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Part I
Concepts of Self-Cleaning Surfaces
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One of the ways that surfaces can be self-cleaning is by repelling water so effectively that
water-borne contaminants cannot attach – by being superhydrophobic. This is demonstrated
particularly well by the Indian Lotus, Nelumbo nucifera, which has leaves that remain clean
in muddy water. The leaves can be cleaned of most things by drops of water, an effect that
has been patented and used in technical systems [1].

1.1 Superhydrophobicity

1.1.1 Introducing Superhydrophobicity

Superhydrophobicity is where a surface repels water more effectively than any flat surface,
including one of PTFE (Teflon R©). This is possible if the surface of a hydrophobic solid
is roughened; the liquid/solid interfacial area is increased and the surface energy cost
increases. If the roughness is made very large, water drops bounce off the surface and it can
become self-cleaning when it is periodically wetted. To understand more about this type of
self-cleaning it is necessary to consider how normal surfaces become wetted and become
dirty. The effect has been a focus of much recent research and has been reviewed recently [2–
7]. A good mathematical explanation can be found in a recent book chapter by Extrand [8].
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Figure 1.1 Cross-section of a drop on a flat surface with the contact angle θ . Contact angles
also form at the edge of larger pools of water, in tubes, at bubbles on underwater surfaces and
any other configuration where a liquid interface meets a solid.

1.1.2 Contact Angles and Wetting

When a liquid rests on a surface the “contact angle” is measured through the droplet
between the solid/liquid and liquid/air interfaces. The equilibrium angle that forms is
known as Young’s angle after a theory proposed by Young, but not actually formulated in
his work [9]. Young’s equation can be considered as a force balance of lateral forces on a
contact line. In a perfect system the contact line cannot sustain any lateral force, so will
always move to a position where the forces balance. This is achieved mathematically by
taking the components of each force in the plane of the surface, at right angles to the contact
line, as shown in Figure 1.1.

γSG = γSL + γLG cos θ (1.1)

where γ is the interfacial tension and the subscripts refer to solid, liquid and gas, for
example, γ SL is the interfacial tension between solid and liquid.

Young’s equation can also be derived from the surface and interfacial energies and their
changes. The contact angle is an important measure of the interaction between the three
phases, one solid, a liquid and another fluid, which may be a liquid or a gas. For small drops
on a flat surface the drops form spherical caps, spheres intersecting the surface. External
factors, such as electric fields, may also influence the drop shape, with gravity playing a
role in distorting larger droplets. At the contact line the angle tends to the Young angle
except when the contact line is moving relatively rapidly. In most systems there is a certain
uncertainty in contact angle known as contact angle hysteresis.

1.1.3 Contact Angle Hysteresis

In practice the equilibrium angle is often difficult to measure because there are a small
range of angles on every surface that are stable. These are often described as local energy
minima close to the global energy minimum. In practice the contact line therefore often
behaves as though it were fixed over a small range of angles close to the equilibrium angle
[10]. Traditionally, the equilibrium contact angle was approached by vibrating the surface
to supply the energy for the drop to escape the local minima. Although the static angle can
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Figure 1.2 A drop on a vertical surface sliding slowly with advancing angle at the front and
receding angle at the back, in practice geometrical factors and speed of movement will change
the angles away from the actual advancing and receding angles.

vary, the contact line begins to move at a certain angle when the liquid front is advanced and
at a different angle when it recedes. These values are simpler to measure so it is often the
greatest stable angle and the lowest stable angle that are measured, known as the advancing
and receding angles. The angles commonly quoted are those measured at a very low speed
as the measured angles are affected by the speed of motion of the contact line. This is
usually carried out by injecting liquid slowly into a drop and removing it again. Often
the advancing and receding angles are of more practical use than the equilibrium angle,
although the equilibrium value can be used to derive surface energies. It is sometimes
possible to determine the equilibrium angle if both advancing and receding angles are
measured. This still assumes that hysteresis is not very large and the surface is reasonably
flat [11].

