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Surfaces in Nature
Mehmet Gürsoy and Mustafa Karaman

“Natura nihil frustra facit” (Nature does nothing in vain).
Aristotle (384–322 BC)

1.1 Introduction

Human beings have used nature in order to meet their needs. Early inhabitants
took advantage of natural resources and materials just for their fundamental
needs such as food, shelter, and clothing. Over the past several centuries,
science and technology have developed exponentially in the world. Conventional
materials and methods such as self-cleaning surfaces, new generation optical
devices, biomaterials, and so on are not enough to meet the requirements of
high-technology applications.
Thanks to improvements in surface analysis techniques, scientists can look

deep into nature. In this way, the relationships between the structure and func-
tions of living organisms can be investigated.
Since the beginning of life, all kinds of living organisms from one-celled crea-

tures to plants and animals have adapted to their environments for survival. By
extensive trial and error processes, nature itself has created a great number of
outstanding living creatures with tested and proven sustainable biological func-
tions. As a result of the long adaptation process (spanning millions of years),
organisms have developed impressive features that have equipped them better
to compete for limited resources, defend themselves against their predators, and
live longer.Therefore, it can be easily said that nature is the bestmaterials scientist
ever. Because of this, copying or mimicking of biological systems is an effective
way to produce desired high-technology materials. This approach is called as
biomimicry.
The word biomimicry is a combination of two Ancient Greek words, “bios”

meaning “life,” and “mimesis” meaning “to imitate.” Biomimicry can be defined
as that branch of science that seeks to imitate processes or structures existing
in nature. The main philosophy behind biomimicry is “If Nature can do it, so
can we.” With this approach, nature is used as a guide to tackle problems using
biomimetic materials and processes.
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2 1 Surfaces in Nature

Biomimetic innovation is based on the observation and mimicking of nature.
Indeed, observation and learning from nature began in the initial days of
mankind. That is why, biomimicry has been accepted as an ancient discipline.
Throughout history, nature has inspired us to invent many tools.
During the Renaissance Period, numerous impressive bio-inspired designs

were produced by Leonardo Da Vinci. For instance, he designed a flying machine
by investigating bird anatomy. His words on nature show why he applied
bio-inspired idea on his designs: “Although human genius through various inven-
tions, makes instruments corresponding the same ends, it will never discover an
inventionmore beautiful, normore ready, normore economical than does nature,
because in her inventions nothing is lacking and nothing is superfluous [1].”
In 1969, the term biomimetics was first used by bioengineer Otto Herbert

Schmitt in his paper at theThird International Biophysics Congress in Boston [2].
However, biomimicrywas popularized by Janine Benyus in her book Biomimicry:
Innovation Inspired by Nature (1997) [3]. Subsequently, biomimetic approaches
have become more and more popular and important during the past decades in
almost all research fields.
There have been a lot of studies in materials science, based on mimicking

natural materials. In this chapter, examples of biomimetic materials, especially
the related surfaces, are given.

1.2 Inspiring Natural Surface Structures

1.2.1 Self-Cleaning Surfaces

Self-cleaning surfaces are in great demand for fundamental research and various
industrial applications.These types of surfaces must have two important criteria:
very high contact angle and low contact angle hysteresis.
Contact angle can be defined as a measure of the wettability of a solid surface

by a liquid drop (Figure 1.1a). Theoretically, the contact angle values must be
between 0∘ and 180∘. If the contact angle is less than 90∘, these surfaces are
classed as hydrophilic. If the wetting angle is higher than 90∘, these kind of
surfaces can be accepted as water repellent. When a contact angle approaches
180∘, the surface is considered superhydrophobic. Adhesion of droplets on the
surface can be determined by dynamic contact angle measurements. Dynamic
contact angle is referred as advancing contact angle (the maximum value of the
contact angle) and receding contact angle (the minimum value of the contact
angle). Contact angle hysteresis is the difference between them.There is a strong
relation between sliding angle and contact angle hysteresis. Sliding angle is
the required minimum angle to move the droplet on surfaces (Figure 1.1b).
As the contact angle hysteresis decreases the drops can easily roll off from the
surfaces.
In nature, self-cleaning properties have been observed in various plant leaves.

