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1. Introduction
The world around us is made up of material objects
with a fascinating diversity of forms and functionalities. It is now well acknowledged that the
bewildering variety of physicochemical properties
exhibited by bulk materials and the objects made
up of them, are not the result of their chemical constitution alone, but emerge out of diﬀerent equilibrium or non-equilibrium phases in which
matter exists, as well as the nano- to macroscale physico-mechanical structures in which these
phases are organised. There is an even more exciting recent realization that designer microstructures
of matter can produce unimaginable ‘metamaterials’ with properties which are never found in
nature. For example miraculous eﬀects like negative refraction of electromagnetic radiation [1,2]
have been demonstrated just a few years ago,
employing purposefully created assemblies of subwavelength scale designer components which simultaneously exhibit negative dielectric permittivity
and negative magnetic permeability. Since then
the concept of designer metamolecules and bulkstructured metamaterials is being explored for
varied application areas including acoustics, and
the number of research papers in the ﬁeld has doubled every ten months [1].

The purpose of the present paper is to present
a brief review on the potential of structuring
surfaces rather than the bulk matter bounded
by them, for obtaining super functional material
properties. In contrast to genesis of the concept
of ‘non-natural’ metamaterials, we are looking
at a bewildering range of intriguing and often
hierarchically architectured naturally occurring
surfaces, for inspirational ideas to deliver astonishing but desired super functionalities. To a curious
onlooker, the only correlation between the striking
colours of a butterﬂy, a lizard or a gecko climbing up the wall, and a water droplet rolling down
a lotus leaf, probably lies in the fact that all three
occur in nature! However, it is now well understood to the scientiﬁc community that each of
these magical phenomena originate from the presence of micron and sub-micron scale structures
on the textured functional surfaces covering the
bodies of creatures and plants under consideration
[3–7]. The scientiﬁc research in the related areas is
focussed on two aspects: the ﬁrst one is to understand the underlying science of structure-function
relationships, which result in functionalities like
super hydrophobicity of a lotus leaf [3–5], superadhesion of gecko on to a vertical wall that enables
gravity defying acrobatic movements together with
the ability to reuse the adhesive surface [8], or
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colourful iridescence of butterﬂy wing [6,7] without
the deployment of a dye or a pigment. The second
aspect encompasses exploration and development
of new fabrication methods, which may or may not
be lithographic techniques, for artiﬁcially creating
surfaces that mimic the naturally occurring ones
in terms of texture, morphology and most importantly, the functionality. The number of application speciﬁc original research papers, as also the
number of review papers [9–16], is rising at an
enormous speed on this front. One aspect that is
important to most biological surfaces is their inherent softness. This explains the increased use of
‘soft’ materials like polymers, gels, etc. and soft
lithographies [8] as the suitable materials and fabrication tools for creating surfaces that replicate biological functionalities. In this short commentary,
we limit our discussion only to three of the functionalities listed above, namely: super hydrophobicity, super adhesion with reusability, and structural
optical eﬀects. We review the theoretical background, and present selective insights on some of
the fabrication techniques that are used for creating the bio-mimetic or biology inspired surfaces
under consideration. We are fully aware that there
are many more examples of bio-mimetic surfaces,
and methods of preparation, which are ﬁnding use
in a wide variety of application areas like artiﬁcial bones and joints, bionic eye, water harvesting,
external stimuli responsive materials, etc. just to
name a few, which have not been included in this
article. Thus, in no way is this a comprehensive
review, but an illustrative account of the subject
of textured functional surfaces.
2. Wetting, super wetting and super
hydrophobicity
Water is the single largest constituent of living
bodies; as also that of food materials consumed
by living beings, of ﬂuids transpiring/circulating
through their body-structures, of the waste materials produced by them as a consequence of life
processes to name a few. In short, it is a major
component of the habitat in which life originated
3.5 Ga ago, and evolved thereafter. Therefore the
ability to deal with, cope with, and deploy water
for various applications is an important success
factor in the evolutionary selection and diversiﬁcation of living bodies and their external surfaces.
For example, a range of diﬀerent designer structured surfaces have evolved that allow plants to
perform photosynthesis, by which they can split
water using sunlight, convert carbon dioxide into
carbohydrates, and release breathable oxygen in
the atmosphere. However, in this article we are
restricting ourselves to a discussion on structured

surfaces which have evolved for dealing with water,
in order to achieve superhydrophilicity or superhydrophobicity eﬀects. A sample of images presented
in the collage of ﬁgure 1, illustrates these eﬀects
as encountered in nature. Figure 1A presents [4]
surface of a superhydrophilic thorn of a cactus Pelecyphora asseliformis, which can condense
and capture water vapour from dry air in arid
lands. Figure 1B presents [17] the back of a
desert beetle (Stenocara sp.) from Namibia, which
has superhydrophilic bumps for condensing and
capturing water from atmospheric vapour, and
superhydrophobic channels which facilitate frictionless rolling down of the collected dew drops
to the mouth of the creature. Figure 1C shows
[18] a ﬁshing spider Ancylometes bogotensis, in
search of prey, under water-submerged conditions.
The silvery lining around it is an air envelope
called plastron. Many water living insects make
use of a plastron for diﬀerent purposes [19–21].
When the insects dive into water, the plastron is
created and held in position by superhydrophobic hairy structures present on the body surface
of these insects. The insects can safely breathe
inside the plastron. As concentration in the plastron is depleted, oxygen dissolved in surrounding
water diﬀuses into the plastron to maintain the
concentration at a breathable level. The plastron
also provides buoyancy whenever necessary, and
reduces viscous drag during movement. Figure 1D
presents images [22,23] of a water strider, Gerris
remigis which has the ability to perform a gravity
defying walk on the surface of water, thanks to its
superhydrophobic legs with multiscaled design features. Figure 1E shows the self cleaning leaf of a
plant Colocasia esculenta, carrying a water drop
without getting wetted. The adjoining micrograph
[5] shows the hierarchical structure of the superhydrophobic surface of the leaf which engenders this
phenomenon, known as lotus leaf eﬀect. Figure 1F
presents a related observation called the rose petal
eﬀect [24], where the surface texture allows both
superhydrophobicity as well as adhesion. A water
drop rests on the petal in the shape of a pearl, but
does not fall down even if the petal is inverted. It is
therefore worth placing an insight to the factors
and laws that govern the origin of these diverse and
magniﬁcent eﬀects.
2.1 Theoretical background of wetting
Although the theoretical picture is far from complete [25], understanding of the wettability phenomenon underpinning the above wonders of
nature has progressed reasonably well, since the
original pioneering work by Young, Laplace and
Dupré. Wettability of a chemically homogeneous,
molecularly smooth, ﬂat rigid surface by a pure
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Figure 1. Collage of examples of superhydrophilic and superhydrophobic surfaces in nature: (A) Superhydrophilic thorn of a cactus which can capture moisture from dry air (reproduced with permission from [4], © Elsevier 2009)
(B) Superhydrophilic humps on the back of a desert beetle which capture moisture from dry air, and superhydrophobic
troughs which carry the waterdrops to its mouth (reproduced with permission from reference [17], © Macmillan Magazines
Ltd. 2001) (C) Superhydrophobic hairy surface of a ﬁshing spider which forms air containing ‘plastron’ around it for breathing under water (reproduced with permission from [18], © Nees Institute) (D) Superhydrophobic legs of water strider which
enable it to walk on water (reproduced with permission from [22], © Nature Publishing Group 2003) (E) Superhydrophobic
leaf of C. esculenta with heirarchical cuticular structure giving the self cleaning lotus eﬀect (reproduced with permission
from [5], © Springer 1997) (F) Superhydrophobic petal of rose having hierarchical structure with smaller roughness factor,
resulting in adhesion [24] at the tip of cuticular hump due to wetting in Wenzel regime (reproduced with permission from
[24], © American Chemical Society 2008).

liquid depends on several parameters like the surface tensions of the liquid (γL ), surface tension of
the solid substrate material (γS ), and the interfacial tension between the solid and the liquid (γSL ).
In principle, there can be two distinct wettability
regimes: partial wetting, wherein drop formation
takes place on the substrate as shown in ﬁgures 2A
and B, and complete wetting, wherein the liquid
spreads fully on the solid surface as shown in
ﬁgure 2C. The condition for complete wetting is
[25]:
γS > γL + γSL .