The difference between the advancing and receding angles, or rather the difference
between the cosines of the angles governs whether liquids will stick to a surface or slide
or fall off. A drop on a vertical sheet can have the advancing angle at the bottom and the
receding angle at the top without moving (Figure 1.2). Surfaces with low hysteresis allow
drops to slide over them whatever the equilibrium contact angle. The energy required for a
drop to move can be calculated as [12],

F = 1

2πr
γLG(cos θrec − cos θadv) (1.2)



JWST328-c01 JWST328-Daoud June 19, 2013 19:38 Printer Name: Markono Trim: 244mm × 170mm

6 Self-Cleaning Materials and Surfaces: A Nanotechnology Approach

where r is the base radius of the drop. The contact angle itself enters the equation in two
ways: first the cosine function enhances differences near 90◦; secondly the value of the
contact radius r, for a given volume depends upon the contact angle.

Furmidge calculated the angle of tilt, α, required in order for a drop to slide [13],
mg sin α

w
= γLG (cos θrec − cos θadv) (1.3)

where w is the width of the drop.
Measurement of the force required to remove drops from surfaces and tilting angles

shows the general trend is correct but some differences can be measured, particularly for
softer surfaces. Going back to Young’s equation, if the force balance approach is used, the
surface tension components in the plane of the solid are balanced to give the contact angle,
but this leaves a vertical force on the surface, depending upon contact angle. Theories by de
Gennes and Shanahan [14] and experiments on soft materials suggest that this force distorts
the surface, generating a ring like an atoll around the base of the drop and increasing the
force restraining the drop from sliding on the surface. Of course the drop profile is also
far from a circle if hysteresis is significant, particularly for large drops (for example that
shown in Figure 1.2).

The receding angle (and liquid properties) controls whether a drop falls off an inverted
surface, the advancing angle is not involved as it is never reached in this case.

The work needed to pull a liquid from a surface has been reported to be determined
by [15, 16].

W = γLG (1 + cos θR) (1.4)

1.1.4 The Effect of Roughness on Contact Angles

1.1.4.1 Fully Wet Surfaces; Wenzel’s Equation

As the roughness is increased the water initially wets the entire surface, as shown in
Figure 1.3b, the increasing surface area of the interface means that the advancing contact
angle on a surface with a flat contact angle of greater than 90◦ increases, whereas that of
one below 90◦ decreases. A surface with exactly 90◦ contact angle would show no effect of
roughness. This type of wetting can, therefore, be considered to be an amplification of the
properties of the surface by the roughness. The contact angle of a rough surface of this type
can be calculated using Wenzel’s equation [17], which modifies the cosine of the angle by
the specific surface area, r , the amount of times the surface is larger than a flat surface of the
same size. The subscript e has been used to highlight that usually the equilibrium contact
angle is considered as opposed to the receding or advancing contact angles introduced in
Section 1.1.3.

cos θrough = r cos θe (1.5)

The amplification of both hydrophilicity and hydrophobicity arises from the change in
sign of cosθ at 90◦.

1.1.4.2 Bridging the Roughness; Cassie and Baxter’s Equation

If the surface is roughened it eventually becomes energetically favourable for the liquid to
sit on the top of the roughness and reduce the area of the interface, as shown in Figure 1.3c.
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Figure 1.3 Wetting on flat and rough surfaces: (a) flat, (b) rough, Wenzel case; (c) Cassie
and Baxter case.

In this case the state approaches that of a liquid on a flat surface with domains of different
contact angles but where one of the materials is the second fluid (in this example air).

The simplest expression for the contact angle on a surface of this type was formulated
in 1944 by Cassie and Baxter [18]. This considers the cosine of the angle to be the mean of
the cosines of both contributing surfaces weighted by their relative areas, denoted by f, the
fraction of the interface that is solid.

cos θrough = f cos θe + ( f − 1) (1.6)

This equation considers both the solid/liquid and the liquid/gas interfaces to be planar,
which is only the case if the surface consists of equal height flat-topped pillars. The
original Cassie and Baxter paper allowed for deviations from this by effectively using
Wenzel’s equation for the wetted part and allowing changes in the effective roughness with
penetration. The main problem with this approach is that it is often difficult to determine
where the liquid/solid interface lies.
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1.1.5 Where the Equations Come From

Both Wenzel and Cassie–Baxter equations can be derived from forces at the contact line or
from interfacial areas. Using the interfacial areas effectively considers a minimisation of
the surface energy of the system. A force balance argument is equivalent, but considers the
surface energy from the forces it generates and creates conceptual difficulties when sharp
corners are considered [19].