On a rainy day, the raindrops do not spread on the plant leaf and these drops
completely roll off the leaf. And thus, undesirable particles on the leaves are easily
removed by rolling water drops. It is also known that pathogenicmicroorganisms
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Figure 1.1 (a) 𝜃 is the water contact angle and (b) 𝛼 is defined as the inclination angle at
which a water drop rolls off the surface.

cannot germinate and infect leaves without water. For this reason, self-cleaning
helps prevent the occurrence of plant diseases [4].
Among the plants that are self-cleaning, lotus is one of the most popular

examples due to its very high contact angle and very low hysteresis. These values
are 164∘ and 3∘, respectively [5]. That is why, the term Lotus Effect is also used in
place of “Self-Cleaning Effect” in the literature [6]. The lotus grows in an aquatic
environment such as lakes, and shallow and muddy water. It always achieves to
remain clean even in dirty waters [7, 8]. For this reason, the lotus is considered
as a symbol of purity.
The plants are covered by a cuticular surface except for their roots. The cuti-

cle layer is a natural composite that is the interface between plants and their
environment [9]. This composite consists mostly of two parts, soluble lipids and
bio-polyesters [10, 11]. Because of the chemical structures of these components,
the cuticle layers usually exhibit hydrophobic properties. Lotus leaf surface is also
covered by low surface energy cuticular surface, which contains mainly —CH2—
groups [12]. The relation between the contact angle and surface energy was for-
mulated in Young’s Eq. (1.1) describing wetting phenomena in terms of thermo-
dynamic equilibrium [13] (Figure 1.2).

cos 𝜃 =
𝛾SV − 𝛾SL

𝛾LV
(1.1)

where 𝜃 is the contact angle of the liquid, 𝛾SL is the interfacial surface tensions
between the solid and the liquid, 𝛾SV and 𝛾LV are the solid and liquid surface free
energy, respectively. According to Eq. (1.1), decreasing 𝛾SV should increase the
contact angle value.
However, it is well known that the lower surface energy of —CH3 groups or

fluorocarbons do not exist in any biological systems [12]. So, the contact angle of

Figure 1.2 The schematic representation of a liquid
drop with the contact angle and tension vectors.
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Figure 1.3 The SEM image of adaxial lotus leaf surface, scale bar= 20 μm. (Barthlott 1997 [9].
Reproduced with permission of Springer.)

a planar cuticular surface can be a maximum of about 110∘ [14]. Thus, in nature
only having low surface energy surface is not enough to be superhydrophobic.
By means of scanning electron microscope (SEM), micrometer scale bumps and
nanometer scale wax crystals were observed on the lotus leaf surface [9]. The
SEM image of adaxial lotus leaf surface structure is given in Figure 1.3.
The effect of surface roughness on the wettability can be explained with the

help of the Wenzel model [15, 16]. The Wenzel model describes the following
Eq. (1.2).

cos 𝜃 = Rf cos 𝜃0 (1.2)

In which, 𝜃 is the contact angle of a rough surface, 𝜃0 is the contact angle of a
smooth surface, and Rf is the surface roughness factor. The roughness factor is
defined as the ratio of the actual surface area to the geometric surface area. If the
surface is flat,Rf = 1; however, this valuemust be higher than 1 for rough surfaces.
For a hydrophilic surface, 𝜃0 must be lower than 90∘, roughness decreases the
contact angle. On the other hand, for hydrophobic surfaces, as in lotus leaf, 𝜃0
is greater than 90∘. Therefore, according to Wenzel equation, it is expected that
increasing the surface roughness increases hydrophilicity [17].
In brief, water repellent surfaces can be produced in two different ways:

changing the surface morphology and decreasing the surface free energy. In the
former method, the underlying principle is to create micro/nanoscale rough
structures on the surfaces. In the latter method, the surfaces are usually coated
with hydrophobic functional groups. Only having low surface energy or only
having rough surfaces may not be sufficient to be superhydrophobic. Thus, the
production of superhydrophobic surfaces mostly requires the combination of
two methods.
The extraordinary surface morphology of lotus leaf minimizes the contact area

between its surface and water drops. The hierarchical micro/nanostructures
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provide that air is trapped underneath the water drop. That is why, very high
contact angle values are observed on the lotus leaf. The unique structure of the
lotus leaf can be directly imitated in order to produce self-cleaning materials.
Roughening fluorinated polymers and silicones directly leads to superhy-