(1)

When the liquid happens to be water, substrates
for which the above inequality is true is termed
as superhydrophilic surface. Partial wetting can

be characterized by a ﬁnite contact angle (CA)
between the surface of the liquid drop and the solid
liquid interface under consideration. The value of
intrinsic equilibrium CA is deﬁned as (θE ) (shown
in ﬁgures 2A and 2B). The overall shape of the
drop, for a given volume of liquid, is a function of the above surface/interfacial tensions and
other body forces (e.g. gravity) acting on the
liquid. In situations where other forces are negligible as compared to the surface/interfacial tensions and the internal pressure within the drop
is identical everywhere, the drop assumes the
shape of a section of a sphere. In any case,
very close to the solid substrate surface, the
CA is represented by the well-known Youngs’
equation [25]:
γS = γSL + γL cos θE .

(2)
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Figure 2. A drop of water on a: (A) partially wetting hydrophilic substrate; (B) partially wetting hydrophobic substrate; (C) wetting the substrate completely; and
(D) Advancing and receding contact angles of a liquid drop
on an inclined substrate.

In the case of partial wetting as well, there are
two distinct situations. When θE is acute (0 ≤ θE ≤
90◦ ) the substrate surface can be regarded as
lyophilic. In contrast, when θE lies between 90◦ and
180◦ , the surface is lyophobic. In this case, it is
energetically favourable to have the bare solid surface exposed to air/vapour, rather than to have
it submerged under a liquid ﬁlm. In the context of water being the liquid, the former type of
surface (0◦ ≤ θE ≤ 90◦ ) is termed as hydrophilic,
while the latter (90◦ ≤ θE ≤ 180◦ ) is a hydrophobic
surface. Even among the hydrophobic substrates,
those which exhibit CA ≥ 150◦ , are conventionally termed as superhydrphobic. It can be easily
understood from Young’s equation that lower the
surface energy of a substrate, higher will be the
value of θE and higher will be the hydrophobicity
of the surface. Another important aspect of wettability is CA hysteresis (CAH), which is deﬁned
as the diﬀerence between the observed advancing
and receding CAs, when a liquid drop moves on the
substrate surface, under the inﬂuence of an external force like gravity, as can be seen in ﬁgure 2D.
CAH controls the net force of adhesion and is a
measure of the energy dissipation during movement of a drop. The subject of CAH has been
explored and reviewed [25–30], but all the root
causes are not yet fully understood. It is however, beyond dispute that the CAH has to be as
low as possible for the manifestations of superhydrophobicity such as the lotus eﬀect. Quéré et al
have shown that whatever their origin, if the equilibrium CA exceeds say 165◦ , then even as large
CAH as 60◦ cannot prevent smooth rolling down

of small rain drops from a substrate surface [31].
This raises the question about the highest possible CA for say, water on artiﬁcially prepared or
natural molecularly smooth ﬂat rigid solid surfaces. As mentioned above, smaller the surface tension or surface energy of the substrate-vapour/air
interface, larger will be the θE , by virtue of equation (2). It has been observed [32] that the surface energies of organic substrates decrease in the
order −CH2 > −CH3 > −CF2 > −CF3 . Smooth
ﬂat ﬁlms of n-hexatriacontane (C36 H74 ), prepared
by physical vapour deposition on silicon surfaces
[34] (which are expected to have predominantly
−CH3 groups exposed to air) reportedly have a
2
surface energy of ∼ 20 mJ/m and θE of 104.6◦ .
Another group of researchers [39] have reported
a lower θE of 91◦ for the same system. Even the
lowest energy artiﬁcial solid surface prepared by
vapour deposition of n-perﬂouroeicosane (C20 F42 )
on glass slides ensuring orientation of hexagonally
packed −CF3 groups towards air, exhibits [33] a
measured θE of 119◦ and an estimated surface
2
energy γS , of 6.7 mJ/m . What about the natural superhydrophobic surfaces? Let us have closer
look at the natural hydrophobic surface of a plant
leaf. The wettability of plant leaves is inﬂuenced
by a protective layer called cuticle, covering the
outer surface of leaves. Although the cuticle structure varies very widely, all cuticles are chemically composed of two types of highly lipophilic
materials viz. the cutin and cuticular wax [35].
Cutin is a structural hetero-polymer, primarily
made of long chain fattyacids and their derivatives. The cuticular wax is a complex monomeric
mixture of fatty acids, their esters with long
chain alcohols, secondary metabolites like triterpenoids, alkanes, etc. Experimentally measured θE
values of water on smooth ﬁlms prepared using
solvent extracted components of wax from plant
leaves have been reported in literature. Sample
values are 88◦ for lotus (Nelumbo nucifera) [36]
or 104.8◦ for wheat (Triticum vulgare) [37]. It is
likely that the reported value of lower than 90◦
θE for ‘lotus wax’ under laboratory conditions
is not a true representation of intrinsic equilibrium CA of the cuticular wax surface of lotus
leaf in natural condition. Hence if we carry out
a hypothetical approximate estimate of intrin2
sic equilibrium CA for water (γL = 72 mJ/m ) on
the lotus cuticle, assuming optimistic surface tension/interfacial tension values for typical hydro2
carbon substrates such as γS = 30 mJ/m , and
2
γSL = 42 mJ/m , equation (2) gives us θE = 99.6◦ .
This is greater than 88◦ , but nowhere near the
large CA exhibited by the lotus leaf. Even in case
of water-strider insects mentioned earlier [22–23],
the cuticular wax of their superhydrophobic legs,
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Figure 3. Water drop on a: (A) Hydrophilic substrate – Wenzel regime, (B) Hydrophobic substrate – Wenzel regime,
(C) Hydrophobic substrate – Cassie-Baxter regime.

has an intrinsic equilibrium contact angle [38] of
only about 105◦ . It is, thus obvious that the CAs
in excess of 150◦ , which are responsible for the
lotus eﬀect or the water-strider’s ﬂoatability, cannot be the result of mere chemical composition
of their cuticular surfaces; neither can they be
obtained artiﬁcially by preparing smooth surfaces
of lowest achievable surface energies. This brings
us to the role of surface structures, as seen earlier in ﬁgure 1, in engineering desired wettability
of surfaces.
2.2 Surface structure and wettability
Wenzel [40] and Cassie-Baxter [41] proposed
the earliest theoretical models to investigate the
behaviour of liquid drops on rough surfaces, more
than 60 years ago. Despite desperate attempts [42]
to prove ‘how Wenzel and Cassie were wrong’ by
respectable researchers, the two models provide
an insightful starting point for understanding the
complex phenomenon, and useful approximations
for conceptualising optimal surface designs. When
a liquid drop penetrates the asperities of a rough
solid substrate and completely wets its area, the

Wenzel equation provides an expression for apparent equilibrium CA θ ∗ , as follows:
cos θ ∗ = r cos θE ,

(3)

wherein; ‘r’ is roughness factor, deﬁned as the ratio
of the actual solid-liquid contact area to the ﬂat
projected area of the rough solid substrate, and θE
is the intrinsic equilibrium CA on a smooth ﬂat
surface of the same material. Values of r are always
≥ 1. Wenzel equation suggests that when intrinsic CA is acute, apparent CA becomes more acute,
and when intrinsic CA is obtuse, apparent CA
becomes more obtuse at large values of r. Thus if
r is equal to say 5.0, then θE = 80◦ will be reduced
to θ ∗ ∼ 30◦ ; and θE = 99.6◦ will be raised to θ ∗
∼ 146◦ . This is shown schematically in ﬁgures 3A
and 3B, respectively. When the intrinsic CA is large
enough, and the roughness factor is very high, the
liquid drop may not at all penetrate the asperities
of the solid substrate and simply rest on the tip
of asperities. Figure 3C shows this state schematically. The eﬀective support for the drop in this
situation is a composite substrate surface made up
of the tips of the asperities of the solid and the
air or vapour trapped in the intervening space.
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The Cassie-Baxter (or simply ‘Cassie’) equation
provides an expression for the apparent CA, θ ∗ , for
this state, as follows:
cos θ ∗ = rf f cos θE − (1 − f ),

(4)

wherein rf (≥ 1) is the roughness factor for the
solid-liquid contact area at the top of the asperities or humps, f is the ratio of ﬂat projection of
solid-liquid contact area, to the total ﬂat geometrical area of the composite substrate under the drop.
Thus (1 − f ) is the ratio of liquid-air interface area,
to the total ﬂat geometrical area of the composite
substrate under the drop. The θE is the intrinsic
CA of liquid on a smooth ﬂat solid surface. It can
be very easily seen that equation (4) reduces to
equation (3) for f = 1. The equation (4) can also
be written in another useful form as:
cos θ ∗ = f cos θ − (1 − f ),