Because of the increased interfacial area in the Wenzel case and the decrease in interfacial
area in the Cassie–Baxter case the hysteresis observed increases in the Wenzel state and
decreases in the Cassie–Baxter state, giving rise to low water adhesion in the Cassie–Baxter
state [20].

1.1.5.1 Flat Surfaces

Consider a liquid on a surface with a contact line at a contact angle; if we allow this line to
move by an infinitesimal amount and assume that it will move in this manner until it reaches
an energy minimum the energy minimum can be defined as the position where moving the
contact line by a small amount does not change the interfacial energy. This does assume
that there is a single minimum in the energy profile – a reasonable assumption for a flat
surface.

The energy change for moving forward a small amount is illustrated in Figure 1.4. The
area of the liquid/fluid interface changes by �A cos θ , the solid liquid interface changes
area by �A and replaces or is replaced by the same amount of solid surface (depending on
the direction of motion). The total change in surface free energy, �F , accompanying an
advance of the contact line is therefore,

�F = (γSL − γSG) �A + �AγLG cos θ (1.7)

If we set the change in free energy to zero we will find the minimum or maximum of
the expression, in this case because we are starting close to the global minimum we will
approach that. The result can be rearranged to form Young’s equation.

Figure 1.4 Contact angle and surface free energy.
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Figure 1.5 Wenzel wetting.

On a flat surface this treatment is equivalent to a force balance, but on rough surfaces this
surface free energy treatment averages over a period of the roughness or a representative
area. Unlike a force balance there are no difficulties when the contact line meets the corner
of a feature and the intrinsic assumption that the contact line is always on a representative
proportion of the surface is slightly more obvious. In cases where this is not true, for patterns
that are large compared with the size of the drop, when the contact line can sit on one part
of the pattern or when the pattern is anisotropic (e.g., parallel grooves) the approach cannot
be applied without some modification.

1.1.5.2 Wenzel Case

For a rough surface where the liquid wets into the rough features (Figure 1.5), the treatment is
the same as the flat surface but the surface areas of both the solid/liquid and the solid/vapour
interfaces associated with the advance of the contact line are increased by a factor, r, the
specific surface area of the rough surface at the contact line. In other words the number of
times larger the area is than if it were flat. The roughness factor compares the rough surface
to a two-dimensional surface of the same size and is, therefore, better served by this surface
energy treatment. When the new values of the surface energies are treated in the same way
as before the following expressions result,

�F = (γSL − γSG) r�A + �AγLG cos θ (1.8)

If �F = 0 then cos θ = (γSL − γSG)r�A

�AγLG
(1.9)

This can be substituted into Young’s equation to give Wenzel’s equation.

1.1.5.3 Cassie–Baxter Case

To consider only bridging wetting we can imagine flat-topped pillars with water bridg-
ing the gaps between with horizontal menisci, as shown in Figure 1.6. In this particular
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Figure 1.6 The Cassie and Baxter case.

configuration the surface area of the base of the water is the same as it would be on a flat
surface.

Again the air/liquid interface at the top of the drop is unaffected by the roughness, the
lower part advances over a combination of fluid (air) and solid, the interfacial area, A, can
be divided into two components and these assigned to the solid or the fluid interface. The
proportions of these two components are determined by the shape of the surface, in this
case the relative areas of the tops of the pillars to the gaps.

The surface free energy can be minimised as before giving:

�F = (γSL − γSG) f �A + (1 − f ) �AγLG + γLG�A cos θ (1.10)

and, again, with substitution into Young’s equation it becomes reduced to the form of Cassie
and Baxter’s equation;

cos θrough = f cos θe + ( f − 1) (1.11)

It can be seen that the observed contact angle on this type of surface is intermediate
between the liquid/solid contact angle and the liquid/fluid contact angle. If the second fluid
is air or another gas the contact angle will always increase, even if the surface is hydrophilic.
The reverse situation can be imagined where the pores at the surface are pre-filled with the
same liquid as the drop, in this case the contact angle will decrease, even if the surface
is repellent to the liquid. On hydrophilic surfaces this situation can arise when a film of
liquid spreads through the roughness of the surface before the macroscopic drop spreads.
The same equation can be used for flat surfaces with areas of different contact angle as
long as they are distributed well. As mentioned above the original Cassie and Baxter paper
considered the combined effect of these two situations.
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1.1.5.4 Important Considerations

There has been some criticism of these equations, but these can also be interpreted as
criticism of their misuse [21–24]. Both equations require a set of assumptions to be true
(or at least locally true) for them to apply.

