-

repellent property is of great importance for many biological functions. For example, the 

self-cleaning property of plant leaves helps their surfaces to keep contaminated particles 

away and to reduce the risk of infectious diseases. When a superhydrophobic thorax of 

Mesovelia, is dipped into the water, it can trap air plastron (or bubbles), which is crucial 

for its underwater respiration. Besides, some aquatic arthropods (e.g., water striders) can 

utilize their superhydrophobic legs to produce sufficiently large water-repellent forces, 

which grant them the peculiar capability of walking swiftly on water. Inspired by the 

wonderful examples in nature, much effort has been directed toward the design and 

fabrication of advanced meterials with wetting-related functions, e.g., self-cleaning, 

superhydrophobicity–superoleophobicity,3 anti-fogging,4 anti-icing,5 water-harvest,6 

drag-redunction,7 and marine fouling8. 

Chemical compositions and geometrical morphologies are two key factors governing 

the wetting properties of solid surfaces. It is well known that the surface free energy and 
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intrinsic contact angle of a solid material depends on its chemical compositions and 

molecular structures on the surface.9-13 According to the measurements by Nishino et 

al.,14 the intrinsic contact angle of a solid surface with possibly the lowest surface free 

energy was only 119°. This finding implies that surface morphological roughness should 

work togther with chemical compositions to render a superhydriophobic property. 

Experimental observations have revealed a great deal of marvelous natural surfaces that 

utilize various morphologies to attain the non-wetting property. A most familiar example 

may be the self-cleaning lotus leaves, which possess a rough and air-trapped surface 

morphology.15 Although the lotus plant grows in muddy waters, its leaves always appear 

immaculately clean. In the past few decades, the wetting ability and the associated 

micro/nano-structures of diverse biological surfaces, both plants and animals, have been 

investigated. Some examples are lotus leaves,15 red rose petals,16 water strider legs,17 

butterfly wings,18 silver ragwort leaves,19 mosquito eyes,4 cicada wings,20 and gecko 

feet21. These studies demonstrated the significant role of surface morphology in achieving 

superhydrophobic properties and biological functions of these natural materirals. 

According to the classical wetting models of Wenzel22 and Cassie–Baxter23, the 

roughness or air-trapped fraction area of solid surfaces promotes hydrophobicity. In 

addition, the wetting stability24-30, contact angle hysteresis,31-33 and droplet dynamics34-38 

on solid surfaces with different structures have also attracted much attention. Based on 

understanding of the underlying principles, some artificial superhydrophobic materials 

with biomimetic surface structures have been produced for engineering applications.39 

There have already been a few efforts to classify superhydrophobic biological 

materials accordingly to either their functions or surface morphologies.8, 40-42 Hancock et 

al. suggested classifying bioinspired surfaces with directional functions based on their 

wetting properties, usage, and fabrication methods.40 Recently, Zhang et al. summarized 

the developments in bioinspired and natural superhydrophobic surfaces with different 

functions, e.g., self-cleaning, icephobicity, anti-corrosive coating, and drag reduction.43 

Based on scanning electron microscopy (SEM) observations and analyses of more than 

13,000 kinds of plant species, Barthlott et al. distinguished 23 classes of different surface 

morphologies of epicuticular waxes.11 They categorized the plant tissues into several 

classes, e.g. films, platelets, tubules, and rodlets, according to the shapes of their cuticles. 
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Following this method, Wagner et al. investigated the water repellency of 33 plant tissues 

and compared different structural parameters of hierarchical surfaces,44 and Koch et al. 

classified surface structures of some plant tissues according to their contact angle values 

and morphologies of epicuticular cells.45 

Because of the great diversity of hierarchical surface structures of biological 

materials in nature, it is still hard to thoroughly understand how their wetting properties 

and biological functions depend on their chemical compositions and surface 

morphologies. On one hand, different biological materials with superhydrophobicity may 

possess drastically different structures. This is because the hierarchical surface structures 

of these biological materials have been designed to optimize not only their water-wetting 

properties but also many other important properties and functions, e.g., adhesion, 

locomotion, friction, inspiration, drag reduction, and light property. For examples, lotus 

leaves, butterfly wings, and water strider legs all have excellent superhydrophobic 

properties, but their properties and functions are different. For lotus leaves, droplets can 

roll away in any directions to take dust particles away;2 for butterfly wings, droplets 

should move in a fixed direction in order not to interfere with the stability of flight;18 

while water strider legs need a sufficiently large friction force to move and brake very 

quickly on water. On the other hand, there is an ever increasing demand in the recent 

years for advanced functional materials which have not only superhydrophobic properties 

but also other functions, e.g., low adhesion, anti-icing, mechanical stability, and thermal 

shock resistance. To date, optimal design and fabrication of hierarchical surface structures 

of materials at the micrometer and nanometer scales are still challenging topics. 

In this review, we will propose a new geometrical dimensionality classification for 

materials with hierarchical surface structures. Since surface functions greatly depend on 

their geometric features, this classification can help to correlate the hierarchical surface 

structures with the corresponding multiple biological functions and artificial fabrication 

methods. The layout of this paper is as follows. In Section 2, we briefly review some 

fundamental concepts and models of wetting. Section 3 introduces the dimensionality of 

basic units in one-level structures. Some representative superhydrophobic biological 

materials are given for each type of structure units. Section 4 presents the dimensionality 

classifications of hierarchical morphologies. The dependence of wetting-related 
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properties and functions on the dimensionality of biological materials is discussed in 

Section 5. In Section 6, some widely used fabrication techniques are briefly introduced, 

and the surface morphologies fabricated by these methods are categorized in different 

dimensional classes. Finally, Section 7 will briefly summarize our discussions and 

perspectives. 

 

2. Basic concepts of surface wetting 

2.1. Young’s equation 

 In 1804, T. Young proposed the concept of surface/interface energy,  .25, 46 For 

liquids, surface energy is identical to the tension force per unit length on the surface. 

Because of surface tension, a sessile liquid droplet on a horizontal, flat and homogeneous 

solid surface tends to form an angle with the solid surface, without fully spreading out. 

The apparent contact angle is defined as the angle between the horizontal direction and 

the tangential line of the liquid surface near the liquid–vapor–solid phase line (Fig. 1 (a)). 

By definition, the contact angle may range from 0° to 180°. Invoking the energy or force 

equilibrium, one can derive the Young’s equation as25 

SV SL

LV

cos
 





 , 

(1) 

where the subscripts S, L and V denote the quantities of the solid, liquid and vapor phases, 

respectively. Tadmor proved that Eq. (1) is also valid for three-dimensional situations.47 

The wettability of solid surfaces can be directly gauged by its water contact angle  . 

A solid surface is usually called hydrophilic if  <90° or hydrophobic if   90°. Thus, 

the Young’s equation allows one to correlate the wettability of a surface with its chemical 

compositions. 

In contrast to sessile droplets on a horizontal plane, a droplet on an inclined surface 

will not be axisymmetric in shape, as sketched in Fig. 1 (b). When the droplet starts to 

move as inclining angle increases, the contact angle at the front edge is referred to as the 

advancing angle, A , while the angle at the rear edge is named the receding angle R . A  

and R  are the largest and the smallest static angles along the whole contact line, 

respectively. The critical tilt angle C  of the solid surface at which the droplet starts to 
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move under gravity can be determined by     

 LV R Asin cos cosCmg d     , (2) 

where m and d are the mass and width of the drop, respectively, and g is the gravitational 

acceleration.48, 49 The angle difference H A R     is referred to as the contact angle 

hysteresis, which depends mainly on the roughness and inhomogeneity of the solid 

surface.50, 51 C  is also called the sliding angle, which is approximately proportional to 

H . 

 

2.2. Wenzel and Cassie–Baxter models 

 Experimental observations have showed that the geometric structures of a solid 

surface at the micrometer and nanometer scales have a significant influence on its 

wettability.52, 53 After rain, for example, we often see spherical water droplets rolling 

freely on lotus leaves. According to experimental measurements, lotus leaves have a 

ultra-high apparent water contact angle of about 160°,15 much larger than the largest 

intrinsic contact angle (120°) among all smooth surfaces.14 To obtain a solid surface with 

  120°, therefore, it is usually necessary to introduce geometric structures at the 

micrometer and nanometer scales. 

 Wenzel model22 and Cassie–Baxter model23 are two well-known theories to 

describe the wetting state on geometrically rough or chemically heterogeneous surfaces. 

In the Wenzel state (Fig. 2 (a)), the droplet impenetrates and fills all voids of the rough 

surface beneath the liquid. Invoking the balance of the total surface free energy, the 

Wenzel equation is expressed as 

rcos cosr  , (3) 

where r  is the apparent contact angle, and r represents the roughness factor, defined as 

the ratio between the actual area of the rough surface and its projected area. 27, 37 Since 

1r  , roughness enhances surface hydrophilicity if the intrinsic contact angle   90°, 

and it promotes hydrophobicity if   90°. It is noticed that the Wenzel equation does not 

hold for very rough surfaces since Eq. (3) has no solution for r   when 1/ cosr  . 

 Cassie and Baxter23 considered another wetting state of droplets on a flat substrate 

Page 8 of 83RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

with multiple phases. The Cassie–Baxter (CB) state (Fig. 2 (b)) assumes that the surface 

consists of two kinds of materials, a and b. The intrinsic contact angles of materials a and 

b are denoted as a  and b , and their area fractions are af  and bf , respectively. With the 

aid of energy balance, the Cassie–Baxter equation reads 

rcos cos cosa a b bf f    , (4) 

where 1a bf f  .23, 54 When material b is the air trapped in grooves or holes on the solid 

surface, 180b  . In this case, Eq. (4) reduces to       

 rcos cos 1 1f    , (5) 

where f and   are the solid fraction and intrinsic contact angle of the substrate, 

respectively.54 Thus, Eq. (5) can also be used to describe the wetting property of rough 

surfaces. Cassie–Baxter equation indicates that an originally hydrophilic surface (  90°) 

can become hydrophobic (   90°) when f is sufficiently small. In other words, 

geometrical morphology may play a more significant role in the wetting behavior of a 

solid than its chemical compositions. Therefore, a large air trapped fraction is frequently 

used to improve the non-wetting property. Moreover, the air phase can greatly affect the 

contact angle hysteresis.55, 56 

The Wenzel and Cassie–Baxter states can account for both effects of chemical ( cos ) 

and geometrical (r and f) heterogeneity, but it is by no means trivial to predict whether a 

droplet will take the Wenzel or Cassie–Baxter state on a specific rough surface. To this 

end, one needs to analyze the stability of the two wetting states, especially the Cassie–

Baxter state. Under certain situations (e.g., pressure and vibration), the Cassie–Baxter or 

superhydrophobic state may become unstable and transform into the Wenzel state.25, 27, 57 

In addition, this instability is more likely to occur if the intrinsic solid surface is more 

hydrophilic or has a larger air-trapped area fraction.24, 26 Besides the chemical parameter 

of cos  and area parameters of r and f, there are many other factors (e.g., geometric 

shapes, arrangements, characteristic sizes and spacing of surface structure units) that may 

affect the wetting stability. For example, a local convex curvature of surface structures 

can improve the Cassie–Baxter stability.27, 58 In recent years, much theoretical and 

experimental effort has been devoted to design and fabrication of surface structures with 

stable superhydrophobicity.28, 59-61 
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2.3. Hierarchical wetting theories 

Hierarchical surface structures can not only render solid materials some unique 

wetting-based functions but also some other superior mechanical and optical 

properties.62-64 Various simulation methods and models have been developed to predict 

the contact angles and wetting behavior of materials with different surface structures.13, 26, 

31, 58, 65-76 

Fig. 3 shows four possible contact states on a solid surface with two-level structures: 

the liquid phase completely (Wenzel state) or partly (CB state) wets either the first- or the 

second level structures. As a reasonable approximation, one can regard the contact angle 

on the second-level (the finer) structure as an “intrinsic contact angle” for predicting the 

first-level apparent contact angle. By employing Wenzel or CB theories at different levels, 

one can derive the apparent contact angle for the whole hierarchical structure.23,24 As 

shown in Fig. 3 (a), the apparent contact angle for the Wenzel-in-Wenzel regime is 

expressed as 

r 1 2cos cosrr  , (6) 

where 1r  and 2r  represent the roughness of the first- and second-level structures, 

respectively. The contact angles of the other three wetting states in Fig. 3 are written as 

 r 1 2cos cos 1 1r f        for CB-in-Wenzel state, (7) 

 r 1 2cos cos 1 1f r        for Wenzel-in-CB state, (8) 

 r 1 2cos cos 1 1f f        for CB-in-CB state, (9) 

respectively. The above theoretical models show that the multi-level strategy reduces the 

requirement of each individual structural level to achieve the same global contact angle, 

and that the hierarchical surface structures may lead to more stable and reliable 

superhydrophobicity than single-level structures.30 

For a real liquid–solid contact interface, its wetting state can be more complicated. 