(5)

wherein θ is the apparent equilibrium CA on
the ‘rough’ surface at the top of the asperities or humps of the substrate. The additional
liquid-air interface generated due to entrapment
of air in the composite substrate of the CassieBaxter state, contributes substantially to raise the
CA and enhance hydrophobicity. Smaller the f ,
higher the hydrophobicity when the Cassie-Baxter
state is achieved. Thus, in the previous example
(r = 5, θE = 99.6◦ ) if the system was in CassieBaxter state with rf = 5 and f = 0.1, the θ ∗ would
be further raised from 146◦ to 169.5◦ . What would
be the eﬀect of surface roughness on hysterisis of
CA? An approximate expression, useful for qualitative analysis of CAH on rough surfaces, is as follows [28,43]:
∗
− cos θR∗ = rf f (cos θA − cos θR ) + Hr , (6)
cos θA

wherein subscripts A and R represent advancing
and receding CAs respectively, and Hr represents
contribution by speciﬁc design features of asperities
to the CAH. In the Wenzel regime f = 1. Therefore
CAH, and consequently adhesion or energy dissipation goes up with increase in the roughness factor
rf (≡ r). On the other hand, in the Cassie-Baxter
regime f = 1 and the CAH can be brought down
by reducing f , which is accomplished by nature on
the superhydrophobic surface of lotus.
2.3 Designing superfunctional surfaces
Achieving superfunctionality, especially superhydrophobicity is however, not that straight forward.
The Cassie-Baxter regime can be very unstable,

and inﬂuenced by many factors including hydrostatic pressure [44]. However, if one focusses attention
on factors such as surface/interfacial energies and
geometry as a ﬁrst approximation, a critical roughness factor rC can be deﬁned, above which transition from Wenzel state to Cassie-Baxter state may
be achieved [45,46], for a given θE . Intersection of
equations (3) and (4) gives this value as:
rC =

−1
.
cos θE

(7)

Thus for the previous example (θE = 99.6◦ ), unless
rC > 6 it will be diﬃcult to hope for a CassieBaxter state. If the θE is lower, even higher value
of rC will be required. Very high values of roughness factor make the asperities fragile, mechanically weak and susceptible to abrasive damage.
Low values of roughness factor make the CassieBaxter state unstable. This contradiction has been
a formidable hurdle in designing ideal surface structures for superhydrophobicity.
A dual/hierarchical multiscale structure, or fractal arrangement of the asperities, as exempliﬁed
by a number of superhydrophobic surfaces (e.g.
ﬁgure 1–C,D,E,F) found in nature, is considered
by many theoretical and experimental researchers
as a possible answer to the above challenge
[26,28,39,47–51] (although there is no unanimity on
this topic and some people have even expressed [52]
reservations about the necessity of dual/multiscale
structures to achieve the purpose). We illustrate in
ﬁgure 4, the advantage of dual/multiple scale structures for the material of our earlier example with
θE = 99.6◦ . Images A and B in ﬁgure 4, represent two single scale rough surfaces with the same
roughness factor r = 3.0. Equation (7) indicates
that both the surfaces will favour the Wenzel state
and the θ ∗ = 120◦ , by virtue of equation (3). Now
consider a composite surface of image C. The tips
of the humps have a roughness factor rf = 3.0.
Hence a water drop contacting the tip surface will
assume a Wenzel state with local θ ∗ = θ = 120◦ .
For the bigger scale humps, the equation (7) can
be re-written as:
rC =

−1
.
cos θ

(8)

The critical roughness factor for humps turns out
to be 2.0. Since the humps have a roughness factor of 3.0, the drop will favour a Cassie-Baxter
state on the humps. Equation (5) will govern the
apparent CA. For a moderate value of f = 0.1, the
apparent CA will be 162◦ . The drop will exhibit
the ‘rose petal’ eﬀect similar to that in ﬁgure 1F.

CREATION AND CONTROL OF WETTABILITY, ADHESION AND OPTICAL EFFECTS

135

Figure 4. Water drop on hydrophobic rough surfaces with θE = 99.6◦ : (A) Single scale nano asperities (r = 3.0) – Wenzel
regime, (B) Single scale micro asperities (r = 3.0) – Wenzel regime, (C) Dual scale asperities – Wenzel regime on the
tips of nano asperities (rf = 3.0); – Cassie-Baxter regime for the micro asperities (r = 3.0), (D) Single scale, delicate nano
asperities (r = 6.0) – Cassie-Baxter regime.

Here the superhydrophobic CA of 162◦ is achieved
at a small roughness factor of 3.0 at every scale, to
obtain a mechanically robust structure. If a single
scale of roughness was employed as schematically
shown in image D, the roughness factor has to be
doubled to obtain the same apparent CA.
Other topics of investigation while designing a
superhydrophobic surface are: whether roughness
due to characteristically shaped recesses [53] is
more eﬀective than that due to protrusions; or
what should be the ideal shape [54–57] of individual ‘recess/protrusion’, etc. It has been experimentally demonstrated [54–55] that even liquids
with θE < 90◦ can be made to ﬂoat and roll on an
intrinsically wettable surface by populating it with
pillars having overhanging caps on the top with
‘re-entrant topography’, as shown in ﬁgure 5A.
The two images at the top show the surface as
etched out of a silicon wafer. The two images
at the bottom show resultant superhydrophobicity and schematic representation of the mechanism. Finally, ﬁgure 5B shows an interesting
three dimensional schematic impression of a surface covered with theoretically predicted cuspoids
[57], which can be made super hydrophilic (if
asperities are Sinclair cuspoids, and θE < 90◦ ), or
superhydrophobic (if asperities are sharper than
Lindelöf cuspoids, and θE > 90◦ ). The implications
and scope of these propositions need to be explored
and their robustness is yet to be tested.
Designing a surface not merely for superhydrophilicity or hydrophobicity eﬀects, but for
a speciﬁc application can throw up additional
challenges. As an illustration, consider designing
a textiles surface which is resistant to staining by

soils or stains. A fabric which is not wettable by
soils/stains while we wear it; and which releases the
soils readily, in contact with water during washing, will be ideal for this purpose. Equations (2)
to (7) provide the necessary guidelines. Suppose
a typical soil or stain has a surface tension
2
of γL ≈ 40 mJ/m . One can identify treatments
to textile ﬁbre, such as coating with a perﬂu2
oro polymer [58], to obtain γS ≈ 18 mJ/m and
2
γSL ≈ 22 mJ/m . The intrinsic CA of a soil drop
on the smooth ﬁbre surface can be estimated as
θE ≈ 96◦ . Spinning ﬁbres into yarns and weaving yarns into fabrics results in a hierarchically
structured rough surface. The critical roughness
factor can be estimated using equation (7). The
value of rC is 9.5 for θE ≈ 96◦ . The overall roughness factor for a typical fabric under consideration
is greater than this value. Hence the oily soil
drop will assume a Cassie-Baxter state on the
fabric in air. For assumed but reasonable values
of rf ≈ 1.5 for individual cylindrical ﬁbres, and
f ≈ 0.1 for the woven fabric, the apparent CA is
expected to be θ ∗ ≈ 156◦ , by equation (4). Thus
if a coloured oily soil drop falls on the fabric
during use, it will simply roll oﬀ without staining the fabric. However some soil can enter the
pore space of the yarn and the fabric during use,
because of factors such as mechanical abrasion.
When such a soiled fabric is immersed in water for
cleaning, the soil is not released from the fabric.
Instead, it spreads and sticks to the fabric. One
can qualitatively verify that the intrinsic underwater CA for the soil on the ﬁbre, assuming reasonable values of γSW ≈ 50–55, γSL ≈ 20–22, and
2
γLW ≈ 30–33 mJ/m , would be very low, and would
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3. Iridiscence, specular reflection, and
super transmittance

Figure 5. Eﬀect of asperity/protrusion geomtry
on wettability (A) Superhydrophobicity exhibited by
a hydrophibic silicon wafer covered with rows of pillars
carrying overhanging caps at the top (θflat ≡ θE ) (reproduced
with permission from reference [55], © American Chemical Society 2007) (B) Surface covered with asperities in
the shape of theoretically predicted 3D cuspoids, which can
deliver superhydrophilicity, or superhydrophobicity depending upon intrinsic CA, and whet (reproduced with permission from reference [57], © American Chemical Society
1992).

reduce to almost zero on a textured surface. The
problem can be overcome by combining hierarchical fabric texture and stimulus responsive chemical
ﬁnish for ﬁbres which exhibits low surface energy
while it is exposed to air and which transforms
into a high energy surface in contact with water.
The concept has been around for a while [59], but
robust practical solutions to the problem is an outstanding challenge.
Having introduced the theoretical principles
underpinning the role of surface structure and
surface chemistry in the phenomenon of superhydrophilicity and hydrophobicity; and having
illustrated the challenges involved in designing
functional surfaces for speciﬁc applications, some
of the advances in methods to create such designer
surfaces are discussed brieﬂy in section 5.