drophobic surfaces, because of the inherent hydrophobic nature of these kinds
of polymers. For example, Barshilia and Gupta [18] treated polytetrafluo-
roethylene (PTFE/Teflon) surfaces with argon and oxygen plasma to obtain a
superhydrophobic surface. The highest average water contact angle and the
maximum surface roughness were found for 4 h plasma treatment. During
plasma treatment, inspite of changing the surface morphology, functional
groups were preserved. The contact angle value increased from 102∘ to 158∘.
After 10months, the contact angle was again measured from the modified
surface and almost the same values were found. According to the results, the
superhydrophobicity of obtained surface remains unchanged even after a long
time. Similarly, Jin et al. [19] created a polydimethylsiloxane (PDMS) surface
containing micro-, submicro-, and nanostructures using a one-step laser etching
method. Etched PDMS surface with these special structures showed high water
contact angle (162∘) and low sliding angle (< 5∘).
Coating rough or hierarchical surfaces with low surface energy materi-

als is also a common method to produce self-cleaning materials. Ma et al.
[20], produced superhydrophobic fabrics by a two-step process. In the first
step, poly(caprolactone) (PCL) fibers were generated by the electrospinnig
method. And then, the fiber mat surfaces were coated with perfluoroalkyl ethyl
methacrylate (PPFEMA) by Initiated Chemical Vapor Deposition (iCVD).
These PFEMA-coated electrospun fibers exhibited very good self-cleaning
properties with contact angle of 175∘ and sliding angle of lower than 2.5∘.
These results are attributed to the combination of the inherent roughness of
the electrospun mats and the low surface energy of the PPFEMA coating. Liu
et al. [21] fabricated micro-nanoscale binary structured composite particles
of silica/fluoropolymer using an emulsion-mediated sol–gel method to mimic
the surface microstructures on the lotus surface. With this method, super
hydrophobic surfaces with water contact angle larger than 150∘ were obtained.
Grewal et al. [22] investigated the effect of different micro- and nanopatterned
surfaces on their wettability and tribological surfaces. The hierarchical patterns
were designed, imitating the topography of the adaxial surface of lotus leaf. The
advancing and receding contact angle of PTFE-coated hierarchical structure
surface was found to be similar to those of the lotus leaf.
The casting method (soft molding) is another simple and effective way to repli-

cate leaf surface structures. Sun et al. [23] successfully applied this method for
lotus leaf at the first time. They cast PDMS on the lotus leaf, and then the PDMS
layer was peeled off. After that, this negative PDMS layer was used tomake a pos-
itive PDMS layer. According to SEM results, the positive replica and the original
lotus leaf showed the same surface structures. The positive template also exhib-
ited similar superhydrophobic properties as the fresh lotus leaf.The contact angle
of the positive replica was found as 160∘ and the water droplets could easily roll
off this surface.
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Figure 1.4 (a) Cassie model wetting
regime and (b) Cassie impregnating
wetting regime.

1.2.2 Adhesive Hydrophobic Surfaces

Similarly to lotus leaves, the hierarchical nano- and microstructures on the red
rose petal surface provide a high contact angle. However, differently from lotus
leaves, water droplets do not slide off the surface of a red rose petal.
Basically, two main hypotheses are used to explain superhydrophobicity on

rough surfaces: Wenzel and Cassie wetting regimes.The former regime has been
already mentioned in the beginning of this chapter. The Cassie model was devel-
oped after theWenzel’s state. According to the Cassiemodel [24], air is trapped in
micro- and nanostructures underneath the water droplets, as seen in Figure 1.4.
Because of these air pockets, the liquid cannot wet the surface. It is thus expected
that water drops easily roll off this kind of surface, just as in the lotus leaf.Thewet-
ting mechanism of lotus leaf is an excellent example for Cassie wetting regime.
On the other hand, spherical water droplets usually stick on the red rose petal
surfaces. This different behavior can be attributed to difference in the surface
topography between the red rose petal and lotus leaf. It is observed that the sizes
of the structures on the red rose petal are larger than those of lotus leaves [25].
While water drops cannot enter into the grooves of the lotus surface, they can
enter into the grooves of the red rose petal surface.
This phenomenon is known as the Cassie impregnating wetting regime as seen