The aforementioned W-in-W, W-in-CB, CB-in-W and CB-in-CB states may all exist in a 

single droplet on a solid substrate. This composite wetting phenomenon and underpinning 

mechanisms have been studied, both theoretically and experimentally.77-81 

In addition, as droplets size reduces (typically when below 100 nm), more physical 
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phenomena, e.g. line tension effect, disjoining pressure and precursor film, should be 

taken into account for a refined analysis.82, 83 The contact angle at this scale may be 

distinctly different from that at the millimeter scale. However, detailed discussions about 

these scale-dependent issues are beyond the scope of this paper, and the reader may refer 

to the literature.80, 82, 84-86 

 

3. Classification of one-level surface structures 

Through the long history of natural evolution, many creatures have adapted themselves 

to the surrounding environments and evolved remarkable ability to interact with water. 

Creatures in water deficient areas such as deserts need to survive with water-capture 

functions,87-89 while aquatic plants and animals living in rivers, ponds and lakes need to 

repel water to avoid being drowned.90-92 The diverse biological surfaces have vastly 

different geometric morphologies, physical properties, and biological functions. To gain 

insights into the evolution and optimization principles that yield different wetting 

properties in nature, an appropriate classification method is required for these surface 

structures. Here, a classification method is propose from the viewpoint of geometrical 

dimensionality of surface microstructures. It provides a general coverage of biological 

surfaces with wetting-related functions, e.g. wetting stability, surface adhesion, and 

directional transport of droplets. The concept of geometrical dimensionality also helps 

link surface microstructures with surface properties and fabrication methods of artificial 

materials. We will introduce the dimensionality of structure units and one-level structures 

in this section and discuss hierarchical structures in the next section. 

 

3.1. Dimensionality concepts of structure units 

First, we will give the definition of structure units. The structure units have a simple 

geometry, e.g. cubic, cylinder and sphere, and serve as basic elements to make up one-

level solid structures. Each unit has three characteristic lengths along its three natural 

geometrical directions, denoted as a, b and c respectively. Without loss of generality, we 

assume that a b c  . The aspect ratio of a unit can be defined as    1: / : /b a c a . 

When it is close to 1:1:1 , this structure unit can be regarded as zero-dimensional (0D). 

When a is much longer than b and c, corresponding to an approximate aspect ratio of 
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1: 0 : 0 , it is defined as a one-dimensional (1D) unit. Similarly, when a and b are much 

larger than c, it is a two-dimensional (2D) unit. For examples, spherical dots and 

particles,93 fibers and tubes,94 disks and platelets95 are normally regarded as 0D, 1D and 

2D structures. 

In materials science, the classification method based on the concept of 

dimensionality has been commonly used for structured materials.94, 96 Considering 

crystalline forms and chemical compositions, Gleiter introduced a dimensionality 

classification scheme of nanostructured materials (NSMs), which contains 12 classes in 

total.96, 97 Pokropivny applied a similar scheme to further divide NSMs into 36 classes.96, 

98 Their methods work for the microstructures of bulk materials. Since the wetting 

property relies mainly on surface morphologies rather than interior bulk structures, the 

morphological classification is introduced in our paper to describe the features of surface 

structures. Surface structures constructed with 0D, 1D and 2D units will be referred to as 

0D, 1D and 2D structures, respectively, regardless of  regularity of the distribution of 

these units on the surface. For example, a structure consisting of only slender structure 

units (e.g. micropillars) will be referred to as 1D.  

In addition, porous, randomly structured or irregular surface morphologies are also 

widely observed both in natural and artificial materials. For a surface structure consisting 

of highly inter-connected units with intimate interfaces, whether it be dot-, wire- or plate-

shaped, it may not be appropriate to simply fit it into 0D, 1D or 2D classes. In this paper, 

this kind of structures is referred to as 3D.99 For example, when particles, fibers and/or 

platelets are assembled into a spatial network or porous structure on a solid surface, it 

will be referred to as 3D. 

Almost all superhydrophobic biological tissues and artificial surfaces can be 

categorized into the above classification, as we will show in Sections 3 to 5. It has to be 

noted that sometimes the boundaries for the different dimensional classes may not be 

very distinct. To better illustrate the four dimensional classes from 0D to 3D, 

representative biological materials for each class will be given in Sections 3.2–3.5. 

 

3.2. Examples of 0D surface structures 

 Lotus leaves are a well-known example of biological materials with 
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superhydrophobicity. Early researchers had speculated that surface roughness and 

microscopic morphology might significantly affect the wetting property of lotus 

leaves.100 In 1997, Barthlott and Neinhuis made the first SEM observation of lotus 

(Nelumbo nucifera) leaf and directly confirmed the significant contribution of roughness 

to its superior water-repellency.15, 101 They found that the upper surface of a lotus leaf is 

made of epicuticular wax crystalloid and micropapillae (Fig. 4 (b)). Owing to the 

combined effects of microstructures and chemical compositions, the surface possesses a 

160.4° water contact angle with superior non-adhesive and slippery properties. Water 

droplets on lotus leaves can roll off effortlessly, bringing dust particles away. To exam 

this self-cleaning property, different kinds of plant leaves were contaminated and then 

subjected to water droplets. In contrast to the 5–50% dust particle retention on 

microscopically smooth leaf surfaces, the microscopically rough lotus surface kept itself 

almost completely clean.15 Later, Feng et al. showed that lotus leaves have hierarchical 

structures at the micrometer and nanometer scales. They found that the micropapillae 

have an average diameter ranging from 5 to 9 μm, while each papilla has branch-like 

nanostructures with a diameter of ~124 nm. Both the micro- and nanostructures were 

believed to have promoted the superhydrophobic wettability of lotus leaves.102 Gao et al. 

further confirmed that the second-level structure mainly contributes to increase of the 

receding angle thereby eliminating the contact angle hysteresis.103 

 According to SEM images, micropapillae, which can be regarded as sphere-

shaped units, are distributed on the lotus leaf surface. Thus, lotus leaves have 0D surface 

structures at the micrometer scale (Fig. 4 (b)). Similar morphologies also exist on many 

other natural surfaces with superhydrophobic properties, e.g., red rose petals (Fig. 4 (c)) 

and taro leaves (Fig. 4 (d))104. On red rose petals, the micropapillae have an average 

diameter and height of 16 μm and 13 μm, respectively. Taro leaves also are composed of 

spherical units, with both the average diameter and height of microstructure units being 

around 13 μm. These plant tissues share a similarity that the aspect ratios of their 

structure units are around 1:1:1 and can be categorized as 0D structure units. With these 

sphere-like units, both red rose petals and taro leaves exhibit superhydrophobicity with 

the apparent contact angles of 152° and 159°, respectively. 
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3.3. Examples of 1D surface structures 

Besides plant tissues such as leaves and petals, aquatic animals living on water 

surfaces of ponds and lakes also depends crucially on superhydrophobicity. For these 

insects, locomotion on water surface is especially important. Therefore, in addition to 

having a large apparent contact angle to support their bodies, a sufficiently large 

coefficient of friction between the legs and the water surface is necessary to ensure their 

rapid start and braking of movement.91, 105 For example, water striders can swiftly walk 

and jump on water, which is enabled by the robust water-repellent property of their hairy 

legs with a contact angle of about 168°.17,106 It was measured that a single water strider 

leg can produce a supporting force of ~1.52×10–3 N, almost 15 times the total body 

weight.106 Much experimental and theoretical effort has been directed towards 

understanding how this leg can produce such a big supporting force.107-113 Through 

theoretical analysis, Feng et al. pointed out that hierarchical surface structures makes a 

dominant contribution to this superhydrophobic property, since the intrinsic contact angle 

of leg surfaces is only about 110°.106 SEM images showed that the leg is covered by 

thousands of microscopically hydrophobic setae. The needle-like setae have an average 

diameter of 3 μm, length of 50 μm, and inclined angle of 20° measured from the 

longitudinal direction of the leg (Fig. 5 (b)). In addition, finer nanostructures of about 100 

nm in depth and 410 nm in width are superposed on the surfaces of microsetae. The 

nanogrooves further reduce the liquid–solid contact area and enhance the 

superhydrophobicity, as predicted by Eq. (9).106 These groove-like nanostructure units 

share a similar shape with 1D fibers. However, the convexity of grooves and fibers are 

different, which will be discussed in detail in Section 4.1. Furthermore, it is worth noting 

that for such small objects as water strider legs, the elastic strain energy of a solid 

structure induced by the liquid–solid interaction is comparable to surface energy. In this 

case, the coupling effect of elasticity and capillary, referred to as elastocapillarity, may 

play a key role in the wetting behavior and should be taken into account.110, 114-118 Ji et al. 

analyzed the elastic deformation of a walking water strider leg induced by the surface 

tension of water.113 They demonstrated that this flexibility can benefit the maximal 

buoyancy of water strider legs.119 

 Besides the setae on water strider legs, 1D structure units are also found to prevail 
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in surface morphology of many other natural materials with water-repellent property, e.g. 

Galerucella nymphaea elytra and cicada wings (Fig. 5 (c) and (d)). The elytra of 

Galerucella nymphaea have long curved setae of about 4 μm in diameter, 70 μm in length, 

and 33 μm in average spacing. These hairs render the surface with a contact angle of 

159±7° and ensure the stability of air bubbles inside their spacing for underwater 

breath.90 Similar to the needle- and hair-like structures on water strider legs and 

nymphaea elytra, the surfaces of cicada wings (Fig. 5 (d)), with a contact angle greater 

than 150°, have pillar-shaped units with an average diameter of 50 nm and height of 250 

nm.120 The three above types of 1D structure units of water strider legs, Galerucella 

nymphaea elytra, and cicada wings share the similarity that their heights are much larger 

than the diameter, with corresponding aspect ratios of 10, 10 and 5 respectively. 