Emergence of eye and vision signify a profound
discontinuity in the evolution of animal kingdom
on the earth. In the precambrian history 545 Ma
ago, light was primarily a source of energy for
life. As soon as the ﬁrst image-forming and coloursensing eye appeared on the scene, in the beginning
of the cambrian period, life evolved into a range
of diﬀerentiated forms in the subsequent 5 million
years at an explosive pace [6,7,60]. Appearance and
vision became both, the sources of strength and
weakness in the game for supremacy, survival
and selection. One aspect of appearance is body
colouration. Colour helped species recognition from
a distance. It made ‘food’ preys more visible.
It also enabled some potential preys to camouﬂage in the surroundings and hide themselves
from the predators; or even to scare them away
by mimicking appearance of poisonous animals.
Colour indicated sex, and age or maturity. It was
deployed for creating brilliant displays for sexual
invitation. It could also be made direction dependent, for avoiding attention of intraspeciﬁc rivals.
Directional colour also enabled communication
and signalling among conspeciﬁcs, to judge relative orientation for schooling and group action.
The origin of colour may broadly be classiﬁed as
pigmentary and structural. When energy at certain wavelengths, in light incident on an object
is absorbed dissipatively and the rest of the light
is reﬂected or transmitted, we get pigmentary
colours. Absorption at all wavelengths results in
greyness. When light energy is elastically refracted,
reﬂected, diﬀracted or scattered at the boundary
between two media with diﬀerent refractive index
or at an obstacle, we get structural colours. If the
scattering is equal for all wavelengths, and in all
directions, and there is no well-deﬁned periodicity among the scattering centres, we get diﬀused
white colour. When diﬀused scattering is direction
speciﬁc, we get viewing angle dependent diﬀused
colour. When the deﬂected waves interfere constructively and destructively in a regular pattern,
we get brilliant and viewing angle dependent iridescent colours. Constructive interference for all wavelengths in a particular direction results in specular
reﬂection or silvery lustre.
3.1 Surface structure and the optical eﬀects
This paper reviews colors, iridescence and lustre
eﬀects produced by physical structures, and thus
does not include any discussion on pigment colours.
The collage in ﬁgure 6 presents some examples of
such bewildering structures observed in the animal
kingdom.
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The brilliantly blue butterﬂy Morpho rhetenor
(ﬁgure 6A) has scales on its wings exhibiting cuticle ridges [62]. Each ridge has 10 to 12 ﬁns made
of chitin with refractive index n ≈ 1.56 [74]. The
resultant surface structure comprising alternating
layers of chitin and air (n = 1.0), running parallel
to the top surface, with a pitch of approximately
170 nm, selectively reﬂects blue wavelengths in the
visible light incident on the butterﬂy. The hue of
the reﬂection changes depending on the viewing
angle, which results in an amazing iridescence
eﬀect. The brilliant blue colour can be seen by
the potential mates of the butterﬂy from a distance
over half kilometre, enabling species recognition
and enhancing mating chances.
The shimmering lustre of the inner surface of
the red Abalone, Haliotis rufenscens (ﬁgure 6B) is
produced by a large number of layers of calcium
carbonate in the form of crystalline aragonite
plates (n ≈ 1.68) [74] which are approximately
500 nm thick, sandwiched between thin 20 nm thick
layers of a protein chonchiolin (n ≈ 1.56) [74].
This multiples layer stack reﬂects visible light
at almost all wavelengths creating the mother of
pearl. Apparently the mother of pearl eﬀect of
Abalone is likely to be an accident in evolution,
without any known function [74]. The fresh water
goby Odontobutis obscura (ﬁgure 6C), has a confusion causing changing colouration. The cells in its
skin dermis contain 150–200 nm thick platelets of
guanine crystals [73] (n ≈ 1.83) [74], surrounded by
cytoplasm (n ≈ 1.33) [74]. Depending upon external stimuli, the cells are capable of forming a periodic stack of guanine platelets separated by 50 nm
thick layers of cytoplasm or disorienting them.
Wherever the layered stacks are formed, a bright
spot of light is reﬂected from the skin. Wherever the guanine platelets are randomised, the skin
looks dark. The mottled skin helps the ﬁsh hide
from both potential preys and likely predators
against a mottled background.
Figure 6(D) presents a Cyphochilus sp. beetle
found in south-east Asia. Its 5 μm thick scales
accommodate a large number density of scattering
centres formed by a network of cuticular ﬁlaments
with diametre of 250 nm with volume occupancy
of nearly 70%, but ensuring that there is no optical crowding and there is no periodicity among
the scattering centres [64]. Light incident on such
scales is nearly completely back scattered in all
directions at all wavelengths of visible light, creating the super whiteness which allows the beetles to
camouﬂage against white background. Figure 6E
presents the case of facial blue colouration of the
primate mandrill, Mandrillus sphinx. The dermis of
the mandrill skin contains ∼ 1500 μm thick tissue
comprising a quasiordered extracellular array of
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collagen ﬁbres (n ≈ 1.42) with 127–170 nm interﬁbre modal distance, surrounded by a mucopolysaccharide matrix (n ≈ 1.35) [70]. Despite the very
small diﬀerence in refractive indices between collagen and surroundings, as well as despite the lack of
perfect periodicity, the sheer large number of reﬂective layers in the dermal tissue eﬀectively and selectively reﬂects blue fraction of visible light incident
on the monkey’s face. Figure 6F is strictly not
about colouration. It is about an optical device
developed in the course of evolution. Insects have
compound eyes studded with a large number of
facet lenses. The ﬁgure shows surface of the facet
lens of a butterﬂy Inachis io. The surface is
populated by tapered protuberances, the corneal
nipples, arranged in regular hexagonal arrays. The
pitch of the arrangement is ∼ 210 nm and the height
of the nipples is ∼ 200 nm. The eﬀective refractive
index of this structure, at the top of nipples is
equal to that of air i.e. n = 1.0. The eﬀective refractive index at the base of nipples is n ≈ 1.52 [71].
The surface thus, has a graded refractive index and
therefore practically no light is reﬂected from such
a surface. This is known as the moth-eye eﬀect.
Its most probable biological role is glare reduction
on the eyes and maximal transmission of image
forming light through the corneal lens.
3.2 Theoretical models and design guidelines for
achieving structural colour and iridescence
Although many physical mechanisms contribute to
structural colours, models based on mutual interference among fractions of rays of light reﬂected
from parallel boundaries formed by a multilayer structure of alternatively stacked transparent
materials of two diﬀerent refractive indices oﬀer a
simple starting point for understanding the phenomenon and putting it to practical use [74]. It is
also observed that the parallel plate treatment is
applicable to even layered particle arrays by ﬁnding out and employing eﬀective average refractive
index for diﬀerent layers, as long as the particle
diametres are much smaller than the wavelength
of light [74]. Figure 7 presents a schematic model
of the phenomenon. Theoretical expressions with
varying degrees of rigour and reﬁnements are available in literature to predict the hue and intensity
of light reﬂected from such multilayer stacks, as
a function of viewing angle [75,76]. It is not possible to cover the details of these complex mathematical expressions in this review. However, we
present in ﬁgure 8, illustrative results obtained
using the approximate expressions summarised by
Land [74], which make fairly realistic predictions
regarding colour and iridescence from multilayer
reﬂectance.
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3.3 The moth eye eﬀect for antireﬂection
Antireﬂection coatings have a long history of interest shown by theoreticians as well as experimentalists owing to their practical applications such as
reduction of glare from spectacles or camera lenses,
enhancing light output from LEDs, and recently
for superior harvesting of solar energy. The earliest
attempts and successful technologies involved use
of coating layers at the interface between two
dielectric media with thickness equal to λ/4. If the
refractive index of the coating is a geometric mean
of the refractive indices of the two adjacent media,
then there is minimal reﬂection loss at the interface. This principle can be extended for creating far
more eﬀective multilayer coatings [77–79]. However
the applications are limited owing to limitations in
material selection/processing, and costs involved.
On the other hand creating a ‘graded index’ surface like the one found on the moth’s eye, to obtain
antireﬂection eﬀect on any material surface and of
any reasonable form is relatively easy. The ﬁrst
experimental demonstration was by Clapham and
Hutley [80] in 1973. Slowly and steadily, the concept has gathered momentum. The search for right
shape of protuberances or alternative composite
structures, and processes to obtain the best graded
index eﬀect is progressing very rapidly [71,81–89].
4. Super adhesion
By millions years of evolutionary experimentations, nature has learnt that the adhesive property
of a surface can be modiﬁed by surface structures
and patterns. Starting from ants to geckos, the
adhesive pads of many diﬀerent climbing animals
are very often highly patterned [90]. These patterns and structures are hierarchical in nature
and their length scale varies from millimetre to
a few nanometres. These complex and intricate