in Figure 1.4 [26]. Due to the high adhesion between the water drops and petal
surface, the petal surface exhibits a high contact angle. Therefore, water droplets
do not fall off even if the petal surface is tilted to 180∘. The unique wettability
behavior of red rose petal surface was defined as the “petal effect” by Feng et al.
[27] for the first time in the literature. Recently, there has been a great deal of
interest in fabrication of artificial “petal effect” coating and surfaces that mimic
the original red rose petal.
Karaman et al. produced a thin “petal effect” polymer sheet using a com-

bination of casting and iCVD methods [28]. Firstly, they poured poly vinyl
alcohol (PVA) solution on the surface of a fresh red rose petal. The obtained
PVA negative mold was placed in an iCVD reactor, then coated by poly(glycidyl
methacrylate) (PGMA) and poly(1H ,1H ,2H ,2H-perfluorodecyl acrylate)
(PPFDA). This schematic duplication process of the red rose petal surface is
presented in Figure 1.5. The contact angle of the positive replica was found as
152± 3∘ and the water did not roll off even when the biomimetic polymer sheet
was turned upside down.
Fluorinated polyimide was synthesized by the electrospinning method by

Guangming et al. [29]. The surface of nanofibers consisted of dented nano-
and/or micro bowl-like structures.The air is trapped in bowl-like particles below
the water droplets; this situation provides a very high contact angle. Moreover,
when the droplet is lifted, the air pocket expands, which creates a negative
pressure, and thus the adhesion between water droplet and surface is increased.
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Figure 1.5 The schematic duplication process of the red rose petal surface. (Karaman 2012
[28]. Reproduced with permission of Elsevier.)

Themaximum adhesion force of the petal effect surface was measured as 127 μN
and the contact angle was found as 153∘.
Recently, the tunable adhesive superhydrophobic surfaces have been produced

by controlling the reaction parameters, such as reaction time, particle sizes, sur-
face roughness, and so on. In other words, superhydrophobic surfaces having
tunable water adhesion capability allow choosingwetting behaviors, “lotus effect”
or “petal effect.” For instance, Liu et al. [30] developed a one-step electrodepo-
sition process in that, superhydrophobic surfaces with controlled adhesion can
be easily produced by just changing the reaction time. When the reaction time
is 10min, a petal effect surface was obtained and the maximum contact angel
was found as 155.1∘. When the reaction time increased further up to 30min,
a self-cleaning surface was obtained. Its static contact angle and contact angel
hysteresis were found to be 161.7∘ and 3∘, respectively.
Another fabrication of superhydrophobic surfaces with tunable water droplet

adhesion was carried out by Xie et al. [31]. They used both O2 plasma etching
and plasma deposition of thin films to create a superhydrophobic wood surface.
Firstly, wood substrates were exposed to O2 plasma, and then were coated
with pentafluoroethane (PFE) films. The obtaining surfaces showed lotus effect
properties with high contact angle (161.2∘ ± 1.5∘) and low sliding angle (∼15∘).
When wood samples were coated with diamond-like carbon (DLC) after the
etching property, thees surfaces also exhibited high contact angle (153.7∘ ± 2.7∘).
However, differently from PFE-coated wood, DLC-coated samples showed a
petal effect.

1.2.3 Unidirectionally Superhydrophobic Surfaces

In superhydrophobic structures that show lotus effect property, having low
contact angle hysteresis is not enough for some applications, the unidirectional
movement of water is also important. The water droplets move in all directions
on the lotus leaf surfaces. On the other hand, the water drops on rice leaf surfaces
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Figure 1.6 The SEM image of adaxial rice leaf surface [35]. (Yao http://link.springer.com/
article/10.1007/s11434-012-5220-1. Used under CC BY 4.0 https://creativecommons.org/
licenses/by/4.0/.)

roll along just the long-axis direction [32]. The difference between lotus leaf
and rice leaf can be attributed to surface topography. Actually, there are similar
structures on both these natural surfaces. However, while these microstructures
are randomly located on a lotus leaf, they are set on a one-dimensional order
(parallel to the leaf edge) on the rice leaf [33]. This observation is consistent with
the difference between the parallel and perpendicular direction sliding angles on
the rice leaf. These values of parallel direction and perpendicular to the leaf edge
were found as 3–5∘ and 9–15∘, respectively [34]. Rice leaf surface structure is
an excellent example for the fabrication of unidirectionally superhydrophobic
surfaces. The hierarchical structures can be seen in Figure 1.6 [35].
Yang et al. used the combination of lithography- assisted electrochemical