 

3.4. Examples of 2D surface structure 

For some insects, water droplets condensed on their bodies may be adverse for their 

biological activities, e.g., flight stability. Superhydrophobic properties are crucial for 

them to eliminate undesired water condensation. The butterfly wings (Morpho aega) have 

a direction-dependent water rolling resistance.18, 121, 122 Although the surface has a contact 

angle of 152±1.7°, water droplets would only roll along the radial outward direction of 

the wing. Experiments showed that droplets start to roll off in the radial direction when a 

9° tilt angle is applied, but the droplets are pinned tightly even when the wing surface is 

tilted vertically in the opposite direction.18 SEM images revealed that the wings are 

covered with a large number of unidirectionally oriented quadrate scales, with 150 μm in 

length and 70 μm in width. On each microsized scale, multi-layers of cuticle lamellae are 

stacked stepwise with 184.3±9.1 nm in width and 585.5±16.3 nm in clearance (Fig.  6 

(b)). This finding suggests that the anisotropic wetting property of the wing may be 

caused by its directional array of structures consisting of microsized scales and nanosized 

stripes, which are all oriented in the radial outward direction of the wing. Therefore, a 

three-phase line with less contact length would be formed with air pockets trapped in the 

nanogrooves when droplets are moving along the radial direction. With this 

superhydrophobicity-based function, water droplets can be easily removed from the 

wings, ensuring the flight stability. Achieving directional movements of water droplets in 
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microdevices and systems is of technological interest in the fields of medical engineering, 

water harvesting, etc. The structures observed in these natural materials may provide 

inspirations for designing novel devices with directional water collection and transport 

functions. 

Many other biological tissues also possess 2D or plate-shaped surface 

microstructures. For instance, Fig. 6 (c) and (d) show the structures of mosquito legs and 

moth wings, respectively. Mosquito legs are covered with an ordered array of round-edge 

microsized scales, which are typically about 15 μm in width, 40 μm in length, and 250 

nm in thickness. The mosquito legs have a contact angle of about 153° and can produce a 

surprisingly high water-supporting force, ~23 times the total body weight.123 As another 

kind of two-dimensional structure units, serrated edge scales render the moth (Catocala 

electa) wings with a contact angle of about 145°.124 The characteristic sizes of the moth 

scales were measured to be 454 μm in length, 154 μm in width, 314 nm in thickness, and 

343 nm in clearance. The geometrical data of the scales on the butterfly wings, mosquito 

legs and moth wings show that these units all possess large width–thickness ratios. 

Therefore, they can be categorized into the 2D microstructure class. 

 

3.5. Examples of 3D surface structures 

 As an angiosperm plant, ramee lives in areas with rich rainfall. Guo et al. found 

that a ramee leaf has drastically different wetting properties on its two opposite faces.104 

The frontal surface is hydrophilic, with the contact angle of only 38±2°, while the rear 

surface is superhydrophobic, with the contact angle of 164±2°. This difference was 

proposed to originate from the different morphologies on the two surfaces. The frontal 

surface is covered by a sparse web of microfibers with sphere-like microsized structure 

units inside the intervals. The surfaces of these microfibers are smooth, without finer 

structures. In contrast, the rear surface is covered by randomly arranged thread of long 

fibers with diameters about 1 to 2 μm. The microfibers on the rear surface generate a 

three-dimensional porous structure and greatly decrease the solid–liquid contact area. In 

addition, the microfiber is further decorated with grooves, rendering a hierarchical 

structure (Fig. 7 (b)). Over the past years, considerable attention has been drawn to 

fabricating biomimetic surfaces that utilize long fibers to increase their 
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superhydrophobicity.125 The electrospinning method, which will be discussed in Section 

5.8, is often adopted to produce fibrous materials.126 

 3D surface structures also exist in many other biological tissues. For example, Fig. 

7 (c) shows a perfoliate knotweed rear surface, which possesses a porous structure 

constructed by long microfibers.104 The large fraction of trapped air renders the surface 

with a good self-cleaning property. Although not superhydrophobic, the spider silk 

utilizes its porous surface structures to directionally capture water droplets (Fig. 7 (d)),127 

and the underpinning mechanism of water collection will be discussed in Section 4.2. 

According to our prior classification, the ramee rear surfaces, perfoliate knotweed rear 

surfaces, and spider silks can be categorized into the 3D class. 

 

3.6. Discussions 

As an idealization, the classification method described above only captures the 

prominent geometric feature of surface architectures that dominates wetting properties 

from the viewpoint of dimensionality. In reality, some biological materials have very 

complex structures and it may be ambiguous to cast them into one of the above-defined 

dimensionality classes. For example, some structure units have a length comparable to 

the average width (or diameter). According to the terminology of botany, the epidermal 

cells with different values of the aspect ratio, defined as β = height/width, are 

distinguished with different names: convex (β<2/3), papilla (2/3<β<3), hairpapilla 

(3<β<7), and hair (β >7).45 In this review, a structure is simply named as 0D or 1D when 

its height-diameter ratio is less or greater than 2, respectively. If a morphology lies in the 

transition zone between the 0D and 1D classes, the boundary between the two 

geometrical dimensionalities is somewhat elusive and the functions of the material may 

also be transitional or hybrid. 

Natural surfaces in the same dimensionality class may have distinctly different 

physical properties and biological functions. To further understand the multiple functions 

of a biological material, more details about its chemical compositions and geometric 

structures should be taken into account. For the 0D surface structures, the key geometric 

parameters may include the average diameter d (or height h) and spacing s of the 

structure units. The 1D surface structures can contain the following microscopic 
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geometric parameters: length l, diameter d, tilt angle  , and spacing s of the needle-like 

units. In the 2D class, the plate-like structures can be further depicted by their thickness t, 

sizes l1 and l2, average distances s, and tilt angle  . For a 3D porous structure, its 

average porosity  and the average pore diameter d can be the two other key parameters. 

These structures together with the corresponding microscopic geometric parameters are 

summarized in Table 1. 

Though the surface energy and contact angle of a solid surface largely depend on the 

macroscopically averaged structural parameters, the characteristic shapes and sizes of 

microscopic structure units also influence its advancing and receding contact angles. The 

homogenization techniques in the micromechanics of heterogeneous materials, e.g. self-

consistent method and Mori–Tanaka method, can be invoked to provide more meaningful 

estimations of the overall effective surface parameters than the conventional area-average 

method. The homogenized parameters such as roughness factor r or the solid area 

fraction f can then be further introduced to an appropriate wetting model (e.g., Wenzel or 

Cassie–Baxter model) to better estimate the contact angles of structured surfaces. 

Another microscopic structural factor that affects the wetting behavior is the 

arrangement of structure units. For instance, all surface structures of lotus leaves, 

mosquito eyes, and rice leaves can be classified in the 1D class at the micro scale. 

However, the dots are randomly distributed on the surfaces of lotus leaves (Fig. 4 (b)), 

regularly packed into a hexagonal pattern on mosquito eyes (Fig. 9 (b)), and located 

along some parallel lines on the upper surfaces of rice leaves (Fig. 9 (d)). The three 

biological tissues, though all superhydrophobic, have some other different wetting-related 

functions: the lotus leaves have the ability of self-cleaning but without obvious preferred 

directions of droplet movement, while the mosquito eyes and rice leaves have antifogging 

and directional water-repellent properties, respectively. More detailed discussions on the 

relationship between biological functions and structural features will be provided in the 

next section. 

 

4. Dimensionality classifications of hierarchical surface structures 

As discussed in Section 2, hierarchical surface structures may significantly influence 

the wetting, adhesion, heat transfer, and many other physical properties of surfaces.103, 106, 
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128, 129 In nature, most living creatures take advantage of hierarchical surface architectures, 

especially those at the micrometer and nanometer scales, to achieve their wetting-related 

functions.20,130,131 Based on the definition of one-level dimensionality proposed in Section 

3, we will present the morphological classification of hierarchical structures to correlate 

their geometric morphologies with biological functions. 

 

4.1. Concepts of hierarchical classification 

The wetting state of a liquid droplet is determined mainly by the chemistry and 

surface structures of the contacting solid, especially in a narrow region along the three-

phase line.55, 78, 81, 82 The width of the dominating region is typically in the range of 

nanometers or microns, depending on the characteristic structural sizes.77 In this study, 

we mainly consider hierarchical structures consisting of two levels, which are at the 

micrometer (the first) and nanometer (the second) levels, respectively. According to the 

dimensionality classification defined in Table 1, sixteen types of hierarchical 

dimensionality can be constructed by combing any two building blocks of 0D to 3D at 

the two levels, as shown in Table 2. 

Besides the sixteen two-level structures listed in Table 2, we further introduce four 

additional dimensional classes in which the second-level structures consist of concave 

nanogrooves with a large length–width ratio. As a concave variant of 1D structure units, 

the dimensionality of grooves is denoted as 1D in order to distinguish them from fibers. 

It is noted that although similar definitions for concave 0D, 2D and 3D structures can be 

introduced, these structures will not be discussed in this review because of there are not 

commonly found in superhydrophobic biological tissues. 

Groove structures are often observed in the second-level structures on hierarchical 

surfaces of biological tissues. A few examples are shown in Fig. 8, including 

micropapillae of rose petals,16 fibers of silver ragwort leaves,19 tomenta of duck 

feathers,132 and cactus spines.88 The grooves can further roughen the solid surfaces and 

enhance superhydrophobicity. Groove structures are also frequently observed other 

tissues, e.g., flower leaves (petals), seed surfaces,2 and insect hairs90. It was suggested 

that these concaved patterns, e.g. the grooves on the flower petals, are produced through a 

mechanical buckling process.133 
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 To better classify the two-level hierarchical surface structures, we will introduce a 

dimensional notation. In this paper, the dimensionality of a two-level surface architecture 

is depicted by a pair of indices (i, j), with i, j= 1 , 0, 1, 2, 3 representing the 

dimensionalities of micrometer and nanometer structures, respectively.  

However, only certain dimensional classes of hierarchical surface structures are 

commonly observed in biological materials. For example, some typical creatures are 

listed in Table 3, which include plant leaves, plant petals, reptile feet, insect wings, insect 

elytra and other biological tissues. In the following, we will discuss a few representative 

classes of biological surfaces. 

 

4.1.1. Class (0, 0) 

 Fig. 9 (a) and (b) show an optical image of mosquito134 (C. pipiens) and the 

surface structure on its compound eye. The compound eye is composed of microsized 

hemispheres with an average diameter of 26 μm.4 Each of these hemisphere is covered 

with a nanosized 0D structure, which is made up of thousands of nipples with an average 

diameter of 101.1±7.6 nm and spacing of 47.6±8.5 nm. The elegant hierarchical structure 

endows the surface with excellent superhydrophobicity and antifogging function. Even in 

a very humid environment, mosquito eyes can keep dry and clean4 

 

4.1.2. Class (0, 1) 

Lotus (Nelumbo nucifera) leaves, rice (Oryza sativa) leaves, and thunberg wings 

belong to this class. The microstructure of lotus leaves has been described in Section 3.2. 

Under a higher magnification, randomly arranged nanosized structures can be found on 

the micropapillae of lotus leaves. The units of the second-level structure have a 1D pillar-

like shape and random orientations, which eliminates the directional dependence of the 

micropapilla surfaces. Since the two-level nanostructure is believed to possess a high 

efficiency to enhance superhydrophobicity, the surface structure of lotus leaves has been 

imitated and incorporated in many bioinspired or biomimetic materials.39, 135  

The rice leaves (Fig. 9 (c)) have an anisotropic wetting property: the sliding angle is 

4° along the leaf vein direction but it is 12° along the perpendicular direction.102 This 

property is attributed to the directional arrangement of 0D micropapillae along straight 
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lines in the vein direction (Fig. 9 (d)). The SEM images show that every micropapilla has 

a finer hairy nanostructure and the hairs have an average diameter of ~4 μm and an 

average spacing of ~300 nm. 

Similarly, the thunberg (Acrida cinerea cinerea) wing is covered with randomly 

oriented nanohairs on microsized 0D hemispheres,131 rendering a contact angle of 151°. 

Each hemisphere is about 7 μm in diameter, and the average spacing of its nanohairs is 

about 150 nm. 