First, there is a requirement that the pattern of roughness or chemistry is arranged so that
the contact line is always on the average of all parts of the structures. This is implicit in the
treatments above where always an entire cycle of roughness (or chemical pattern) is taken.
This requirement is broken if the pattern allows the contact line to arrange itself so that it
is mostly on one type of the surface. This is particularly evident in grooved surfaces where
the contact angles parallel and perpendicular to the grooves are different. Perpendicular to
the grooves the expected angles form, whilst parallel to the groove direction a cyclic change
is observed as the contact line moves over the peaks and troughs. Similar problems arise
from other pattern geometries. Another way this requirement can be broken is if the size of
the patterned features becomes large enough such that the contact line bends to reduce the
interfacial energy of the liquid.

κ−1 =
√

γLG

ρg
(1.12)

The capillary length (Eq. 1.12) describes the general size where gravity will have a larger
effect than surface tension on a drop of liquid. As can be seen the quantities compared
are the surface tension (γLG) and the effect of gravity on the liquid through density(ρ) and
gravity (g). For water on our planet this critical length is 2.73 mm; drops of radius much
smaller than this, typically a tenth of this size, are almost spherical. In the same way the
meniscus bridging two features will be distorted by gravity and this can be considered to
become significant as the gaps reach a tenth of the capillary length. Structures larger than
this can distort the contact line as they influence it via interfacial tension.

Secondly, as the thought experiment that generates the equations considers small move-
ments from the equilibrium position the state of a liquid is only determined by the surface
near the contact line. This is a long-winded way of stating that a drop on a hydrophobic
surface will not spontaneously jump to a hydrophilic surface unless the contact line inter-
sects both surfaces. It means that the solid/liquid interfacial area under the drop but away
from the contact line is largely irrelevant when determining the contact angle, but if there
are differences these will be revealed if the contact line moves over the surface – if a drop
slides over the surface for example.

1.1.6 Which State Does a Drop Move Into?

As the Wenzel type of wetting is very different from Cassie and Baxter bridging wetting it
is important to know which surface will end up in which state. Initial attempts to predict
which state a surface would go into from Cassie–Baxter and Wenzel’s equations met with
mixed success. Even when the surface allows this type of comparison it is only possible
from the equations above to find which of the states has the lowest energy minimum.
Some theoretical treatments of the transition do exist and have shown success predicting
experiments. In the simplest the energy levels of both states and those of intermediate
states are calculated to determine which states are lowest in energy. More complicated
ones attempt to discover when a water drop on the surface can become trapped in one
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state or the other. In many experimental cases the small-scale roughness of the surface is
difficult to measure, preventing this type of detailed calculation [25–27]. If a drop is placed
onto the surface it is likely to start in the Cassie–Baxer state and may become trapped
there even if the Wenzel state has a lower energy. Conversely, if water condenses onto a
superhydrophobic surface it initially wets inside the roughness so generally starts in the
Wenzel state and almost always becomes trapped there [28].

1.2 Self-Cleaning on Superhydrophobic Surfaces

1.2.1 Mechanisms of Self-Cleaning on Superhydrophobic Surfaces

Self-cleaning superhydrophobic surfaces first received attention when a paper was published
on the Lotus leaf [29]. Lotus leaves remain clean in muddy water because of the way their
surfaces are structured and water repellent. The leaves are strongly superhydrophobic and,
although they collect particles of dust, they are fully cleaned by rain.

One of the mechanisms for self-cleaning, and that initially suggested for the lotus leaf,
depends on how the water drop moves. A drop on a surface with high contact angle and low
contact angle hysteresis, usually a bridging super-hydrophobic surface, can roll instead of
sliding. This type of motion allows the drop to collect more of the particles at the surface
of the solid compared to the usual sliding mechanism.