etching, anodic oxidation, and fluoridation methods to fabricate artificial rice
leaf structures [36]. They achieved to fabricate a three-level microstructure
(macro/micro/nano) of rice leaves on aluminum. This biomimetic structure
shows superhydrophobicity and anisotropic sliding behavior.
Zhu et al. fabricated the large area surface with ordered binary structure arrays

by mimicking the rice leaf surface structure [37]. The underlying pattern on the
substrate can be easily modified by changing the polymer solution concentration,
which provides the fabrication of various topographies. The obtaining surfaces
demonstrate anisotropic wettability similarly to rice leaf.
In another study, Yao et al. developed a two-step soft transfer to produce an

artificial rice leaf structure [35]. The obtained biomimetic rice surface exhibited
superhydrophobicity and anisotropic sliding properties that were similar to those
of natural rice. Parallel and perpendicular sliding angles were found as 25∘ and
40∘, respectively.
Wu et al. used improved laser interference lithography to fabricate micropearl

arrays for adjusting two-directional unidirectional wetting structures [38]. They
systematically investigated the effect of laser beam intensity ratio and resin
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thickness on anisotropic wetting behavior. According to appropriate parameters,
micropearl arrays were designed and modifying them with fluoroalkylsilane
created biomimetic surfaces exhibiting wettability properties very similar to
those of rice leaf.

1.2.4 Fog Harvesting Surfaces

Access to safe and sufficient water is of vital importance to people. However,
water scarcity is one of the major environmental issues, in today’s world. Accord-
ing toWorldHealthOrganization (WHO) reports, an estimated 2.5 billion people
have no access to improved sanitation and, unfortunately, each year hundreds
of thousands children die from water-related diseases such as diarrhea [39–41].
Learning from living creatures that live in arid conditions is an efficient way to
obtain clean water. For instance, Namib Desert beetles (Stenocara) overcome the
lack of water by collectingmoisture from air. Actually, collecting fine fog droplets
is not easy in the heat and breeze of the desert. The fog collecting of mechanism
of Stenocara was revealed by Parker and Lawrence. They discovered an array of
hydrophilic bumps on the beetle backs, which are surrounded by hydrophobic
waxy lines [42].The finemoisture droplets collect on hydrophilic bumps and start
to grow.When the collecting droplets reach sufficientweight, they detach and roll
down the tilted hydrophobic beetle’s back surface to the mouth.The hierarchical
structures on the Namib Desert beetle’s back can be seen in Figure 1.7 [42].
Zhai et al. successfully mimicked the back of the Stenocara beetle creating

hydrophilic patterns on superhydrophobic surfaces [43]. Garrod et al. used a
two-step plasma chemical method to produce the hydrophilic–hydrophobic
pattern, which is similar to the Stenocara beetle’s back [44]. Another study
that is inspired by the fog harvesting surface structure of the Stenocara beetle’s
back was carried out by Dorrer and Rühe [45]. They fabricated various super-
hydrophobic surfaces patterned with smooth, circular patches of hydrophilic
domains. According to the results, it was found that the pinning force for a
given pump was constant and independent of the drop volume. Except for the
Namib Desert beetle, some other organisms have water collection ability. Cactus
is one of these organisms. It can survive in extremely arid conditions because
of its efficient fog collection mechanism. A cactus consists of conical spines

(a) (b)

Figure 1.7 (a) The photo of an adult female Stenocara sp. and (b) the SEM image of the
Stenocara sp. dorsal surface, scale bar= 10 μm. (Parker 2001 [42]. Reproduced with permission
of Nature Publishing Group.)
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(a) (b) Side view

2α

(c)

Figure 1.8 (a) The photograph of the cactus Opuntia microdasys scale bar= 5 cm, (b) the
photography of a single cluster containing a lot of spines, scale bar= 100mm, and (c) the SEM
image of the spine, scale bar= 20 μm. (Ju 2012 [46]. Reproduced with permission of Nature
Publishing Group.)

and hierarchically hydrophilic/hydrophobic structures [46]. The fog collection
system of cactus is based on the Laplace pressure gradient and the wettability
difference [47–49]. The hierarchical structures of the cactus’ spines can be seen
in Figure 1.8 [46]. Cao et al. produced biomimetic microtip arrays, which are
similar to those of cactus, using a modified magnetic particle-assisted molding
method [49].Themorphology of the tips is adjusted by changing the weight ratio
of PDMS to magnetic particles.The optimal ratio of PDMS to magnetic particles
was found to be 2 : 1. Andrews et al. reported that the Cotula fallax plant can
also collect water from moisture due to its unique hierarchical 3D arrangement
formed by its leaves and the fine hairs covering them [50].