 

4.1.3. Class (0, 1) 

 Two examples in this class are the petals of red rose (rosea Rehd) and the troughs 

of desert beetle elytra (Stenocaraare, from Namib Desert). In 2008, Feng et al. reported 

an adhesive superhydrophobic state, which seems to conflict with the common concept 

that a superhydrophobic surface is usually non-sticky to water. They named this 

phenomenon as ‘petal effect’, which has a big difference from the well-known self-

cleaning ‘lotus effect’.16 When a water droplet is placed on the red rose petal, the petal 

exhibits a water-repellent property with a contact angle of 152.4°. However, if the petal 

surface is turned upside down, the water droplet can be still pinned, indicating a strong 

adhesive property of the surface. SEM images show that the structures on the petal are 

made up by a combination of 0D (the first level) and 1 D (the second level) units. The 

former consists of an array of papillae of ~16 μm in diameter and ~ 7 μm in height, while 

the latter is made up by nanowrinkles with a width of ~730 nm (Fig. 8 (a)). Such a 

hierarchical structure helps to form an impregnating Cassie state, which improves the 

adhesive property of the rose petal surface. Koch et al. showed that the wrinkles on the 

flower surface might create a favorable environment for insect pollinators to climb and 

walk.45  

Desert beetles (Fig. 9 (e)) living in desert are well known for their peculiar capability 

of water collection. Due to the capillary effect, droplets formed on the top of the elytra of 

a beetle will roll automatically towards its mouth.29,136 The elytra are covered with an 

array of bumps consisting of hydrophilic parts on their peak and superhydrophobic parts 

on their trough. The superhydrophobic trough is covered with 0D flattened hemispheres, 

which have nanosized 1 D grooves (Fig. 9 (f)). The average diameter of the hemispheres 
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is about 10 μm and the average width of the nanogrooves is about 150 nm. The gradient 

of the surface wetting property drives water droplets to move directionally.  

 

4.1.4. Class (0, 2)  

In Class (0, 2), we include three examples here, e.g. the leaves of peanut (Arachis 

hypogaea), spurge (Euphorbia myrsinites), and bamboo (Phyllostachys pubescence). The 

peanut leaves have both strong adhesion and superhydrophobicity.137 SEM images show 

that their leaves are covered with microsized bumps, on top of which nanoplatelets are 

randomly dispersed as the second-level structure. The adhesion between a 4 μL water 

droplet and a peanut leaf is measured to be larger than 70 μN, although the static contact 

angle is greater than 150°.  

A similar hierarchical structure was found by Koch et al on the Euphorbia myrsinites 

leaves, which consists of a combination of regularly distributed and microsized convex 

cells and nanosized wax platelets. The surface has a contact angle of 157°.138 Both the 

average diameter and height of the first-level 0D micropapillae are about 20 μm. The 

platelets are randomly arranged on the convex bumps, having an average thickness of 

~40 nm and width of ~1 μm. 

The self-cleaning property is found on bamboo leaves that has a hierarchical (0, 2) 

structure.139 The micropapillae on bamboo leaves are ~ 5 μm in diameter and ~ 7 μm in 

lateral spacing. Nanoplatelets, about 100 nm in thickness and 700 nm in width, are 

dispersed on the micropapillae, without a preferential direction. 

 

4.1.5. Class (1, 1)  

 Geckos (Fig. 9 (g)) are able to effortlessly climb on both smooth (e.g. glass 

windows) and rough (tree barks).140 The images in Fig. 9 (h) shows the hierarchical 

surfaces of a hairy toe of Tokay gecko (Gekko gecko). Each toe is covered with about half 

million keratinous seta of 30–130 μm in length and 1–2 μm in diameter. 141-143 Each 

microseta is further branched into a few hundreds of spatula-shaped nanohairs of 100–

200 nm diameter. Liu et al. found that the toes of gecko feet are not only highly adhesive 

but also superhydrophobic.21 Duplicated polyimide films of gecko feet were measured to 

have a contact angle of about 150°. They also reported a phenomenon like the ‘petal 
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effect’: water droplets can be pinned on the surface, indicating a strong adhesive ability. 

 

4.1.6. Class (1, 1) 

A few examples of Class (1, 1 ) are cranefly (Nephrotoma australasiae) wings, duck 

(Anatidae) feathers, backswimmer (Notonecta glauca) elytra, water strider (Gerris 

remigis) legs, and dragonfly (Libellula basilinea McLachlan) wings. The cranefly wings 

is superhydrophobic and has a contact angle of over 170°.144, 145  Its surface, except the 

boundary regions, are covered by uniformly distributed hairs of 12±1.5 μm in length and 

14±2 μm in spacing, as shown in Fig. 9 (j). Similarly to the hierarchical structure on 

water strider legs described in Section 3, the hairs have grooves as the second-level 

structure, with an average width of ~400 nm.  

The branch of duck feathers is made of fine tomenta with nanosized 1 D grooves and 

protuberances.132, 146 Using the Cassie–Baxter model, the air fraction inside the feather 

surface was estimated as high as 85–97%.  

Backswimmer is an aquatic insect that can carry an air film when submerged in water. 

The retained air film can keep it ‘dry’ under water for more than 120 days.90 On its elytra, 

the wire-like 1D units have two different sizes.90  The larger hairs, also named seta, are 

about 31 μm in height, 3.1 μm in diameter, and 81 μm in spacing. SEM images show that 

the setae are further roughened by second-level 1 D grooves of 300 nm in width. In 

addition to the seta, smaller hairy units, called microtrichia, are distributed in the space 

between thicker hairs. Balmert et al. proposed that the thicker microsetae can stably carry 

a larger volume of air for a relatively short time while the smaller and denser hair 

microtrichia retain a less volume for a longer period.  

A dragonfly wing possesses a large contact angle of ~174°.147 The 

superhydrophobicity is crucial for the dragonfly to fly agilely in the rain and keep its 

wings clean. Different from the (1, 1 ) structures discussed above, both the first- and 

second-level structures of dragonfly wings are at the nanometer scale. The wing 

membrane is covered by vertical columns, with an average diameter of ~39 nm, average 

distance of ~115 nm, and number density of ~75 μm–2. The finer grooves on the columns 

are about 14 nm thick. 
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4.1.7. Classes (2, 1) and (2, 1 ) 

 Butterfly (Morpho aega) wings and mosquito legs have hierarchical surface 

structures of classes (2, 1) and (2, 1 ), respectively. They have been described in Section 

3.4. 

 

4.1.8. Class (3, 1)  

The surface structure of perfoliate knotweed (Polygonum perroliatum L.) leaves, as 

shown in Fig. 7 (c), belongs to Class (3, 1). It possess a porous microstructure with an 

average distance of ~25 μm. On this porous microstructure, there are second-level 

randomly-distributed and branch-like fibers, which are 200–400 nm in diameter and 1–2 

μm in spacing.104 Owing to the hierarchical porous 3D structure, the surface has a large 

contact angle of 163±2°. 

 

4.1.9. Class (3, 1 )  

 Three examples in this class are silver ragwort (Senecio cineraria) leaves, ramee 

(Boehmeria iongispica steud) rear leaves, and Chinese (Bennincasa hispida cogn) 

watermelon surfaces. Silver ragwort leaves are densely covered by tangled 1D fibers with 

a diameter around 6 μm.19, 148 The fiber surface is decorated by finer 1 D grooves (~200 

nm in diameter) aligned along the fiber axial direction. The hierarchical morphology 

grants the silver ragwort leaf the superhydrophobic property with a contact angle of 147°.  

Both the ramee rear leaf and Chinese watermelon skin exhibit similar microstructures, 

which consist of long and randomly arranged fibers with an average diameter of ~2 μm 

(Fig. 9 (l)). As their second-level, the grooves, with an average width of ~400 nm, greatly 

increase the air fraction f in the Cassie-Baxter wetting state. The contact angles of ramee 

rear leaf and Chinese watermelon skin are about 164±2° and 159±2°, respectively. 

 

4.1.10. Other classes 

 Besides those classes listed in Tables 3 and 4, there are some other types of 

hierarchical surface structures in nature, which are not included therein because of 

relatively scare existence. For examples, Purple setcreasea (Setcreasea purpurea boom) 

leaves104 and Chinese Kafir lily petals16 should be regarded as classes ( 2 , 2) and ( 2 , 1 ), 
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respectively. On the purple setcreasea leaves, there are concave hexagonal ( 2 D) 

structures with side lengths in the range of 40–60 μm. The microsized hexagons are 

covered by branch-like nanosized platelets with an average diameter of ~250 nm. The 

frontal surface of a purple setcreasea leave has a water contact angle of 167±2°. Similarly, 

Chinese Kafir lily petals are also featured by close-packed concave hexagons with an 

average side length of ~75 μm, which contains many nanofolds as the second-level 

structure. Though its water contact angle goes as high as ~150°, the Chinese Kafir petal 

shows a distinct ‘petal effect’: the droplets can stay pinned on the surface even when the 

petal surface is turned upside down. 

 

4.2. Discussions 

Based on the dimensionality classification proposed in Section 2, various 

representative superhydrophobic biological surfaces are given in Table 3. Their wetting-

related properties and functions are summarized in Table 4 in order to gain insights into 

the structure-function relations. From Table 3, it is seen that for biological materials with 

superhydrophobicity, 0D and 1D units seems to be more favorable in the first-level 

structures than the other classes while 1D and 1 D morphologies are more widely 

observed on the second-level at the nanometer scale. The popularity of these architectures 

might indicate their advantages over others for the application of superhydrophobic 

functions. For instance, certain dimensionality of structures may have a higher efficiency 

such that it can accomplish the same superhydrophobic property with lower requirements 

for surfaces or materials. As an example, the Lady’s Mantle leaves only takes use of 

hydrophilic (intrinsic contact angle less than 60°) and flexible 1D hairs to generate a good 

non-wetting property (apparent contact angle about 140°).149, 150 

The second-level 1 D grooves or folds can be readily created by invoking surface 

wrinkling. Most biological tissues have multilayered structures, which have different 

growing rates, leading to residual stresses in the system. When the compressive strain 

reaches a critical condition, the initially smooth surface may become unstable and 

wrinkle into ordered or disordered creases or folds.151-155 

Besides the geometric features summarized above, we should notice that, for live 

biological material, its surface morphology does not always stay the same. Instead, it may 
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change under different external stimuli or evolve with time. In addition, the specific 

morphology of biomaterial depends on various factors, for example, the chemical 

compositions. For many animal and plant tissues, their surfaces are covered with cuticle, 

which is hydrophobic and contains epicuticular waxes. The crystal type and mechanical 

property of the epidermal wax may also have a very significant role in the formation of 

certain functional morphologies.  

 

5. Functions of different surface structures 

Through natural evolution and adaption, many biological materials have adopted 

optimal surface morphologies with enhanced physical properties and biological functions. 

Other than helping gain insights into the relationship between the specific functions and 

geometrical morphologies of biological materials, the proposed classification method in 

terms of surface dimensionality may also provide clues for the optimal design and 

fabrication of biomimetic materials with similar functions. More specifically, one can 

readily select a hierarchical surface architecture for an engineering material to achieve 

certain desired functions by mimicking the biological materials with similar functions. 

 In Section 4, several representative biological materials have been categorized 

according to the dimensionality of their hierarchical surface architectures, and Table 4 

provides a functional map for the wetting-related functions of these hierarchical 

structures. It is noted that besides surface microstructures, some other physical, chemical 

and biological factors may also affect the functions of biological materials. Despite this, 

as we have showed in Section 2, the above classification based on the geometrical 

morphologies can capture the essential key factors that result in a diversity of biological 

functions. In the following Sections 5.1 to 5.4, we will discuss the main functions listed 

in Table 4. 