Figure 7. Schematic representation of reﬂection of rays
from a stack of thin layers of two transparent dielectric
materials, and corresponding notation [A] Reﬂection from
a single layer. There is a phase change equal to λ/2 when
light reﬂects from an optically denser medium back in to the
less dense medium. Rays R1 and R2 interfere constructively if the optical thickness of the layer i.e. n∗ d (geometric
thickness) is equal to λ/4. The refractive index n is average eﬀective refractive index for a ‘composite’ layer [B] In
a multilayer stack all the fractions of the incident ray which
reﬂect and leave the stack interfere with each other. The
interference is constructive if n∗a da = n∗b db = λ/4.

structures enable the animal to climb over vertical
surfaces of a variety of roughness and surface
properties. Not only the adhesion is quite strong, it
is easy to detach, reusable, self-cleaning and leaves
no marks. All these qualities are essential for eﬀortless and rapid locomotion of the species. Because of
these remarkable qualities, the insects and geckos
have attracted the attentions of the researchers for
centuries. However, none of the man-made adhesives has all of these qualities at the same place,
be it our daily use adhesive tape or acrylic based
reactive glues. Although the synthetic adhesives
can be quite strong, they are rarely reusable and in
general prone to particulate contaminations. This
happens because a signiﬁcant contribution in overall adhesive strength of man-made adhesives comes

Figure 6. Caption.
Collage of Structural Colours and Optical Eﬀects in Animal Kingdom: [A] Iridescence produced by periodically
arranged alternating layers of chitin and air on the scales of the butterﬂy (reproduced from reference [61] under GNU Free
Documentation Licence) [B] Iridescent lustre produced by alternating layers of aragonite plates (∼ 95%) and proteinaceous
macromolecules (∼ 5%v/v), in the ‘mother-of-pearl’ on the inside of the shell (reproduced with permission from reference
[65] under GNU Free Documentation Licence) [C] In the dermis of Freshwater Goby skin, motile guanine crystal plate
embedded in cytoplasm) can produce bright iridescent spots when stacked periodically, or produce dark spots when dispersed randomly (reproduced with permission from reference [67] under GNU Free Documentation Licence) [D] Brilliant
whiteness produced by network of 70% packed, but randomly oriented cuticular ﬁlaments with diametres of 250 nm, in the
scales of the beetle (reproduced with permission from reference [63] under GNU Free Documentation Licence) [E] Brilliant
but diﬀused blue colour produced by thick (∼ 1500 μm) layer of quasi ordered arrays of collagen ﬁlaments embedded in
mucopolysccharides, in the dermis of mandrill facial skin (reproduced with permission from reference [69] under GNU Free
Documentation Licence) [F] Near zero reﬂection achieved by hexagonal arrays of tapering, 200 nm high corneal nipples
mounted on the fecet lens of the butterﬂy compound eye (reproduced with permission from reference [71], © Royal Society
2005).
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from viscoelastic dissipation and plastic deformations [91]. This dissipation of energy makes the
adhesive strong, but sacriﬁces clean separation and
reusability. Once deformed, they never come back
to their original shape. On the other hand, the natural adhesives rely on van der Waal’s force of
attraction which is non-dissipative in nature and
typically depends on the geometry of the contacting objects and their separation distance [92].
So, by conforming to the adhering substrate closely,
the natural adhesive pads achieve a very high yet
reversible adhesion. The close conformity to the
adhering surface irrespective of its roughness is
realized by hierarchical surface patterns of varying length scales. As these adhesive pads do not
primarily use any gummy secretion, they are often
termed as ‘dry adhesive’. Such a dry adhesive
can be very useful in microelectromechanical systems (MEMS) and microelectronics for integrating micro and nano devices into complete device
architecture. Automotive, biomedical and robotics are some of the other ﬁelds where a biomimetic dry adhesive can ﬁnd its potential use.
Because of these, last ten years have experienced

Figure 8. Model based predictions of structural colour
and iridescence [A] Data representing Morphorhetenor cuticular structure: na = 1.0, nb = 1.56 da = 95 nm, db = 75 nm,
p = 12 At near normal viewing angle the reﬂectance
is bright blue. At 70 degrees the reﬂectance acquires
warmer tint and uniform luster. [B] Data representing
the dermal arrays of collagen ﬁlaments in the Mandrill face: eﬀective average na = 1.36, eﬀective average
nb = 1.39, da = 40 nm, db = 120 nm, p = 80 The reﬂected
color is blue. However because of smaller refractive index
ratio the brilliance is reduced. (Image Courtesy: Janhavi
Rout, Unilever Research India).

a tremendous upsurge in ‘bio’ and ‘bio-inspired’
adhesion research in which researchers are trying hard to understand the working mechanism
of adhesive pads of diﬀerent species ranging from
bush cricket to tree frogs and to mimic them.
The ﬁrst step in solving the mystery of gecko
and insect adhesion is to understand the underlying physics. The pertinent question is what causes
a natural adhesive pad to stick to a vertical wall
or ceiling. After a century long debate over this
question and considering many probable mechanisms like friction, suction cups, micro-interlocking
and capillary adhesion, at present the answer has
been zeroed down to van der Waal’s interaction
[92]. The van der Waals interaction is the weakest of all intermolecular forces but the most universal one and its strength strongly depends on
the separation distance. This indicates that the
geometry should have much greater role than the
speciﬁc surface chemistry in gecko/insect adhesion. To exploit this weak and short-range force
most eﬃciently, the adhesive pad must come in
close contact to the adhering surface. To achieve
good contact, the pad must be compliant enough
to conform to the adhering surface irrespective
of its roughness. Compliance can be enhanced
either by decreasing the material’s modulus or by
making the structure more slender by reducing
its lateral dimension. Both these mechanisms have
been adopted by evolution leading to two broadly
classiﬁed groups: type one, relatively smooth and
soft pads where adhesion is additionally supported
by liquid secretion and type two, where adhesive
pads are covered with millions of slender micronano scale hairs. Although the individual hairs
can be made of quite a stiﬀ material, the hairy
structure as a whole reduces the eﬀective modulus of the adhesive pad making it more compliant
[93]. The morphology of the hairy adhesive pads
in diﬀerent species is shown in ﬁgure 9. It shows
that as the body mass of the species increases,
the hairs become ﬁner increasing overall hair density. This increase in hair/ﬁbre density is achieved
by branching the primary hairs into ﬁner attachment elements [90]. Among all the species studied,
the geckos have the most intricate and complex
pad structure. To elaborate, the hierarchical structure in the adhesive pads of tokay gecko (and
many others) starts with an array of lamellae supported by blood sinuses which work as a sort of
hydraulic suspension. These lamellae are actually
an arrangement of thousands of uniformly oriented
hair like structures called setae. A foot of tokay
gecko has nearly ﬁve hundred thousand keratinous setae (∼ 14,000 setae/mm-2), each branching
out into 100–1000 ﬁner triangular projections [5].
These projections called spatula are 200–500 nm in
length, 5 nm in thickness and are connected to the
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Figure 9. Surface structures present on the adhesive
pads of diﬀerent animals. As the body mass of the species
increases, the structure becomes ﬁner (Reproduced with permission from reference [90], © National Academy of Sciences
2003).