1.2.5 Anti-reflective Surfaces

Anti-reflective coatings are used in many technological applications such as
glasses computer screens, solar cells, military hardware, and so on. The purpose
of using anti-reflective coating is to maximize the transmission of light through
an optical surface [51].
In nature, anti-reflective structures are found in some insects. These struc-

tures can be found in their eyes, which make it possible to see objects in even
low-light environments.These natural anti-reflective structures can also be found
on their body surface that helps in hiding from enemies by reducing reflections
[52]. For example, the eyes of the moth consist of hexagonal arrays that reduces
optical losses.The dimensions of this structure are smaller than thewavelength of
the light, so the reflection of light is effectively suppressed [53]. The hierarchical
structure of the moth eye is shown in Figure 1.9 [54].
Moth eyes inspired anti-reflective structures that have been fabricated by

various methods. One of these studies was carried out by Raut et al. [55]. They
produced anti-reflective structures using “sacrificial layer mediated nanoim-
printing.” For wavelengths between 400 and 1000, while non-anti-reflective
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Alcides orontes

Figure 1.9 (a) The photograph of the moth Alcides orontes and (b) SEM images of real
moth-eye structures of the moth. (Kwon 2016 [54]. Reproduced with permission of American
Chemical Society.)

structures reflected 8.7% of light, the moth-inspired arrays reflected just 4.8%.
The minimum reflectance was found to be 1.4% from 400 to 1000 nm in wave-
length, when the arrays were designed on both sides of the substrate. Oh et al.
also replicated the structure of moth eyes using thermal imprinting processes
and plasma treatment methods [56] and with their study, the sub-wavelength
structures were obtained. Except for moth eyes, other organisms also inspire
researchers to design anti-reflective structures. For instance, Li et al. mimicked
the surface of the eyes of the butterfly, Euploea mulciber, which consists of the
hierarchical nipple array structure, in order to obtain anti-reflective structures
[57]. They fabricated biomimetic amorphous carbon structure using a one-step
vacuum sintering method. This structure exhibited a reflectance of 2–3% in vis-
ible light; this value for an amorphous carbon plate (without hierarchical nipple
array structure) was 11% reflectance. Xu et al. were inspired from mosquito eye
structures to produce anti-reflective structures [58]. With this aim, they used a
combination of self-assembled polymer spheres and nanoimprint lithography.
It was found that the topography of this biomimetic surface is similar to that of
mosquito eyes. Because of the hierarchical structures, the surface reflection was
considerably decreased.

1.2.6 Structural Color

Color is perhaps themost diverse property in biological creatures.The coloration
in the animal kingdom provides adaptation to the surrounding environment
for misleading their enemies [59]. It can also be used for sexual interactions
[60]. Basically, the color source can be classified into three groups: pigments,
bioluminescence, and structural colors [61, 62]. Pigmental color is known
as chemical color, and is obtained by selective absorption of visible light by
pigments [61]. Bioluminescence is produced by chemical reactions in the living
organisms. Structural color is known as physical color that is highly related to
surface structure, and is based on the nano- and microstructures on surfaces.
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Figure 1.10 (a) The photograph of Morpho didius butterfly, (b) the magnified image of wing,
and (c) the cross-section TEM image of wing scales. (Jiang 2014 [66]. Reproduced with
permission of Elsevier.)

In contrast to chemical colors, structural colors show high resistance to dis-
coloration because of chemical and thermal changes. According to archeological
finds, structural colors in fossils are preserved as long as the structure details
are maintained [63]. Moreover, when compared to pigment color, structural
color is more efficient in terms of energy consumption [59]. Differently from
the pigment-based color materials, physical colors can be produced without
hazardous chemicals, which makes fabrication of structural colors safe and
eco-friendly [64]. Due to all these advantages, the structurally based colors have
drawn great interest in the past years.
In nature, there are many bright and vivid structural colors in living creatures.