The question that then arises is why a rolling drop should collect hydrophobic particles
from a superhydrophobic surface.

Particles, even hydrophobic ones, are strongly attached to a liquid/gas interface. If the
particle is modelled as a sphere its lowest energy configuration is when it is located in the
interface; partially immersed so that the local contact angle can be the equilibrium contact
angle. The energy of attachment of a particle on a liquid interface can be calculated by
comparing the surface energies of three possibilities, the particle away from the liquid, the
particle at its equilibrium position in the interface and the particle inside the liquid. For a
hydrophobic particle and water the third case will not be the lowest in energy so we can
consider the energy change from the particle resting in air to being held at the interface.

When a spherical particle of radius R and contact angle θe attaches to a liquid interface
the angle between the surfaces is the contact angle (Figure 1.7). The area of the sphere that
becomes wetted can be described by Eq. (1.13), this is both the solid/gas interface that is
lost and the solid/liquid interface gained. The liquid also loses some interface, the circular

Figure 1.7 A hydrophobic, spherical particle moving from the air to a position in a water
interface where it has its contact angle with the liquid.
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patch that is now covered by the particle, given by Eq. (1.14) (Rs being the radius of the
sphere).

2πR2
S (1 + cos θe) (1.13)

πR2
S sin2 θe (1.14)

The change in surface energy can therefore be calculated as:

�F = 2πR2
S (1 + cos θe) (γSL − γSV) − πR2

S sin2 θeγLG (1.15)

Substituting with Young’s equation, Eq. (1.1) gives

�F = −γLGπR2
S (1 + cos θe)2 (1.16)

As can be seen from the equation unless the equilibrium contact angle is 180◦ or 0◦ for a
particle moving into the liquid it is always energetically favourable to attach a sphere to the
interface. Very small particles may obtain enough energy from Brownian motion to escape.
As the mass increases with radius cubed and the surface energy with radius squared, large
particles can eventually become heavy enough to detach by gravity.

This explains why most particles should adhere to a passing droplet, but not why a rolling
drop should be more efficient at removing them.

Examination of the rear edge of the drop as it pulls off the surface reveals some of the
possible mechanisms for self-cleaning.

On a flat or a rough Wenzel-type surface the liquid wets the whole surface and the contact
line slides over it as it retreats. As the line reaches a particle at the surface it moves over the
particle, exerting little or no upward force as it is pinned on the surface to both sides of the
particle (Figure 1.8a). On a bridging Cassie–Baxter surface when the contact line reaches
the particle it can detach from the features around the particle but remain attached to it as
it is a little higher. This allows considerable upward force to be exerted on the particle by
the liquid, which could dislodge it (Figure 1.8b).

If we consider that a thin film may be left on the surface after the drop has passed
this alters the situation a little. On a flat or Wenzel surface the interfaces of the drop are
being lost at its rear and regenerated at the front, like a slug leaving a trail (Figure 1.8c).
In this case any particles in the upper or lower interface will be dumped back onto the
surface when the film evaporates, unless there is a very large flow carrying the particles
away. Therefore, nearly all particles will return to their starting positions after the drop has
passed. For the Cassie–Baxter bridging case leaving a water film, each interacting peak will
spawn a tiny droplet as the main drop passes. This means that particles close to the peaks
may not be carried away, but those further away will be plucked out of the surface as in the
previous example [30,31]. In most cases the hydrophobicity of the particle and the surface
will prevent water from penetrating between the particle and surface. As the contact line
recedes these particles can also be removed by attachment to the drop as liquid will in this
case not be left on the surface (Figure 1.8d).

The adhesion between the particle and the solid surface can be a direct adhesion, in which
case the surface energies of the two solids are high so bringing them together reduces the
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Figure 1.8 Contact lines receding over different surface types and self-cleaning: (a) Receding
into the plane of the page on a flat surface, dirt is trapped; (b) receding to left on Cassie–Baxter
surface, surface tension removing particle; (c) receding to left, flat with precursor film, particles
in both interfaces remain; (d) receding to left, Cassie–Baxter with film, locally same as (a) but
drops/small particles left on protrusions.

global surface energy. Alternatively, two hydrophobic surfaces can adhere by weaker van
der Waals interactions, but if water is present they will be held together by hydrophobic
interactions because separation requires wetting of the two interfaces, which would cost
surface energy.