setae by the apex of the triangle. The spatulas are
the ﬁnal attachment elements whose shape varies
from species to species. Using lamellae to spatula,
the gecko pad can adjust to millimetre to nanometre scale of surface roughness.
Taking a clue from the structure of ‘dry
adhesives’ and basic understanding of its working
mechanism, many diﬀerent designs of bio-inspired
adhesive have been put forward in the last ten
years. The diﬀerent structures tested vary from a
simple incision/cut to a very complex MWCNT
based hairy one. The pioneer work in fabricating
synthetic gecko-like adhesive hair was reported by
Autumn et al in 2002 [93]. They prepared conical shaped nano-hairs with tip diametre ∼ 230
to 440 nm by micromoulding PDMS and polyester. With a ﬂat AFM probe, the perpendicular adhesive force was measured to be 181 nN
and 294 nN for PDMS and polyester respectively,
which is comparable to that of a biological hair
having adhesive force in the range of 50–300 nN.
In 2003, the ﬁrst bio-inspired adhesive patch was
manufactured by Geim et al [95] by micropatterning a thin polyimide ﬁlm of area 1 cm2 , which
was given the name ‘gecko tape’, a term coined
for the ﬁrst time. They prepared an array of
micropillars of height 2 μm, diametre ∼ 500 nm and
a periodicity of 1.6 μm and showed conclusively
that patterning a surface enhances its adhesive
strength (ﬁgure 10). While the tape with a soft
backing shows 3N of adhesive strength, a similar
but smooth polyimide ﬁlm exhibit only a small
adhesion (< 10−3 N). Following this principle, many
other gecko-inspired adhesives of diﬀerent shapes
and sizes have been prepared. The diﬀerent surface patterns that have been studied are multiple incisions and chocolate bar pattern [91,96],
micro-ﬁbrils and micro-columns [95,97], ﬁbril with
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extended end or mushroom shaped columns [98],
hierarchical columns [99], ﬁbrils terminated with
a thin ﬁlm [100], a complex CNT based ﬁbrillar
structure [101,102], etc. Although they widely vary
in their structures, they all converge to a few basic
designs features of a hairy adhesive: high aspect
ratio of the ﬁbres with micrometre to nanometre
scale diametre, maximum possible hair density,
maximum stiﬀness, low surface energy and high
tensile strength. While high aspect ratio and high
hair density enhance the adhesion, high material
stiﬀness and low surface energy prevent the slender
hair from bunching together [93].
In addition to the ﬁne and complex structures
like nano-hairs and ﬁbres, it has been shown that
even a simple surface cut/incision can enhance
adhesion by an order of magnitude by arresting
crack propagation [91,96]. Every time the propagating crack meets a cut or discontinuity in
a material, it stops there and further energy is
required to be supplied to re-initiate the crack.
If the pattern dimension is suﬃciently small, i.e.
the cuts are close-packed, the fracture toughness
increases considerably. Similar results explanations
have been put forward by other researchers as
well who have tested the adhesive performance of
a thin PVB sheet with ﬁbres of millimetre scale
dimensions [97].
Other than using polymer ﬁbres, in recent
research eﬀorts multi-walled carbon nanotubes
(MWCNT) are also being used as adhesive ﬁbres.
In 2005, Yurdumakan et al [101] ﬁrst ever reported
application of vertically aligned MWCNT constructed on polymer base as synthetic gecko tape.
They prepared MWCNT of diametre 10–20 nm
and length ∼ 65 μm by chemical vapour deposition and tested their adhesion behaviour with
a scanning probe microscope. The MWCNT
patch showed weak repulsive forces as the probe
approached and high adhesion as the probe was
retracted. The calculated minimum force per unit
−2
area (1.6 ± 0.5 × 10−2 nN/nm ) was 200 times

Figure 10. First ever ‘Gecko-tape’, an array of micropillars made by micropatterning polyimide surface.
Bunching/mating/condensation of microﬁbers due to selfadhesion causes signiﬁcant reduction in adhesive strength
(Reproduced with permission from reference [95], © Nature
Publishing Group 2003).
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Figure 11. A. The peeling torque M vs. Δ. Curve 0 corresponds to a smooth ﬁlm of thickness h = 300 mm. Curve 1
and 2 represent ﬁlm of h = 300 mm and d = 50 mm for channels ﬁlled with air and oil of viscosity η = 380 cP respectively.
Curve 2 clearly shows higher peeling torque over curve 1. Curve 3 correspond to η = 380 cP, h = 750 mm and d = 710 mm
which requires even higher peeling torque leading to high fracture energy. B. Microﬂuidic adhesive shows higher adhesive
strength compared to an otherwise similar smooth adhesive surface. (Reproduced with permission from reference [104], ©
American Association for the Advancement of Science, 2007).

higher than the estimated adhesive force of a
−2
gecko’s setae (10−4 nN/nm ). Interestingly the
researchers found that for MWCNT, entanglement
improved adhesion unlike polymer based ﬁbrillar
adhesives. The adhesive has been found to perform equally well on a variety of adhering surfaces like glass mica and Teﬂon irrespective of their
hydrophobicity. In a more recent study [102], the
research group has found that a multiscale structure of MWCNT, where nanometre scale CNTs are
arranged to form micrometre scale pattern gives
much higher adhesive force. A 1 cm−2 area of CNT
pattern can support a shear force of 36 N, which is
nearly 4 times higher than a gecko foot, 10 times
higher than polymer pillars and 4 times higher than
unpatterned carbon nanotube patches on silicon.
Other than high adhesive strength, CNT based
ﬁbrillar adhesive is reported to be self-cleaning and
easy to detach in normal load, two very important
qualities for a reusable adhesive.
So, the question arises as to why a patterned adhesive shows higher adhesion than a
similar smooth adhesive. Other than roughness
compatibility, which has been explained earlier,
a hairy/patterned surface utilizes fracture mechanics aspects too. The theories and hypothesis based
on fracture mechanics proposed over the time can
be clubbed into three major groups. These three
major groups are contact splitting theory [90], uniform stress distribution theory [8] and crack arrest
mechanism [91,96]. In contact splitting theory, it is
said that the splitting up of the contact into ﬁner
sub-contacts increases adhesion. Assuming that the
tip of the ﬁbre as an elastic hemisphere in contact
with a rigid solid, JKR model suggests that the
force required to pull oﬀ is FC = 32 πRγ, where R
is the radius of the hemisphere and γ is the thermodynamic work of adhesion. If the contact
√ splits
into n subcontacts, each with radius R/ n for
self similar scaling or with radius R for curvature