Morpho butterflies, which belong to the Nymphalidae family, are one of the
excellent examples of structural color [65]. Figure 1.10 shows (a) The photo-
graph of Morpho didius butterfly, (b) the magnified image of wing, and (c) the
cross-section TEM image of wing scales [66].
The iridescent metallic blue color of morpho butterflies is a result of themicro-

scopic structures on their wings, which reflect the light in order to produce this
color – without pigments.The electron microscope was first used to observe the
wing surface of Morpho, and ordered microstructures were found [67]. Inspir-
ing this unique nanostructure that nature has created, biomimetic materials are
produced. For example, Watanabe et al. used ion beam chemical vapor depo-
sition (FIBCVD) method to mimic the structure of the Morpho wing [68]. The
obtained structure morphology is almost the same as that of Morpho. BothMor-
pho butterfly and the replica exhibited very similar reflection intensity spectra
for the various incidence angles. Another fabrication of morpho blue color was
performed by Saito et al. [69]. They coated TiO2/SiO2 layers on stepped quartz
using a combination of electron-beam lithography and dry etching.
Apart for insects, structural colors were also observed in some birds.

Peacock is one of them, the beautiful colors of its tail feather are based
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on physical color. Cong et al. fabricated crystal thin film composed of
poly(styrene-methylmethacrylate-acrylicacid) (P(St-MMA-AA)) on an inclined
silicon substrate [70].The different colors were obtained from the different layers
of stair-like thin film. With this study, the colors of the peacock’s tail feathers
were successfully mimicked.

1.2.7 Drag Reduction and Antifouling Surfaces

Nature has created various organisms that have special shapes and surfaces in
order to reduce drag in air and water. By this means, animals can move faster
by consuming low energy [71, 72]. Shark is one of this type of animals. Besides
their aerodynamic shapes, they have unique skin structures. During long-term
evolution, their skin structures have been optimized in order to minimize the
frictional resistance between the water and their body. This makes sharks one
of the fastest animals in the ocean. Shark skin is covered with tooth-like scales
also called dermal denticles, which are aligned along the direction of water flow
[73–75]. These microstructures on shark skins reduce not only water friction
during swimming but also prevent bacterial growth on their bodies [76, 77].This
self-cleaning mechanism is quite different from those of the lotus and the rose
petal effect. Shark skin is not superhydrophobic; in fact, it is even hydrophilic [76].
The reason for having a clean surface can be attributed to the rough shark skin
structures that reduce the contact area for adhering and fouling marine organ-
isms. In addition to surface area, the contact time is also decreased because of
the accelerated flow rate on the shark’s body surface [78, 79].
Inspired by the unique surface structures of shark skin, there are many studies

in the literature to obtain antifouling coatings. One of these studies was carried
out by Carman et al. [80]. They fabricated various patterns (pillars, pits, ridges,
channels) on polydimethylsiloxane elastomers (PDMSe) surfaces using pho-
tolithography method. They reduced the settlement of Ulva spores by 86% when
compared to smooth PDMS. Wen et al. used 3D printing to produce thousands
of artificial shark denticles on membrane [81]. According to the results, while
swimming speed is increased by 6.6%, energy cost-of-transport was reduced by
5.9%. Han et al. created biomimetic shark skin by direct replication of the shark
skin structure [82]. The skin of Carcharhinus brachyurus was used as a template.
This artificial sharkskin structures demonstrated a drag reduction efficiency of
8.25%. The SEM images of the natural and biomimetic shark skin structures are
given in Figure 1.11a,b, respectively.
Not only marine creatures, but also birds have excellent drag reduction prop-

erties. Because of their body shape and feather structures, the birds minimize air
drag and thus, they exhibit excellent flying performance. That is why researchers
investigate birds in order to reduce air friction. For instance, Chen et al.mimicked
the herringbone riblets of pigeon feathers [83]. In this study, the drag reduction
efficiency of herringbone riblets was found to be 16%.