 

5.1. Self-cleaning 

Table 4 provides a general linkage between their surface properties and their 

hierarchical structures. The superhydrophobicity-related functions in Table 4 can be 

divided into two classes, isotropic (or non-directional) and anisotropic (or directional). 

For example, the self-cleaning property can either be non-directional (e.g., lotus leaves) 
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or directional (e.g., butterfly wings and rice leaves), depending on the directional features 

of their hierarchical surface structures.  

The anisotropic non-wetting property of a material can be realized by the directional 

distributions of chemical compositions and/or geometrical structures on its surface.156 For 

example, among the representative biological surfaces in Table 4, the butterfly wings in 

Class (2, 1) and the rice leaves in Class (0, 1) have directional self-cleaning or water-

repelling property. These anisotropic wetting surfaces have well aligned structures, at 

least at one length scale (either micro or nano scale). SEM images revealed that the first-

level micropapillae on the rice leaves are located along approximately parallel lines. Such 

an arrangement leads to strongly anisotropic sliding angles: the sliding angle is about 4° 

along the aligned direction while it is 12° along the perpendicular direction.102, 104 On the 

butterfly wings, both the stripes in the first-level structure and the scales in the second-

level structure are oriented in the radial outward direction of the wing, as discussed in 

Section 3.4. 

The geometric dimensionality and dimensions of structure units also contribute to 

some aspects of the superhydrophobic performance of biological materials. For example, 

the characteristic sizes of the second-level (nanometer scale) structures are of great 

importance to stabilize the self-cleaning property under various conditions. The surface 

of a mosquito eye is able to keep itself dry and clean even when exposed to heavy 

moisture. The average interparticle spacing of the second-level structure is 47.6 nm, 

which is smaller than the critical fog condensation diameter (~190 nm).4 A narrow 

enough space makes the eye energetically unfavorable for nanosized fog droplets to get 

trapped or condensed inside the interspaces of the voids. Hence, the superhydrophobic 

state of the surface keeps stable due to its efficient elimination of water condensation.  

With an increase in the second-level structural sizes, a superhydrophobic state may 

become unstable due to water condensation in the microstructural interspaces, leading to 

a transition to the Wenzel wetting state. For example, the lotus leaves, which are about 

500 nm in the interspace of the second-level structure, are not always superhydrophobic. 

When the lotus leaves experience a humid environment rather than direct contact with 

water droplets, water vapors can easily condensate on their surfaces.157 The experiments 

showed that condensed fog droplets get pinned instead of rolling off with a much reduced 
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contact angle of 74.0±8.5°.157 

If the space between structural units continues getting larger, water droplets can be 

pinned tightly onto the material surface, resulting in the loss of self-cleaning property. 

Water droplets can easily get into the structure voids (~730 nm in width) on the rose petal 

surface and form an impregnating Cassie state, although its apparent contact angle is 

more than 150º.16 As discussed in Section 4.1.3, a water droplet can stay statically on a 

petal surface, even when the tilt angle reaches up to 180º158 (Fig. 10). As another example, 

the wings of cicada Terpnosia jinpingensis have a similar adhesive property with a 

contact angle of about 146°.20 The adhesive force is big enough to retain the water 

droplets hanging on the wing regardless of gravity, even when the wing is titled 90°. 

Therefore, the impregnating Cassie state on a petal is greatly different from the Cassie–

Baxter state on a lotus leaf though they are both superhydrophobic. In the former case, 

the wetting state has a larger contact area and thus a sufficiently large adhesive force to 

pin droplets even when the surface is tilted upside down, referred to as the petal effect. In 

the latter, the lotus leaf cannot stop an equally sized droplet from rolling down under the 

same tilt angle, leading to the self-cleaning ability, which is referred to as the lotus effect. 

 

5.2. Water transportation and collection 

 Water transportation and collection is a major concern in our daily life and some 

engineering fields. In nature, for many creatures living in arid region, their tissues, such 

as spider silk and cactus spines, have excellent functions to harvest water. Zheng et al. 

found that the silk of cribellate spider Uloborus walckenaerius are able to collect and 

transport condensed water droplets when the environment is humid (Fig. 11 (a)). This 

amazing property is attributed to the presence of two microstructures, namely spindle-

shaped knots and wire-shaped joints.127 The spindle-knots have a spherical shape with 

diameter of 21.0±2.7 μm while the joints are typically smaller, with an average diameter 

of 5.9±1.2 μm. The periodic distance between the spindle-knots and joints is 89.3±13.5 

μm and both of them have porous surfaces. If the joint is regarded as a substrate, the knot 

part of the silk can be contained in Class (0, 3). The geometrical difference between these 

two parts can produce two mechanisms to drive the directional movement of droplets. 

First, the spindle knots are more hydrophilic than the joints, yielding a difference in free 
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energy when a drop contacts the two structures. Second, for a droplet on the spider 

surface, the sphere-shaped geometry of a spindle knot can produce an extra Laplace 

pressure along the axial direction of the silk.82, 127 The combined effect of the surface 

energy gradient and the Laplace pressure difference produces a driving force to move the 

water droplet towards a neighboring knot. 

To survive in the extremely dry environment, the spines of desert cactus can also 

collect condensed water droplets and transport them directionally. The spines take two 

key geometrical strategies to achieve this function, as shown in Fig. 11 (b). First, the 

spine surfaces are decorated with two different microstructures, which are the aligned 

barbs (1D) and grooves ( 1 D). The barbs, mainly found in the end part of the spine, are 

oriented in the direction towards the cactus base. If a droplet starts to move outward of 

the cactus under external stimuli such as wind or vibration, these barbs can produce a 

resistant force to prevent this undesired movement. Microgrooves, distributed in the 

middle part of the spine, have a width varying from ~6.8 μm near the base to ~4.3 μm 

near the tip. According to the Wenzel theory in Eq. (3), the gradient of the groove width 

can generate a contact angle difference. The spine tip is more hydrophobic than its base 

since the spine skin is covered with hydrophobic waxes. Therefore, this gradient variation 

in the contact angle can also contribute to the directional movement of droplets. Owing to 

the combination effects of oriented barbs and grooves, a sufficient driving force can be 

produced to transport  water directionally.88 According to Lu et al.’s observations, the 

cactus spine surfaces can collect water droplets with a high efficiency: the transportation 

process of droplets takes only a half to a few minutes.88 

Besides cactus spines and spider silks, several species of lizards and Namib Desert 

beetles (discussed in Section 4.1.3) also have the ability to capture water from the humid 

moisture.87, 89 Dandelion pappus is also known to have a remarkable capability of 

controlling and transferring water droplets owing to their special conical hairs and fibrous 

system.159 

 

5.4. Optical functions 

Some creatures also utilize hierarchical surface structures to tune the optical 

appearance of their skins, feathers, wings, etc. For example, the beetles Tmesisternus 
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isabellae change their elytra skin color in response to environmental stimuli by adjusting 

their unique surface structures without any change in chemical compositions.160 When 

wetted by water, its hydrophilic elytra can transfer the initial golden color in the dry state 

to red in the wet state only by geometrical changes in surface structures (Fig. 11 (c) and 

(d)). SEM images revealed that the elytra are made up of microsized scales, which are 

marked with a series of grooves with a spacing of about 1 µm. Besides, the grooves are 

further imposed by fine grooves spaced by a width of about 45 nm. According to the 

dimensionality classification, this surface structure can be categorized in Class ( 1 , 1 ). The 

interior of elytra scales has a multilayered structure consisting of two kinds of alternating 

layers. When the scales on the elytra gets wet, the thickness of one kind of layers is 

swelled, while the thickness of the other kind of layers remains nearly unchanged. With 

the sophisticated surface structure, the wavelength of the reflected light can be tuned 

from 601 nm in the dry state to 669 nm in the wet state, accomplishing the optical 

function upon the contact with water. 

Many engineering materials are required to have certain optical functions, in addition 

to wetting-related properties such as self-cleaning. Bioinspired design and fabrication of 

transparent superhydrophobic materials have attracted considerable attention and have 

been widely used for engineering applications, e.g., windows, screens, solar panels, and 

paintings, in recent years. In general, the typical sizes of roughness on the target surface 

should be no more than 80 nm to avoid the scattering of visible light, which has a 

wavelength in the range of about 380–760 nm.161 

 

5.5. Water-walking functions 

Many aquatic creatures, such as water striders, water spiders, and mosquitos, possess 

an outstanding ability to live on water, which is mainly attributed to the hydrophobicity 

of their legs and the surface tension of water. These creatures usually utilize slender hairs 

to increase the surface roughness of their moving organs, e.g., legs. These 1D hairs are 

advantageous in several aspects. First, their superhydrophobic surfaces can carry an air 

film while submerged in water. This air film not only increases the buoyancy but also 

helps the respiration of the insects. Some aquatic creatures just breathe the oxygen inside 

the air bubbles when submerged in water.90, 162 Second, superhydrophobicity can help the 
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hairy legs to efficiently reduce the flow drag. Niu and Hu experimentally measured the 

drag force as a function of the hair length, density, and coating area when a hairy disk 

was immersed in a soap film. It was found that the hairs can contribute up to a 17% drag 

decrease compared to that of the bald disk.163 Inspired by these water-walking creatures, 

man-made robots capable of rowing, leaping off the surface, and climbing the menisci 

have been reported.164 

 

So far, we have proposed a morphological classification for the hierarchical 

structures of biological materials by invoking the concept of the geometrical 

dimensionalities of structure units at different length scales. Thereby, a functional map 

could be obtained to correlate the multiple functions with the geometric features of 

surface structures, as shown in Tables 3 and 4. The correlation may help us to take a 

better strategy when designing artificial materials with required surface properties and 

functions. Though the present paper mainly addresses wetting-related properties, the 

dimensionality classification method can potentially be used to study the relation between 

other surface properties (e.g., adhesion, wear, friction, and acoustics) and the surface 

structures of materials. In the next section, we will briefly review the physical and 

chemical methods for preparing hierarchical surface structures. 

 

6. Various fabrication methods for creation of hierarchical surfaces 

There is a rising demand in modern industries for advanced materials with multiple 

functions. Biomimetics or biomimicry of materials aims to take inspirations from natural 

biological materials to solve intractable problems in materials science and engineering. 

As discussed above, biological materials often utilize hierarchical structures to achieve 

their superior physical properties and biological functions. However, since most one-step 

fabrication techniques can generate only one-level, either micrometer or nanometer scale, 

surface structures, production of hierarchical surface structures often requires combining 

two or more techniques. In the past decades, a great multitude of surface patterning 

methods have been developed to create various surface structures. These include template 

synthesis,16, 165 lithography,52, 166 plasma treatment,167 phase separation,168 colloidal 

assembly,169 chemical vapor deposition,170 electrochemical deposition,171 layer-by-layer 
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deposition,172 sol–gel,173 electrospinning174, and surface wrinkling175, which will be 

briefly described in this section. Some of these methods can produce 0D to 3D and 1D 

surface structures at the micrometer scale, and the others can generate 0D to 3D and 1D 

structures at the nanometer scale. Their appropriate combinations can create a wide 

diversity of hierarchical surface morphologies. For more details of these fabrication 

techniques, the reader may refer to a few recent reviews.42, 176-178 

In what follows, the dimensionality classification method proposed above will be 

introduced in the category of biomimetic and artificial surface morphologies. By 

classifying the biomimetic materials with the same dimensionality as the counterpart 

biological materials, one can easily choose the fabrication method to produce the desired 

surface morphologies. 