√
invariance, the pull oﬀ force increases by n and
n times, respectively. Here it has been implicitly
assumed that all the ﬁbres of a pad across the contact area are uniformly stressed which is not true
when the pad detaches from the surface by peeling
because in that case the stress will be concentrated
near the edge of the pad. Stress concentration
near the boundary takes place even when a single ﬁbre is detached from the adhering surface
[97]. In that situation, the adhesion strength of the
whole contact is not fully utilized meaning only a
small fraction of the members which are in contact is highly stressed at any instance of time and
failure occurs by incremental crack propagation.
This can be avoided if the failure does not occur
by crack propagation but the entire interface fails
at once. This situation is called uniform stress distribution and can be achieved by bringing down
the diameter of the ﬁbre below a critical value.
Another important theory in explaining the behaviour of patterned adhesive is crack arrest mechanism [90,96]. It says that a moving crack gets
arrested when it meets a material discontinuity.
To reinitiate its propagation, further increase of
stress is required which manifests itself as enhanced
fracture toughness for a surface patterned adhesive. The reason behind this observation is that the
interface starts to fail only when a critical cohesive
tensile stress is reached. However, as long as the
crack propagates over a smooth surface, the stress
level is maintained at the crack tip because strain
energy release can get transferred to its immediately adjacent load bearing portion of the structure. If in its journey the crack meets a discontinuity/cut/incision, this situation breaks down. While
the segment behind the discontinuity relaxes at
zero load dissipating stored elastic energy, the segment ahead of it has to be stressed to the critical
level again to reinitiate the process. Thus, for a ﬁlm
with close-spaced patterns, this crack re-initiation
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energy needs to be supplied continuously resulting
in increased toughness of the interface. Similarly,
for ﬁbrillar surface, the major part of the stored
strain energy in that ﬁbre gets dissipated when
an individual ﬁbre fails [97]. As this energy is
much higher than the interfacial work of adhesion, a ﬁbrillar adhesive surface is tougher than a
smooth one.
Although these theories do not always converge
to the same understanding, all of them point out
that dividing a single contact area into many
smaller sub-contacts enhances adhesion. They also
suggest that the adhesive strength can be optimized by bringing the pattern dimension below
some critical value which depends on the material
properties and crack geometry.
Other than the surface patterns, the natural dry
adhesive pads have subsurface structures too. For
example, the adhesive pad of the insect Rhodinus Prolixus has large ﬂuid-ﬁlled sac underneath
the adhesive surface. Similarly, the adhesive pad of
bush cricket has two big air sacs embedded into lots
of viscoelastic ﬂuid called haemolymph [103]. The
presence of this subsurface ﬂuid carrying structure
has been known to the scientists and entomologists for long but their role in adhesion mechanism has never got attention nor studied. Inspired
by this observation, Majumder et al made elastic
adhesive ﬁlms embedded with subsurface microchannels and studied the eﬀect of the channels on
adhesion when ﬁlled with air and liquids of diﬀerent viscosities [104]. It was found that while airﬁlled channels can enhance the adhesion by about
10 times, ﬁling the channel with oil of suitable viscosity can increase the adhesion by about 30 times
(ﬁgure 11). This signiﬁcant increase in adhesion
energy can be explained in terms of critical stress
that is to be maintained at the crack tip for crack
propagation. As mentioned earlier, to initiate a
crack, a critical tensile stress has to be reached.
Once initiated, this stress level is maintained at
the crack tip. However, when the crack meets a
channel ﬁlled with oil, negative capillary pressure
inside the channel frustrates the tensile stress. As a
result, eﬀective stress at the crack tip goes down.
To maintain the critical stress which is essential
for crack propagation, further increase in applied
external load is required which manifests itself in
terms of enhanced adhesive strength.
The major research challenges in bio-inspired
adhesive tapes are durability and mass production.
It has been found that after several detachmentattachment cycles, the adhesive property of a ﬁbrillar adhesive degrades because of breaking of
hairs and lateral bunching (ﬁgure 10b). Bunching/matting of hairs together can signiﬁcantly
reduce the adhesive strength because it prevents
an individual hair to come in full contact with
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the substrate by restricting its movement. Clumping can be prevented by increasing the hair spacing and stiﬀness. However, increasing hair spacing
reduces the hair density resulting in lower adhesion. Similarly, higher stiﬀness of an individual hair
decreases the adhesive strength by reducing overall
roughness compatibility. Because of these opposing
design criteria, prevention of clumping has always
been a challenge and researchers have come up with
innovative ideas like hierarchical structures [99],
two level structures [102] and ﬁbres with terminal
attachments [100].
5. Some techniques for fabrication of
designer structured surfaces
It has already been discussed that both Wenzel
and Cassie models suggest that a rough surface is essential for superhydrophobicity, as a low
energy surface coating alone fails to increase the
water CA beyond ∼ 120◦ [33]. Thus, the key issue
of enhancing the roughness has to be addressed
by creating patterns or textures on the surface.
In practice, the strategies for achieving the same
can be broadly classiﬁed into two categories: the
‘top down’ and the ‘bottom up’ techniques, as well
as combination of the two in some speciﬁc cases
[13]. In addition, multilength scale and hierarchical
patterns like hairy ﬁbres grown on top of lithographically created patterns show extreme superhydrophobicity [108]. This section presents a brief
discussion on some critical and interesting aspects
of some of the diﬀerent techniques adopted for the
fabrication of super functional surfaces.
5.1 The top down approaches
Top-down approach is a term that has its origin in
microelectronics and refers to a set of fabrication
techniques by micromachining, moulding and templating, etching, etc. for patterning surfaces. For
fabrication of superhydrophobic surfaces, diﬀerent
top down methods like micromachining, various
types of lithographies, moulding, plasma and other
types of surface etching, etc. have been used. The
top down approach can be further subdivided into
two categories: 1) direct replication of biological
features on to a material and 2) creation of patterns
or textures on surfaces that are capable of replicating the desired functionality of superhydrophobicity due to Wenzel or Cassie type wetting.
5.1.1 Replication of natural water
repellent surfaces
The simplest fabrication technique of a super
hydrophobic surface is by exact replication of the
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or by other means. The crosslinked and solidiﬁed (often ﬂexible) polymer contains the negative
replica and can be used as the template for producing positive or identical replicas of the original
surface by subsequent moulding or casting on it.
Replicas of water repellent plant leaves by this
simple technique do exhibit super hydrophobicity
with water CAs varying between 150 and 160◦
(ﬁgure 12A) [106,107]. Recently, Lee and Kwon
proposed a mass-production method of highly
hydrophobic surfaces by replicating the plant leaf
surface structures in two steps: ﬁrst making a nickel
mould via electroforming and then in the second
step, replication via a UV-nanoimprint lithography
[8]. The morphology of ﬁsh scales, which exhibit
extreme oleo-phobicity under water have also been
mimicked on polymers for the creation of superhydrophobic/oleophobic surfaces [109].
5.1.2 Patterned/textured superhydrophobic
surfaces

Figure 12. SEM images of the Surface morphology of different superhydrophobic surfaces created by diﬀerent techniques, with inset showing the image of a static water droplet
on the surface (except E). (A) Replicated lotus leaf pattern on crosslinked PDMS by Nanocasting (Reproduced
with permission from reference [107]. © American Chemical
Society 2005). (B) Lithographically created and hydrophobized patterns on Silicon (Reproduced with permission
from reference [52]. © American Chemical Society 2005).
(C) Oriented ZnO rod like structures formed by Chemical deposition. Inset shows the hexagonal cross section of
each rod (Reproduced with permission from reference [111].
© American Chemical Society 2005). (D) Self organized
hexagonal close packed array of Polystyrene beads formed
by Nanosphere Lithography (scale bar: 1 μm) (Reproduced
with permission from reference [112]. © American Chemical Society 2004). (E) Self organized ﬁne structures (inset)
of natural wax on lithographically created micro patterns (Reproduced with permission from reference [108]. ©
American Chemical Society 2009).

surface structures present on various types of water
repellent plant leaves by moulding and templating. Such replications are mainly done in mouldable polymers, the most popular of which being
cross linkable PDMS (polydimethylsiloxane) elastomer (e.g., Sylgard 184 from Dow Chemicals)
[106], a class of materials that ﬁnds wide application in most of the soft lithographic techniques [8].
Techniques that have been used to replicate the leaf
structures include nanocasting, replica moulding,
etc. In most of these techniques, a mouldable, freely
ﬂowing polymer in liquid state is cast on to the
surface to be replicated and subsequently allowed
to crosslink by thermal annealing, UV exposure