1.2.8 Adhesive Surfaces

Adhesive tapes have been widely used since their in 1845 [84].They can be easily
used without the need for any solvent or heat, these properties make them very
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(a) (b)

Figure 1.11 (a) The SEM image of the shark skin template and (b) the SEM image of the
biomimetic shark skin. Scale bars, (a) 100 μm and (b) 200 μm . (Han 2008 [82]. Reproduced
with permission of Springer.)

versatile and practical for various purposes. However, the traditional adhesive
tapes cannot be used for hanging heavy objects. Moreover, they do not work
under vacuum conditions [85]. Researchers seek for a solution in nature in order
to produce alternative adhesive tapes without these handicaps.
The adhesive types in nature can be roughly categorized into two groups: (i)

wet adhesion and (ii) dry adhesion. The former is based on secreted body flu-
ids between the animal surface and the object [86]. This adhesion mechanism is
widely observed in insects, for instance the wet adhesion was found in Hemis-
phaerota cyanea beetle [87].
In dry adhesion,mainly van derWaals bonding plays an important role and this

force is generated as a consequence of the interaction between animal adhesive
pads and objects [76]. The gecko lizard is a famous example of this kind of adhe-
sion mechanism. The skin of gecko pads consists of well-aligned hairs (setae),
which end in spatulae [88, 89]. The hierarchal nano- and microstructures pro-
vide enough van der Waals force to overcome gravity and, thus, geckos climb
vertical surfaces and can stick to them upside down [90]. In fact, the similar hier-
archal structures and micro spatulae are also observed in other animals such as
insects and arachnids [91]. As can be seen in Figure 1.12, the diameters of the
setae decrease with the body weight of the creature, in other words, the amount
of setae per unit area increases with the weight of the animal. The gecko displays
the highest density of setae, and it is also the biggest creature that generates dry
adhesion [78].
Therefore, the gecko is one of the most spectacular living being for researchers

tomimic its adhesive properties. One of these studies was carried out byQu et al.
[92]. They used a combination of PECVD and fast heating method to fabricate
vertically single-walled carbon nanotubes (VA-SWNTs). It was reported that
the VA-SWNTs show the highest achievable force (29.0N cm−2) among all of
the synthetic and natural gecko feet. Cho et al. used anodic aluminum oxide
(AAO) membrane with the controllable pore channels as a replication template
to fabricate gecko-inspired hairy hard PDMS films with nanopillars [93]. The
obtained structures showed high adhesion and superhydrophobicity. Therefore,
when a water droplet is placed on this structure, it does not roll even if the
biomimetic polymer sheet is turned upside down. The reason for this “petal
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Figure 1.12 SEM images of the spatula-shaped terminal elements of various animals which
have adhesive foot. (a) The beetle Gastrophysa viridula, (b) the fly Calliphora vicina, (c) spider
Cupiennius salei, and (d) the gecko Gecko gekko. Arrows point in distal direction. (Varenberg
2010 [91]. Reproduced with permission of Royal Society of Chemistry.)

effect” can be attributed to van der Waals forces between the water droplets and
themolded surface composed of densely packed hairy PDMS nanopillars. Davies
et al. produced artificial PDMS-based gecko hair arrays using photolithographic
and nano-molding techniques [94]. Gecko inspired wafer-scale nanofabrillar
structures were produced by Kustandi et al. using the combination of colloidal
nanolithography, deep silicon etching, and nanomolding methods [95]. Geim
et al. produced microscale polyimide flexible plastic pillars using e-beam lithog-
raphy and oxygen-plasma dry etching [96]. These gecko-inspired hierarchical
structures exhibited high adhesion properties. Kim et al. used replica-molding
and e-beam exposure methods to fabricate high aspect-ratio polyurethane
acrylate nanohairs [97]. According to frictional-adhesion test results, these
biomimetic structures showed good adhesion strength even after more than 100
cycles of attachment and detachment.

1.3 Conclusion

In this chapter, surface structures of various organisms have been presented,
which inspire researchers to design high-technology materials. The underlying
surface morphology and functions of these mechanisms have been summa-
rized with biomimetic examples. It is obvious that the hierarchical surface
nano/microstructures of both organisms and materials determine functional
properties such as superhydrophobicity, anti-reflective, and so on. Some organ-
isms have more than one property; for instance, gecko foot skin structures
exhibit not only high adhesion but also superhydrophobicity. Nature has already
developed a wide range of organisms and, therefore, just by copying their
structures without any further tests, they can be used for the desired practical
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applications. This makes the biomimicry approach a time-saving process. We
believe that when considered in the greatness of nature, undiscovered functional
organism surface structures must wait for mankind to mimic and use them in
many fields of technology.
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