 

 

6.1. Template synthesis 

Template synthesis is the most widely adopted method to create surface structures at 

both micrometer and nanometer scales. This technique uses a piece of solid plate with 

prescribed geometric features as a template. A replica material, e.g. polydimethylsiloxane 

(PDMS) or other kinds of polymers, is spin-coated or pressed onto the solid template, and 

then the replica material is cured as a solid film and subsequently removed from the 

template. Natural biological surfaces can be used as the template for preparing of 

biomimetic superhydrophobic materials with duplicated surface structures. Biomimetic 

surfaces like lotus leaves,179 red rose petals16 and taro leaves165 have been obtained using 

this template method. Artificial surfaces created by other fabrication methods can also be 

selected as templates.180 Template synthesis can generate various surface morphologies, 

but challenges still exist in the preparation of an accurate, repeatedly usable, and easily 

releasable template. Generally speaking, template synthesis can be used to prepare 0D to 

3D and 1D structures. 

Yuan et al. prepared a superhdropobic polystyrene (PS) film with 0D microstructure 

by the template method (Fig. 12 (a) and (b)).165 They replicated a PDMS film (as a 

negative template) from a fresh taro leaf. Then the PS solution was casted on the negative 

template, and the taro–leaf shaped PS surface was obtained after solvent volatilization. 
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The obtained PDMS template was used repeatedly to create multiple copies of PS films. 

The resultant PS surface had a contact angle larger than 155° with pure water, black ink, 

and fresh blood. Similarly, Sun et al. used the nanocasting technology to duplicate the 

superhydrophobic PDMS surface from a natural lotus leaf.179 The replica preserved both 

the 0D microstructure and 1D nanostructure of natural lotus leaves. The contact angle and 

the sliding angle of the replica were measured to be 160° and 2°, respectively, which are 

close to those of real lotus leaves. Feng et al. used an anodic aluminum oxide membrane 

as a template to synthesize aligned polyacrylonitrile (PAN) nanofibers, with a structure 

similar to that of low-density aligned carbon nanotubes.180 The surface covered with nano 

1D PAN fibers was superhydrophobic (water contact angle 173.8°) and oleophilic 

(rapeseed oil contact angle 26.7°). 

 

6.2. Lithography 

 The lithography technique is developing rapidly to fabricate sophisticated surface 

patterns at the micrometer and even nanometer scales. Optical lithography 

(photolithography), X-ray lithography, electron beam (e-beam) lithography, and 

nanoimprint lithography belong to this novel category.176 Photolithography utilizes light 

(usually ultraviolet light) to transfer the geometrical information from a photomask to a 

substrate consisting of light-sensitive materials. Light exposure is followed with several 

steps of chemical treatments to either retain the pattern on or remove the pattern from the 

substrate surface. This highly precise method can prepare small patterns down to 

nanometers in size. X-ray lithography and e-beam lithography share the fundamental 

principle as photolithography that a high-energy beam (X-ray or electron beam) etches or 

remains a certain geometric pattern on the target surface. The e-beam lithography does 

not need a mask since electron beams can be focused to a very fine degree and write the 

prescribed pattern directly on surface without obvious scattering.176, 181 Recently, 

nanoimprint lithography has appeared as another highly efficient technology, which 

utilizes mechanical press and heat to replicate a pattern from the master to the replica. A 

polymer film is firstly heated above the glass transition temperature, and then a stiff 

master is pressed against it.182 After cooling down the polymer and removing the master, 

an imprinted pattern is left on the film and the replica is obtained. With lithography 
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methods, regular or even irregular patterns can be prepared with a high precision. Owing 

to the characteristics of the technique, lithography methods can well produce micro- and 

nanosized surface structures of 1D, 0D to 2D. However, lithography methods are limited 

to mainly produce morphologies on rather flat surfaces and have difficulties to generate 

porous structures with complexity. 

Using the photolithography method, Öner et al. prepared superhydrophobic surfaces 

with micro 1D posts to study the effect of morphology on the movement of three-phase 

lines.166 Shirtcliffe et al. reported preparation of micro 1D pillar patterns with diameters 

ranging from 4 to 40 µm using photolithography. With these patterns, they systematically 

validated Cassie–Baxter wetting theory (Fig. 12 (c) and (d)).183 Fürstner et al. used the X-

ray lithography to make hydrophobic silicon specimens with an array of 1D 

microspikes.52 The width, height, and distance of the microspikes were varied to explore 

the lotus effect of the artificial substrate. For the above three examples, their micro 1D 

patterns are all in a ordered arrangement, which share the similarity with the surface 

structures on cicada wings.20 Feng et al. created hierarchical superhydrophobic surfaces 

by invoking the dual-scale e-beam lithography method.184 Both the obtained micro- and 

nanoscale structures can be categorized in Class 0D. The first-level structure was made 

up of square blocks with dimensions of tens of micrometers, and the second-level 

structures were distributed over the entire surface with geometrical length ranging from 

200 nm to 500 nm (Fig. 12 (e) and (f)). Jo et al. used ultraviolet nanoimprint lithography 

to develop superhydrophobic and superoleophobic surfaces.185 The cone-shaped 1D 

structure was 2.25 μm in diameter and 1.15 μm in height. Subsequently, ZnO nanorods 

were grown on the micropattern to enhance the surface roughness and the contact angle.  

 

6.3. Plasma etching 

 Plasma treatment is a dry etching method that utilizes a high-energetic plasma 

source (containing either charged ions or neutral atoms) generated by gas discharge. 

During the etching process, chemically reactive ions from plasma flow are shot towards 

the target substrate and gradually etch away the materials on the target surface. The 

plasma treatment method can create deep grooves with steep walls on large scaled 

surfaces, and sometimes it can be used after lithography or template methods to generate 
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second-level surface patterns. In general, the source gasses of the plasma are required to 

react well with the surface materials, otherwise the surface patterns would not be realized 

properly.176 

Using this approach, Minko et al. prepared self-adaptive surperhydrophobic surface 

made of poly(tetrafluoroethylene) (PTFE) (Fig. 12 (g) and (h)).186 After the plasma 

treatment, the originally flat surface was replaced by needle-like and randomly arranged 

structures. The etched surface had a 1D structure and it showed a contact angle about 

160° without an obvious contact angle hysteresis. Mundo et al. fabricated roughened PS 

films by means of radiofrequency plasmas fed with CF4.
187 After random removal of 

surface atoms, the treated PS samples had a close-packed nano 1D structure with an 

height ranging from 150 to 600 nm. To enhance the superhydrophobicity, the PS surface 

was coated by a low-energy fluorocarbon layer through plasma modification. Similarly, 

Fernandez–Blazquez et al. used the oxidative plasma treatment to prepare isolated 

nanofibrils and fibril bundles on polyethylene terephthalate (PET) films.188 After 

oxidation treatment, the generated nanofibrils collapsed into bundles with different 

morphologies. A subsequent perfluorination by gas-phase silanisation rendered the 

collapsed nanostructure a good water-repellency.  

 

6.4. Phase separation 

 In phase separation method, a metastable mixture becomes unstable and finally 

gets separated into two phases, leading to the formation of geometrically or chemically 

heterogeneous surface patterns. The separation is usually driven by thermodynamic 

forces (e.g. entropy) under specific environmental conditions of temperature or pressure. 

If one of the two phases is solidated, a network structure will form with a certain amount 

of solvent impregnated inside the pores. After removal of the liquid phase, a continuous 

and porous solid structure can be obtained. This method can prepare complex and 

irregular morphologies with geometric sizes ranging from nano- to macro-scales. 189 Due 

to its working mechanism, this method is often related to the sol–gel process, which will 

be discussed later. Besides, the phase separation method can also work together with 

other techniques, e.g. plasma treatment and electrospinning processes.176 

Zhao et al. demonstrated the preparation of poly-(styrene)-b-poly(dimethylsiloxane) 

Page 35 of 83 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



35 

 

(PS-b-PDMS) copolymer with superhydrophobicity using a vapor-induced phase 

separation method (Fig. 12 (i) and (j)).190 The prepared surface was covered with 0D 

interconnected microspheres, leading to an increase of roughness and a resultant contact 

angle of ~163.0°. To mimick the self-cleaning performance of lotus leaves, Wei et al. also 

fabricated fluoropolymer films using a phase separation technique.191 Styrene and 

2,2,3,4,4,4-hexafluorobutyl methacrylate copolymers were dissolved in tetrahydrofuran, 

and then the ethanol was added in this solution to induce the phase separation. The 

prepared surface had a 0D microstructure, rending the material with a maximum contact 

angle of 154.3º. Wang et al. utilized the phase separation method to prepare 

methylsilicone resin film with porous surface nanostructures. The fabricated surface was 

composed of nano 1D particles with diameter ranging from 50 to 100 nm. Besides 

superhydrophobicity, the film also showed a red-light luminescence.192 

 

6.5. Colloidal self-assembly 

 With the help of van der Waals interactions or chemical bonding, micro or nano 

particles can self-assemble into a diversity of structures on solid surfaces.169 When a 

substrate is covered with a solution containing particles, colloidal assemblages may be 

formed after the solvent is dried. Therefore, colloid assembly can conveniently produce 

0D and 3D surface morphologies at both micrometer and nanometer scales. Besides, this 

method is sometimes followed by other post-treatment methods, e.g. plasma treatment, to 

achieve hierarchical surface structures with superhydrophobicity. 

Using the colloidal self-assembly method, Zhang et al. created several different 

morphologies consisting of microspheres made of CaCO3-PNIPAM, silica or PS (Fig. 12 

(k) and (l)).193 They assembled these 0D particles with different constituents or diameters, 

to achieve a nanoscopically rough surface. Min et al. reported an assembly of 70 nm 

silica nanospheres into non-close-packed colloidal crystals over a large surface area.194 

Then they used the generated 0D colloidal monolayer as a structural template to pattern 

nanopillar arrays. The produced surface structure had geometrical and functional 

similarities to that on cicada wings, and it had a broadband antireflective property and a 

contact angle of 158°. 
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6.6. Chemical deposition 

 Typical chemical deposition methods include chemical vapor deposition (CVD), 

electrochemical deposition, layer-by-layer deposition, etc. In CVD, a substrate is exposed 

to gaseous precursors to create desired morphology through deposition by specific 

chemical reactions. Such CVD methods as plasma-enhanced chemical vapor deposition 

(PECVD),170 catalyst-assisted chemical vapor deposition (CCVD),195 initiated chemical 

vapor deposition (iCVD)196 have frequently been used to produce advanced functional 

materials. In the electrochemical deposition method, the conductive substrate is coated 

with thin films through an electrolytic process. The aqueous solution containing metal 

ions is applied with a bias between two electrodes, and then a film can be formed with 

target ions discharging on the electrode surfaces. In the layer-by-layer method, alternating 

layers with opposite charges are deposited in sequence on the substrate due to the effects 

of statistic electric interaction. This technique is spontaneous and stable, and the 

deposited multilayer thickness can be controlled within molecular precision. However, 

since the surface structure created by layer-by-layer method is rather flat, which may not 

be ideal for superhydrophobicity, some additional chemical treatments can be performed 

to enhance roughness and water-repellency of the surface, e.g., introducing nanoparticles. 