For a typical superhydrophobic surface the base material is hydrophobic, meaning that
hydrophobic interactions will be important. In this case, as shown in Figure 1.8b, the water
would not be expected to wet the crack between the particle and the surface, making removal
by the contact line most effective for rolling drops.

A second factor in the removal of particulate material from a roughened surface is the
reduction in solid/solid interfacial area. The particles sit on top of small-scale roughness
and are not bound strongly because they do not contact a large surface area. The multilayer
roughness of the Lotus leaf is important here, the smaller scale roughness prevents particles
nesting into crevices and having larger contact areas than on a flat surface.

The third factor is impacting drops – if a surface has different scales of roughness and the
instantaneous pressure of the drop impact is only sufficient for it to enter the larger scale of
roughness it can collect particles from the crevices of the larger scale roughness.
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1.2.2 Other Factors

1.2.2.1 Water Impact

In most cases the water impinging on a self-cleaning superhydrophobic surface will have
some momentum. It will either be raindrops or will come from a spray of some kind. In
this case there will be a short-lived pressure wave that will push the water into the surface.
This could convert the wetting state from bridging Cassie–Baxter to fully wetting Wenzel
and, therefore, allow the water to adhere strongly.

If we model the meniscus between some pillars as a vertical capillary we can calculate
the pressure required to force liquid to the base as the Laplace pressure.

�p = γLG

(
1

R1
+ 1

R2

)
(1.17)

The radii required are those of a sphere that forms the advancing angle at the surface of
the capillary. For a circular capillary (pore) R = R1 = R2 and can be calculated from,

R = r

cos θe
(1.18)

where r is the pore radius, giving

�p = 2γLG cos θe

r
(1.19)

For a superhydrophobic surface with vertical pillars this penetration resistance pressure
can be calculated using the size of the gaps. For multiple layers of roughness the equations
above can be used to calculate the effective contact angle on the sides of the pillars. As
expected, and as can be seen from the formula, increasing the contact angle and decreasing
the pattern size improves the pressure resistance of superhydrophobic surfaces.

A raindrop falling on the surface of a roof will be around 5 mm in diameter and hit
the surface at around 9 m s−1. The instantaneous impact pressure has been shown to be
a maximum around the periphery of the impact zone, the worst possible case if this area
transitions to Wenzel wetting and becomes high hysteresis as the whole drop will then
become stuck, the peak pressure is of the order of 4 MPa. For a circular capillary with
a contact angle of 180◦, using water at standard temperature, the capillary would have to
be less than 350 nm in diameter to prevent water from being forced inside. An equivalent
triangular lattice of pillars would have a separation of around 300 nm. Using a more
realistic contact angle of 100◦ reduces the critical size to 50 nm and allowing a safety
margin reduces it still further. This suggests that the minimum feature size for practical
self-cleaning surfaces is quite small and the features must, of course, be able to withstand
high impact pressures without damage.

1.2.2.2 Condensation

A further complication is that of condensation inside the roughness. As the surface becomes
colder than the air, water condenses directly onto it. In this case it starts in a fully wetting
state and often nucleates initially at the base of any roughness, leading to filled patterns,
Wenzel wetting and high contact angle hysteresis [32, 33].
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This problem is difficult to avoid; theoretically increasing the roughness above a certain
level can make the Wenzel wetting state energetically unfavourable, but partial wetting
states can still occur, making water adhere strongly to the surface. Very high structures
of very small size are fragile. Even with very small features and high aspect ratios it
is still possible to become trapped in the Wenzel state. Despite this it has been shown
that hierarchically structured surfaces are relatively stable against condensation. Surfaces
consisting of layers of fibres are particularly effective as the heat transfer to the substrate
is low and water nucleates at the top leaving bridging so the drop can recover. This type of
surface is, however, not very good at self-cleaning if the dirt particles penetrate between
the fibres and is more suited to water repellence applications. Typically, the Wenzel state
and the Cassie–Baxter state of a very rough surface will represent separate energy minima
separated by an energy barrier. The energy barrier is present because most partially filled
states are higher in energy. The energy barrier can become large, trapping liquid in one
state or the other, which becomes a problem if any ever enters the Wenzel fully wetting
state as it is then difficult to remove.