This section describes some techniques for fabricating super hydrophobic surfaces, which are not
based on direct replication of a naturally occurring super hydrophobic surface (like a plant leaf)
but based on the natural design concept of
roughness induced hydrophobicity. Various surface patterning techniques like micromachining,
lithography, plasma etching, etc. have been used
for the fabrication of such surfaces. Examples
of micromachining techniques include dicing on
silicon surfaces followed by hydrophobization and
silanization [13]. As far as lithographic techniques
are concerned, patterns created by both photolithographic as well as soft lithographic techniques have shown superhydrophobicity [13,15].
Photolithography based methods involves irradiation of UV light on a photo-curable polymer
layer (photoresist) through a mask containing the
desired features followed by subsequent etching
steps to create the surface patterns. The patterned
surfaces are typically hydrophobized by subsequent
silanization to enhance the CA [13]. Figure 12(B)
shows the morphology of a photolithographically
patterned super hydrophobic surface, along with
the photograph of a rolling droplet on it. Soft
lithography is a generic soft patterning technique
that relies on capillary driven ﬂow of a softened
or swollen, liquid polymer layer under a conﬁning
mould or a stamp to produce a negative replica
of the stamp pattern, with or without the application of external pressure. Major soft lithography techniques that has been used for fabricating
super hydrophobic surfaces include nano imprint
lithography, replica moulding, capillary force lithography, micromoulding in capillaries (MIMIC),
nanocasting, microtransfer moulding, etc. on a
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variety of polymeric materials like polysiloxanenes,
poly-ethylene glycol, (PEG), polystyrene (PS),
poly methyl methacrylate (PMMA), polycarbonate (PC), etc. [13]. Interestingly, some of these
polymers like PEG for example are hydrophilic
and show water CA of < 90◦ when the surface is
ﬂat! Even the techniques based on biostructure
replication that have been discussed before rely
primarily on moulding, a soft lithography method.
Lithographically patterned surfaces typically show
water CA between 155◦ and 170◦ depending on
the pattern’s dimensions and design, for which
the height and periodicity of the structures are
the key controlling factors [105]. Artiﬁcially patterned surfaces but with irregular patterns like
heavily structured back sides of copper circuit
boards also show extreme hydrophobicity. Serial
writing techniques like e-beam lithography, which
are capable of creating ﬁne features down to
∼ 20 nm lateral resolution have also been used for
creating super hydrophobic surfaces [15]. Plasma
treatment based techniques rely on etching of
the surface with reactive atoms or ions (such as
oxygen, chlorine, ﬂuorine) generated inside the
plasma chamber, resulting in deep grooves with
steep walls. Consequently, the surface roughness
enhances, along with the degree of hydrophobicity; an example of which can be the value of
water CA of ∼ 170◦ achieved after sequential treatment of low density polyethylene (LDPE) with
oxygen and CF4 plasma. In addition, plasma
etching on the surfaces of a variety of low surface energy polymers like poly(ethylene terephthalate) (PET), poly(tetraﬂuoroethylene) (PTFE),
and polyethylene (PE) as well as pulsed laser patterning of crosslinked PDMS surfaces have also
shown high water CA [13].
5.2 Bottom up fabrication techniques
‘Bottom up’ techniques involve the building of
large structures by integration of smaller building
blocks (molecules, particles, etc.) or components,
either spontaneously based on the thermodynamics
of the system (e.g., self assembly) or mediated
by an externally applied ﬁeld (ﬁeld mediated or
guided self assembly) [52]. A variety of intermediate, metastable structures can also be created
by controlling the processing conditions. Bottomup techniques that have been utilized for the
fabrication of superhydrophobic surfaces include
chemical deposition methods like chemical bath
deposition (CBD), chemical vapour deposition
(CVD), electrochemical deposition, layer-bylayer
(LBL) deposition via electrostatic assembly, colloidal assembly, sol–gel methods, etc. In chemical
deposition techniques, the products of a chemical
reaction self assemble and deposit on the substrate
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surface, typically in a liquid phase. Thin ﬁlms
of various inorganic species like ZnS, CuSe, InS,
CdS can be created and deposited by this technique. The reaction conditions are controlled in
such a manner that the deposited species typically
forms aggregates with ﬁne and sharp morphological features, which results in enhanced roughness
and hydrophobicity of the surface. An example
of such ﬁne featured aggregates can be seen in
ﬁgure 12(C), which shows the needle like, hexagonal (inset to ﬁgure 12C) ZnO nanorods, deposited
perpendicular to the surface on a glass slide. Upon
silanization, such a surface shows a CA of > 160◦
[111]. CVD-induced aligned deposition of CNT or
electro chemical deposition of cadmium, gold or
silver on a ﬂat surface have also result in superhydrophobicity. In chemical vapour deposition of
silica using biological templates have also been
used for producing biomimetic surfaces with high
water CA [13]. Another deposition method that has
been extensively used for the fabrication of superhydrophobic surfaces is the layer by layer deposition method. The method which oﬀers control
of ﬁlm thickness down to molecular precessions is
based on electrostatic charge interactions between
the diﬀerent layers of polyanion and polycation.
Such ﬁlms almost always require hydrophobization
as polyelectrolytes are hydrophilic and typically,
nanoparticles are embedded into the system to
enhance the roughness. Flourination of the polyanions has also been done in some cases to enhance
hydrophobicity. Another wet chemistry route that
has been widely used for making superhydrophobic surfaces is the sol–gel technique. In this generic
technique, which has gained immense popularity as a low temperature, soft synthesis method
for ceramics in particular, a material is deposited
by hydrolysis of corresponding oxide in the presence of a solvent or a combination of suitable
solvents (sol). Network formation process takes
place (gel ﬁlm) during the condensation or gelation, which is then thermally annealed to achieve
the desired material with controlled microstructure. Hydrophobicity in a sol–gel ﬁlm is typically
tailored by imparting surface roughness, which in
turn is tuned by controlling the hydrolysis and
condensation reactions at various stages, along
with surface modiﬁcation by introducing a monolayer resulting from surface condensation reaction.
Optically transparent superhydrophobic silicabased ﬁlms, which ﬁnd extensive applications in
self cleaning windows are now being commercially
prepared by this technique [13].
Surfaces containing self organized arrays of
monodispersed colloidal particles also produce
strong superhydrophobicity, as the particle assembly renders roughness to the surface. Such arrays,
which generally possess hexagonal closed pack
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morphology in absence of any templating strategy, are formed based on the competition of various interaction forces: steric repulsion between the
particles, van der waal’s forces, evaporation of the
solvent in which the particles were dispersed and
any externally applied ﬁelds like centripetal force in
spin coating, electric ﬁelds etc. [112]. The approach
is cost-eﬀective as it does not require lithographic
techniques, though sometimes the method itself
is referred to as nanosphere lithography [112]. It is
also material invariant as both polymeric beads
and inorganic spherical particles can be used. For
example, ﬁgure 12(D) shows the superhydrophobic
nature of a surface containing a hexagonal array of
polystyrene beads prepared by spin coating [112].
Ordered binary colloidal arrays have also been used
for fabricating superhydrophobic surfaces.
Several other self assembly techniques have
found application in fabrication of superhydrophobic surfaces. One very simple, yet elegant technique deserves special attention, which was based
on the concept of ‘breath patterns’ or water
droplet condensation induced pattern formation
from the group of Shimomuras [113]. The hexagonally packed water microdroplets, formed by
evaporative cooling on the surface of the casting solution of a ﬂuorinated polymer resulted
in a honeycomb-patterned polymer ﬁlm with the
condensed water droplet array acting as a template before evaporation. Two such porous polymer layers were stacked vertically, separated by
pillars at the hexagon vertices and the top layer
was peeled oﬀ with an adhesive tape to result in
a pincushion-like structure exhibiting water CA
∼ 170◦ [113]. Fractal surfaces, which can also be
formed by a variety of self organization methods
also exhibit high degree of superhydrophobicity.
5.3 Combination of top down and
bottom up approaches
Some methods, which result from a combination of
both top down as well as bottom up approaches
and have been found suitable for making superhydrophobic surfaces oﬀer additional advantages,
particularly in the context of creating multilength
scale structures or creation of architecture with two
distinct scales of roughness [13]. In general, the
ﬁrst stage focusses on the creation of the patterns
with the larger length scale and rely on the top
down methods. The bottom up or self organization methods then plays a key role in creating
the ﬁner secondary structures [13]. An example of
such a surface with hierarchical and multilength
scale patterns can be seen in ﬁgure 12E, where
naturally occurring tubular wax crystals have been
self assembled by vapour phase deposition on lithographically created micropatterned surface [108].

The inset to ﬁgure 12E clearly shows the hairlike ﬁne structures on each pillar top resulting
from the deposition of wax mass. The structure
exhibits CA of ∼ 170◦ . The extreme hydrophobicity is attributed to Cassie type wetting on top of
each of the pillars due to the presence of ﬁne structures [108].
Another method that is becoming popular for
fabricating superhydrophobic surfaces is electrospinning, a technique that is normally used for
making polymer nanoﬁbers [13,114]. In this technique, an electrical bias is applied between the
extrusion and the grounded collection plate to
draw the ﬁbre. Electrospun ﬁbres, which are continuous and nonwoven, form a web of ﬁbres on the
surface, resulting in a mat like highly rough surface
coating exhibiting superhydrophobicity. Low surface energy coating on the ﬁbres, chemical vapour
deposition, etc. in conjugation with electrospinning further improve the hydrophobicity. Further,
by controlling the rheology of the polymer melt
it is possible to tune the morphology of the electrospun ﬁlm from beads to continuous ﬁbres. The
variation in morphology also inﬂuences the ﬁnal
wetting behaviour, as beads are found to be more
hydrophobic than the ﬁbres [13,114].
6. Conclusions
In this short discussion, we have presented
an overview of some critical issues associated
with superfunctional surfaces, particularly on the
science governing the functionality. In addition, we
have also discussed some of the major fabrication
techniques that are adopted to create such designer
surfaces. It is now clear that though the researchers
are in the pursuit of artiﬁcial surfaces with superfunctionality by various approaches, majority of
them rely on design philosophy that are borrowed
from mother nature. Thus, biomimetic approaches
in conjugation with top down, bottom up, or
an improvised combination technique are being
adopted for the fabrication of superfunctional surfaces. In our opinion, the future direction of experimental development will probably lie in creating
surfaces that exhibit functionality on demand, for
example, a concept like reversible switching of wettability of a surface between highly hydrophilic
to superhydrophobic states, depending on the
system requirement. Such extreme switching may
be achieved by surface-conﬁned ‘smart’ molecules
undergoing conformational transitions between a
hydrophilic and a moderately hydrophobic state,
eventually resulting in ampliﬁcation of molecularlevel conformational transitions to macroscopic
changes in surface properties without physically
altering the chemical or morphological state of a
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surface. Such switching surfaces may open up previously unknown avenues in interfacial engineering [115].
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