 By using the PECVD method, Lau et al. deposited a carbon forest with vertically 

aligned 1D nanotubes. With an additional surface coating consisting of 

poly(tetrafluoroethylene) (PTFE), the advancing and receding contact angles of the 

obtained materials reached 170° and 160°, respectively.170 Hsieh et al. employed a similar 

method to decorate carbon nanotubes (CNTs) on carbon fabrics (Fig. 13 (a) and (b)).197 

Jung et al. reported a superhydrophobic hierarchical structure, in which the nanostructure 

consisting of CNTs was prepared by CCVD method. This second-level nanostructure is 

similar to that on lotus leaves, while its first-level structure was made up of 1D 

micropillars fabricated by a soft lithography method.195 He et al. reported ZnO thin films 

fabricated on zinc foils with diverse nanostructures by the electrochemical anodization 

method (Fig. 13 (c) and (d)). Different shapes of nanostructures, e.g. nanodots (0D), 

wires (1D), were obtained by adjusting the reacting time and concentration of the 

electrolyte.171 Zhai et al. fabricated a honeycomb-like poly(allylamine hydrochloride) 

(PAH) and poly(acrylic acid) (PAA) multilayer surface coated with silica nanoparticles by 
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using a layer-by-layer method. This surface had microporous (3D) structure with 

roughness below 100 nm, and it was expected to mimic the behavior of lotus leaves.172 Li 

et al. produced a highly transparent superhydrophobic coatings (Fig. 13 (e) and (f)) 

through a similar deposition process. These coatings comprised a 3D nanoporous PDDA-

silicate/PAA film with dispersed SiO2 nanoparticles on the top of the surface.198 Ogawa et 

al. prepared electrospun fiberous surfaces coated with fluoroalkylsilane structure to 

mimic silver ragwort leaves.199 Different numbers of layers of TiO2/PAA were deposited 

on the membrane surface by the layer-by-layer method. The overall morphology of the 

prepared surface could be changed with the number of deposited layers. For example, 

when 5 to 10 layers were deposited, the surfaces of electrospun fibers were modified, 

which could be regarded as introducing a second-level roughness. However, the fiberous 

surface could be completely covered leading to a less rough surface, when there were 

about 30 deposition layers. 

 

6.7. Sol–gel method 

 In the sol–gel method, a network can be chemically deposited on a target solid 

surface. The sol is first prepared by hydrolysis and polycondensation of the 

corresponding precursors in the presence of a solvent and then deposited onto the 

substrate. After self-assembly of the colloidal particles in the sol, a 3D porous gel will be 

formed with a large amount of solvent trapped in voids. Thereafter, a drying process is 

needed to remove the remaining solvent and solidify the network.177 Similar to the phase 

separation process, nanoparticles are sometimes added into the solvent to enhance the 

surface hydrophobicity. Surface roughness can be controlled by chemical reactions of 

precursors.200 Because of its compatibility with glass, the sol–gel progress is particularly 

favored in creating transparent and superhydrophobic films on glass surfaces.176, 201 This 

technique can readily prepare 3D random and porous structures 

Xiu et al. demonstrated the use of a eutectic liquid in a sol–gel process to produce 3D 

porous thin silica films with superhydrophobicity. Since the roughness of the prepared 

surface was only ~100 nm, the obtained thin films were optically transparent.201 Using a 

sol–gel deposition method, Rao et al. prepared superhydrophobic copper substrates with 

3D microstructures.202 The hydrophobic coating sol was prepared with 
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methyltriethoxysilane (MTES), methanol (MeOH), and water at a specific molar ratio. 

These coatings were tested to be stable against humidity and mechanically flexible. Fan 

et al. fabricated a superhydrophobic copper wafer with vinyltrimethoxysilane (VTES), 

ethanol (EtOH), and ammonia water (Fig. 13 (g) and (h)).203 Various surface structures, 

e.g., pyramid-shaped protrusions and sphere-shaped silica particles, can be obtained on 

the copper substrate, depending on the reaction conditions and molar ratios of the 

constituents in the solvent. 

 

6.8. Electrospinning 

 The electrospinning method has been widely used to produce continuous fibers of 

microns or nanometers in diameter. In this technique, a polymer solution or melt liquid is 

contacted with an electrode and the grounded collector. At a sufficiently high electric 

field, a jet is emitted from a needle and then forms an initial fiber.204 After evaporation of 

the solvent, the fiber is obtained on the collecting substrate. Electrospinning is often 

applied with a combination of other chemical or physical methods. To improve the 

hydrophobicity of the yielded fiber, for example, micro- or nanosized beads can be added 

in the solution to roughen its surface. In addition, 3D porous microstructures can be 

formed by randomly oriented fibers collected on a flat or curved substrate. 

Utilizing the electrospinning method, Ma et al. fabricated hierarchically structured 

superhydrophobic fabrics formed by decorating microsized electrospun fibers with 

nanoscale pores or particles (Fig. 13 (i)).205 Xue et al. prepared a superhydrophobic 

surface with bead-free electrospun fibers made by POSS-PMMA copolymer.206 They 

found that the microfibers were made up of orderly bundles of second-level nanosized 

fibers. The fibers produced by Ma et al. 205 and Xue et al.206 had a microsized 3D surface 

structure similar to those on watermelons and ramee rear leaves described in Section 

4.1.9. Lin et al. demonstrated the fabrication of superhydrophobic fibrous materials from 

an electrospinning PS solution in the presence of silica nanoparticles (Fig. 13 (j)).126 They 

created 3D microstructures consisting of randomly oriented microfibers with 

nanogrooves, similar to those on silver ragwort leaves. 
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6.9. Surface wrinkling 

Surface wrinkling has become a promising method to produce a wide diversity of 

surface morphologies at the micrometer and nanometer scales. Wrinkles on the surfaces 

of solid materials are mainly generated by a mechanical instability process, which is 

usually induced by compressive stresses or stress gradients in the surface layer. Therefore, 

the essential step in the surface wrinkling technique is to create compressive stresses in 

the surface layer.  

To illustrate the typical wrinkling process, we consider the surface wrinkling of a 

compliant sheet, say PS or PDMS. The sheet is first elastically stretched to a certain 

degree such that its strain is larger than a critical value. Then the surface layer of the 

stretched sheet is modified to have a different elastic modulus than the interior material. 

This can be accomplished by, for instance, coating a stiff layer or an exposure to 

ultraviolet–ozone treatment.175, 207, 208 After forming the stiff surface layer, the pre-stretch 

is released to generate compressive stresses inside the surface layer which eventually 

leads to surface wrinkles. The wavelength and amplitudes of the generated wrinkle can be 

tuned by precisely controlling the thickness and modulus of the modified surface layer.175, 

209 Under different loading conditions, various wrinkle morphologies can be obtained, 

e.g., sinusoidal, hexagonal, herringbone, labyrinth, and random profiles (Fig. 13 (k) and 

(l)).210 In addition, since surface wrinkles are generated by elastic instability, the 

geometrical morphology can be tuned repeatedly by applied loads, leading to actively 

tunable contact angles and other surface properties. The good tunability and reversibility 

is a potential advantage over other preparation methods of surface morphology. 

 Chung et al. examined the wettability of rough surfaces with parallel sinusoidal 

surface wrinkles.207 Since the surface morphology was anisotropic, the liquid–solid 

contact region was no longer axisymmetric and the contact angle showed two different 

values along the perpendicular and parallel directions of the wrinkles. The wavelength 

and amplitude of the wrinkles were observed to have a greater influence on the contact 

angle in the perpendicular direction than that in the parallel. It was also found that the 

wrinkled microstructure had a fully reversible wettability, when it was subjected to 

cycling loads of uniaxial compression–tension. Lin et al. reported a superhydrophobic 

surface with dual-scale roughness by coating silica nanoparticles on PDMS wrinkles.208 
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This hierarchical structure, which is in Class (1, 0), can guarantee the Cassie wetting state, 

resulting in a significant reduction in sliding angle compared with the one-level structure. 

Combining the nanoimprint lithography method and the surface wrinkling process, Li et 

al. reported a superhydrophobic surface with a contact angle over 160º.211 The wettability 

of a surface with herringbone wrinkles can be tuned from hydrophobic (~130º) to 

superhydrophobic (~155º) by increasing the film thickness. Recently, Wang et al. studied 

the surface wrinkling in a film–substrate system with periodic interfacial 

microstructures.209 They observed several novel surface wrinkling patterns, e.g., parallel 

and periodic tilted sawteeth, and alternating upward–downward arcs, depending on the 

mechanical and geometric parameters of the system. The results are summarized in a 

phase diagram, which may guide realization of various surface patterns to achieve 

advanced functions, e.g. blazed grating, anisotropic friction and adhesion, and directional 

self-cleaning. 

 

6.10. Classification of preparation methods 

To illustrate the surface morphologies produced by each preparation method 

discussed above, representative images are given in Figs. 12 and 13, and a dimensionality 

classification is summarized in Table 5. Since the dimensionality classification of the 

preparation methods is not intended to be exhaustive, more methods can be added later in 

the table.  

With the geometrical classification of both biological tissues and preparation 

methods, one can follow the logic of Fig. 14, and easily determine which preparation 

methods can be used to fabricate the necessary surface architecture to obtain desired 

functions that mimic the biological materials in nature: In the first step, the required 

functions of the engineering material need to be identified. Then, based on the desired 

functions, one can find from Table 4 the corresponding dimensionality classes that 

possess the expected functions. Finally, a proper fabrication method can be selected by 

using Table 5 to prepare the biomimetic materials with the desired functions. As an 

example, to design a material with directional water-repellency, one can combine the 0D 

microstructure and the 1D nanostructure by referring to the hierarchical structure of rice 

leaves (Tables 3 and 5). It is known from Tables 3 and 5 that such a biomimetic 
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functional material can be fabricated by using the lithography method and the CVD 

method to produce the first- and second-level structures, respectively.  

 

7. Conclusions 

The physical properties of a solid surface depend strongly on its chemical 

compositions and geometrical morphology. Most biological materials take the strategy of 

hierarchical structures to achieve their multiple surface functions, e.g. 

superhydrophobicity, water collection and transport. It is of extensive interest to establish 

the interrelations of the biological functions, physical properties, chemical compositions, 

and geometric structures of biological materials. To this end, we have proposed a 

classification method in terms of the morphological dimensionality of structure units at 

different length scales. The structure units on each level are classified into 0D, 1D, 2D, 

and 1D according to their prominent geometric features. Thereby, a hierarchical surface 

structure can be easily described by considering their features at multiple length levels. 

The concept of morphological dimensionality is first used to correlate the biological 

functions and surface structures of biological materials, and then extended to the design 

and fabrication of biomimetic materials. Following the proposed functional map, one can 

easily choose the techniques to produce the desired surface structures that will possess 

the required functions. In the present paper, our attention has been focused on the 

wetting-related properties of materials but the proposed classification method can provide 

potential guideline for tuning other surface properties, e.g., adhesion, friction, heat 

transfer, and acoustics. This method can also be extended to study the interior structures 

of biological materials and their correlations with biological functions.  

Finally, it is worth mentioning that due to the complexity and diversity of the 

physical processes in a real-world surface, there are some other factors that affect the 

wetting-related functions, e.g., elastocapillarity, electrostatics, and self-adaptive 

mechanisms, which have not been discussed in this paper. In addition, there are a number 

of topics that deserve systematic exploration. First, most biological materials utilize their 

surfaces to accomplish a large number of functions. Some functions may, to different 

extends, have mutual constraints towards each other. On one hand, the morphology of 

natural materials could be a result of compromising some different functions, and, on the 
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other hand, living materials have some fantastic strategies to achieve some apparently 

competing properties. To avoid simple replication of biological materials, therefore, one 

should understand the intrinsic physical mechanisms of natural optimization. To date, it is 

a challenging issue to fabricate advanced biomimetic materials that have multiple 

functions as well as those in biological materials. Second, materials with fixed wetting-

based functions cannot meet the engineering demands in many applications. Recently, 

extensive efforts have been directed toward developing materials with reversibly 

switchable wettability. For example, the reversible switching wettability between 

superhydrophobicity and superhydrophilicity can be used in the field of directional water 

collection and transfer. The wetting ability can be reversibly driven by different kinds of 

physical or chemical stimuli, such as pH level, light, temperature, electrical and magnetic 

fields.212 Besides, mechanical methods (e.g., wrinkling-based methods) have also 

attracted considerable attention to tune the wetting property of solid surfaces. Third, 

superhydrophobic materials used in practical applications, e.g., self-cleaning windshields, 

anti-fogging glasses, and anti-biofouling paints, should have stable wetting-based 

functions in service. Although a variety of superhydrophobic coatings have been 

fabricated with different techniques, it is still hard to keep their high performance of 

functional surfaces for a sufficiently long period. For biological tissues, the self-healing 

ability is one of the inherent characteristics to provide an effective way to resolve this 

problem. Therefore, the design and preparation of bio-inspired and biomimetic materials 

with self-healing surface property is another promising field with growing interest. 
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Figure captions 

 

Fig. 1 Wetting states of a droplet on (a) a smooth and horizontal surface and (b) an 

inclined surface with the critical tilt angle C . 