Also worth mentioning at this juncture is the Stenocara beetle, which uses local
hydrophilic patches to direct condensation, allowing the superhydrophobic part of the
surface to remain dry, causing drops of water to grow until the patches cannot hold them,
and they then roll to the beetle’s mouth [34].

1.2.2.3 Oil Contamination

Surfactants and oils are a serious problem for superhydrophobic self-cleaning surfaces.
Oils have relatively low surface tension and are, therefore, more difficult to suspend in
a bridging state than water. Likewise, the addition of surfactants to water can reduce the
surface tension and therefore the pressure required to penetrate between the features of the
roughness, and many surfactants and oils have a high vapour pressure so will not evaporate
under normal conditions, making them very difficult to remove [35, 36].

On alkane-based supehydrophobic surfaces oils will super-spread. Their contact angles
on flat alkane surfaces are low, so when roughened they decrease to zero; it becomes
energetically favourable to cover them with a layer of oil. This is particularly challenging
for surfaces that are expected to come into contact with oil, such as vehicle parts and kitchen
surfaces. The only solution to this is to use fluorocarbon surfaces with very low surface
energies, therefore generating reasonable contact angles with both oils and surfactants, and
to enhance this by using highly undercut features to allow liquid to become suspended
in the Cassie–Baxter bridging state for contact angles below 90◦. This is very successful,
but is unlikely to allow technical surfaces to repel oils very effectively due to their cost of
fabrication and the fact that once wet with oil through pressure or heat such surfaces are
very difficult to clean as the Wenzel state on these surfaces still has a lower energy than the
bridging state.

1.2.2.4 Multiple Scale Roughness (Hierarchical Roughness)

The most common way to generate an effective superhydrophobic surface is to use multi-
scale roughness. If the smaller scale is small enough to prevent pressure-related penetration
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and the larger scale aids rolling, then the surface becomes much more effective than one
with a single roughness scale but higher roughness. There are many benefits of using
multiple scales.

First, low levels of roughness on several length scales affect each other. Several levels of
low angle slopes combined generate overhanging structures, which are particularly effective
at promoting water bridging and Cassie–Baxter superhydrophobicity. In this case low levels
of roughness can be added together to produce effective superhydrophobic surfaces [37].
This is useful because lower peak sharpness improves the resistance of the structure against
friction.

Secondly, in the case of waviness the levels of roughness interact to generate steeper
pitches for the liquid to interact with. The obvious example of this was proposed by
Herminghaus [38] where a sine wave in two dimensions generates a wavy surface but two
overlaid sine waves of very different frequencies generate very steep roughness indeed,
even if the amplitude of each one is not that great. In fact the use of multiple layers of
roughness is a simple way of generating overhanging roughness. Overhanging roughness
can suspend liquids even for contact angles below 90◦ in a local energy minimum [39].

Thirdly, as mentioned above, multiple level roughness is particularly resistant to pressure
wave wetting as well as being more resistant to low surface tension liquids, such as alcohols,
and to dew formation [40, 41].

1.2.3 Nature’s Answers

Superhydrophobic self-cleaning was first observed on the leaves of the (Indian) Lotus,
Nelumbo nucifera, which show small wax crystals on the top of waxy bumps. These are
highly efficient at self-cleaning and repel a range of water-based liquids, but are sensitive to
condensation and physical damage. The wax self-organises on the surface to form nanos-
tructures and microstructures on top of microstructures formed from other components of
the leaves in different ways. As described by Koch et al. the typical morphologies of these
waxes are tubes, prisms and flakes [42].

The self-organised growth of waxes on the leaves means that the plant only needs to
exude the waxy mixture and damage to the structures will tend to repair itself [43]. This
is a major advantage over artificial surfaces that wear away and become less effective over
time. Both the chemistry of the surface and the shape must be maintained to preserve a
superhydrophobic effect and waxes are good at both, being able to reorder when warm and
dry to hide hydrophilic groups and regenerate surface structure. It has only been possible
to copy this in a limited manner so far.