 

Fig. 2 A droplet on a rough substrate: (a) Wenzel state and (b) Cassie–Baxter state. 

 

Fig. 3 Wetting states on substrate with two-level hierarchical structures: (a) Wenzel-in-

Wenzel state, (b) CB-in-Wenzel state, (c) Wenzel-in-CB state, and (d) CB-in-CB state. 

The insets show the high-magnification view of local contact states at liquid-solid 

interfaces. 

 

Fig. 4 (a) Optical images of the surface of a lotus leaf8 and (b) an SEM image of 

micropapillae on a lotus leaf.2 (c) SEM images of sphere-shaped micropapillae on a red 

rose petal16 and (d) a taro leaf.104  

 

Fig. 5 (a) A water strider walking on a water surface8 and (b) an SEM image showing the 

nanogrooves on strider’s seta.106 (c) Curved microhairs on the surface of a Galerucella 

nymphaea elytron90 and (d) pillar-shaped structure on a cicada wing.120  

 

Fig. 6 (a) A butterfly122 and (b) the microsized scales covered with lamella-stacking 

nanostripes on its wing.18 (c) Round-edge microsized scales on a mosquito leg123 and (d) 

serrated-edge scales on a moth wing.124  

 

Fig. 7 (a) A photograph of a ramee leaf and (b) the microfibers with finer grooves on its 

rear leaf surface (the inset demonstrates its high water-repellency).104 Porous 

microstructures of (c) a perfoliate knotweed rear surface,104 and (d) a spider silk.127  

 

Fig. 8 SEM images of (a) the cuticle folds on a micropapilla of a red rose petal,16 (b) the 

aligned grooves on a spine of cactus,88 (c) the grooves on a fiber of a silver ragwort 

leaf,19 and (d) the textures on a tomenta of a duck feather.132  
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Fig. 9 Optical and SEM images of various biological surface structures with 

superhydrophobic functions. (a) A mosquito134 and (b) the nanonipples on its compound 

eye surface.4 (c) A rice plant8 and (d) the directionally arranged micropapillae on its leaf 

surface.104 (e) A desert beetle and (f) the flattened hemispheres on its elytra.87 (g) A 

gecko140 and (h) the nanosized branched spatula on its toe.21 (i) A cranefly145 and (j) the 

grooved hairs on its wing.144 (k) A Chinese watermelon and (l) the long microfibers on its 

surface.104 These biological tissues can be categorized into Classes (0, 0), (0, 1), (0, 1), (1, 

1), (1, 1) and (3, 1), respectively.  

 

Fig. 10 Lotus effect121 and petal effect158.  

 

Fig. 11 Images of (a) spider silks127 and (b) a cactus spine88. Water droplets can be 

directionally transported and collected by their special geometrical structures. The elytra 

of beetle Tmesisternus isabellae can be tuned from (c) a golden color into (d) red upon 

contacting with water.160  

 

Fig. 12 (a) The natural taro leaf surface, and (b) the taro-leaf shaped PS film prepared by 

using natural taro leaves as the template.165 (c) A array of micropillars fabricated using 

photolithography and (d) its high magnification image.183 SEM images of an artificial 

surface fabricated by e-beam lithography (e) the first-level structures and (f) the second-

level structures.184 A PTFE surface treated with oxygen plasma for (g) 2 min and (h) 5 

min.186 (i) The porous poly-(styrene)-b-poly(dimethylsiloxane) (PS-b-PDMS) surface 

prepared via the phase separation method and (j) its side view.190 Self-assembly patterns 

of (k) polydisperse silica spheres and (l) CaCO3-PNIPAM particles.193  

 

Fig. 13 (a) Randomly deposited carbon nanotubes prepared via the CCVD method and (b) 

its high magnification image.197 ZnO electrochemical anodization grown on the Zn foil 

with the reaction time of (c) 1 min and (d) 10 min. 171 (e) Top view and (f) side view of 

the (PDDA-silicate/PAA) film deposited on a quartz substrate by the LBL method.198 Gel 

films deposited on copper wafers with the protrusion diameter in the ranges of (g) 500–
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700 nm and (h) 1–2 µm.203 (i) Randomly packed electrospun nylon fibers,205 and (j) the 

wrinkled patterns on electrospun polystyrene fibers.126 Surface wrinkles with (k) zigzag 

herringbones and (l) random profiles.175  

 

Fig. 14 Morphological dimensionality as a guiding tool for the design and fabrication of 

biomimetic materials with required surface properties. 
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Table captions 

 

Table 1 Schematic diagrams and possible geometrical parameters for 0D to 3D one-level 

structures. 

 

Table 2 Classification of scale hierarchical two-level structures. 

 

Table 3 Hierarchical biological materials classified by morphological dimensionality.  

 

Table 4 Usual functions of biological materials with different dimensional structures. 

 

Table 5 Preparation methods and the morphological dimensionalities of the obtained 

surface structures. 

Page 57 of 83 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



57 

 

 

Page 58 of 83RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



58 

 

Figures 

 

 
 

 
 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Figure 14 
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Tables 

 
Table 1 

dimensionality schematic diagram possible parameters 

0D 

  

height h, diameter d, distance s. 

 

1D 

  

diameter d, length l, distance s, tilt angle  . 

 

2D 

  

thickness t, length l1, l2, distance s, tilt angle    

 

3D 

 

average porous diameter d, void ratio  

Table 2 
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nano\micro 0D 1D 2D 3D 

0D 

    

1D 

    

1D 

   
 

2D 

  

 
 

3D 
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Table 3 

 

nano\micro 0D 1D 2D 3D 

0D mosquito compound eye4    

 

1D lotus leaf,102 rice leaf,102, 104 

thunberg wing.131 

 

 

toe of the gecko foot21, 141, 142 butterfly wing18 perfoliate knotweed leaf104 

1 D rose petal,16 

desert beetle elytron.87, 136 

 

water strider leg,17, 106 cranefly 

wing,144 duck feather,132, 146 

backswimmer elytron,90 

dragonfly wing.147 

mosquito leg123 silver ragwort leaf,19, 148 ramee 

rear leaf,104 Chinese 

watermelon skin.104 

2D peanut leaf,137 bamboo leaf,139 

Euphorbia myrsinites leaf.138 

   

3D     
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Table 4 

 

nano\micro 0D 1D 2D 3D 

0D antifogging4    

 

1D lotus effect,15, 102 directional water-

repellency102, 104 

petal effect21  directional water-

repellency18 

 lotus effect104 

1D petal effect,16  

water capture87 

lotus effect,132, 144, 147, supporting 

force, 17, 106 

air plastron90 

supporting force123 lotus effect104, 148  

2D lotus effect,138, 139 petal effect137    

3D     
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Table 5 

 

dimensionality preparation method 

micro 0D template synthesis,16, 165, 179 lithography,105, 185 phase separation,190, 191 and sol–gel.203 

micro 1D template,180 lithography52, 166, 183 and plasma treatment.186 

micro 1D surface wrinkle.207, 208, 211  

micro 2D  

micro 3D  LBL,172 sol–gel,201-203 and electrospinning.126, 205 

nano 0D colloidal self-assembly,193, 194 and lithography.184 

nano 1D template,165 plasma treatment,187, 188 and CVD.170, 195 

nano 1D electrospinning.126, 206 

nano 2D  

nano 3D phase separation,192 CVD,197 and LBL.198, 199 

Page 78 of 83RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



78 

 

 

 

 

Page 79 of 83 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



79 

 

Brief Biography of authors 

 

Hao-Yuan Guo 

 

Hao-Yuan Guo received his B.S. degree in engineering mechanics from Tsinghua 

University in 2012. Currently, he is a Ph. D. student at Tsinghua University. His research 

interest is focused on the multiscale mechanics of biological and biomimetic materials. 

Now he is working on the wetting and adhesion of materials with hierarchical surface 

structures, and fracture mechanics of nanomaterials. 

 

Qunyang Li 

 

Qunyang Li is an associate professor in the Department of Engineering Mechanics at 

Tsinghua University. Before taking this position, he worked as a postdoctoral researcher 

and research scientist at University of Pennsylvania from 2008 to 2012. He received a 

Ph.D degree from Brown University in 2008 and B.S. and M.S. degrees in Engineering 

Mechanics from Tsinghua University in 2001 and 2003, respectively. His current research 

Page 80 of 83RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



80 

 

aims at understanding how surfaces (both solid and liquid) interact at small scales and 

bridging nanoscale intrinsic properties to macroscale behaviors through experiments and 

mechanics modeling. 

 

 

Hong-Ping Zhao 

 
 

Hongping Zhao received his Ph.D. degree in Engineering Mechanics from Institute of 

Mechanics, Chinese Academy of Science in 2003. He worked as a postdoctor in Tsinghua 

University during 2003–2006. After that, he became an assistant professor in Department 

of Engineering Mechanics at Tsinghua University and was promoted as an associate 

professor in 2010. His research interests are mainly on mechanics and biomimetics of 

biological materials, and medical engineering. 

 

 

 

Kun Zhou 

 

Page 81 of 83 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



81 

 

Zhou Kun is an assistant professor at School of Mechanical and Aerospace Engineering, 

Nanyang Technological University (NTU), Singapore. He obtained his B.S. and M.S. 

degrees from Tsinghua University, China in 1998 and 2001, respectively, and his Ph.D. 

degree from NTU in 2006.  He worked as a postdoctoral fellow at Department of 

Mechanical Engineering, Northwestern University, USA during 2007–2010. He was a 

visiting scholar at the School of Engineering and Applied Sciences, Harvard University, 

USA under the Tan Chin Tuan Exchange Fellowship in 2013. He has published 4 book 

chapters and over 110 journal papers. 

 

 

Xi-Qiao Feng 

 

Xi-Qiao Feng is a Chang Jiang Chair Professor and the head of Department of 

Engineering Mechanics, Tsinghua University. He earned a Ph.D. degree in Solid 

Mechanics in 1995 at Tsinghua University. During 1997–1999, he worked as a Humboldt 

research fellow in Technical University of Darmstadt and Delft University of Technology. 

He rejoined Tsinghua University as an associate professor in 1999 and was promoted to a 

professor in 2001. Selected Feng’s honors include Award of Science and Technology for 

Young Scientists of China (2007), Distinguished Young Scholars Award of NSFC (2005), 

Young Scientist Award of Fok Ying Tong Education Foundation (2004), and Award for 

Best Doctoral Theses of China (1999). Currently, he is the director of Institute of 

Biomechanics and Medical Engineering, and serves as a member of editorial board of 

about 15 journals. His research interests include molecular and cellular biomechanics, 

mechanics of biomaterials and soft matter, damage and fracture mechanics. He has 

authored or co-authored two books and about 240 journal papers. 

 

Page 82 of 83RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



82 

 

 

Page 83 of 83 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