Some other plants and many animals use hair-like structures to generate the roughness
required to repel water. This strategy is very effective against condensing water as the water
nucleates among the hairs so does not reach the surface. The well known plant Lady’s
mantle, Alchemilla mollis, is thought to use this to collect dew drops on its leaves and allow
them to flow to its base. Diving beetles and spiders use a combination of large hairs (setae)
and smaller ones (microtrichia). The smaller ones are arranged in a denser array should the
larger ones fail for any reason. The hair-like structures are particularly suited to generating
persistent air layers underwater, as required by these animals to breathe. The structures
have a relatively large area at the interface and a lower area at any other point, making the
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Figure 1.9 Superhydrophobic structures on various organisms: (a) wax on cabbage, (b) wax
on Lotus leaves, (c) bent “hairs” on water boatman Notonecta glauca, (d) Alchemilla Mollis
(Ladies Mantle). Source: (a) Reproduced with permission from [Ditsche-Kuru et al. Beilstein
J Nanotech. 2011, 2, 137–144] Copyright (2011) Beilstein, (b) Reproduced with permission
from [ ] Copyright (2009) American Chemical Society, (c) Reproduced with permission from
[Ditsche-Kuru et al., Beilstein J Nanotech. 2011, 2, 137–144] Copyright (2011) Beilstein,
open access, (d) Reproduced with permission from [Shirtcliffe et al., Langmuir 2009, 25(24),
14121–14128] Copyright (2009) American Chemical Society.

surface energy minimum deep and therefore stable. Most aquatic insects achieve this by
having structures that come out from their body and then all turn to parallel at the interface,
as shown in Figure 1.9c. The second advantage of this system is that there is a degree of
elasticity in the structures themselves, so when a pressure wave passes they can move with
it and the liquid interface remains attached without slipping deeper into the structure or
ejecting gas bubbles [44].

So far these structures have been used less for self-cleaning purposes. Drops become
attached to crossing hairs, because the crossing point represents a minimum in energy,
and then cannot move very easily. On water insects the structures do not cross because
they are all aligned in the same direction so rapid drop movement in one direction and
self-cleaning is possible, although if particles penetrated between the structures they would
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become difficult to remove as water does not penetrate under normal conditions, unlike on
the heirarchical Lotus leaf.

Moth’s eyes are structured in a semi-ordered fashion, their primary functions being
optical, light gathering and anti-reflection. For these purposes the moth’s eyes are structured
with conical projections in a hexagonal array. In order for them not to scatter light or to act
as lenses they are smaller than the wavelengths of visible light.

This generates a gradient of effective density from the eye to the air and results in
very low reflection. There are two huge advantages for the moth, predators do not see the
reflection and more light is gathered, helping them to see at night. This type of structure has
raised a great deal of interest and ideally would be combined with a self-cleaning function.
The obvious use of such a surface would be as a coating on solar cells to reduce scattering
and enable self-cleaning. Some artificial surfaces of this type have been designed and show
promise although, as with the moth’s eyes, the self-cleaning cannot easily be optimised at
the same time as the anti-reflectance [45, 46].

Cicadas and other insects use similar structures to repel water from their wings, but they
are not as effective as multiscale structures and are unlikely to be self-cleaning without
a supporting very small-scale pattern to prevent impinging drops from becoming stuck in
the Wenzel state. On the other hand the spiny structures on the feet of water striders for
example, Gerris remingis, contain nanogrooves and remain dry even after long periods
in contact with water. The water strider uses them to glide over the interfacial tension of
water bodies, allowing it to collect insects without superhydrophobic surfaces that become
captured by it [47].

Butterfly wings also repel water effectively; their wing scales are structured and canted
to provide a saw-tooth surface. Experiments show that these structures have a preferred
direction for water to move off them [48]. This effect is of potential use in a variety of
applications because the pattern can be continued over large areas whereas a pattern of
decreasing contact angles could not be. The saw-toothed structure probably generates an
uneven contact angle, causing the drop to stick in one direction but roll in the other [49].

The butterfly wing pattern could be used over large areas and drop motion can be driven
by gravity or vibration.

Geckos also use soft projections on their feet, but these are spread out at the ends so
that they can attach to walls. They function as an extremely compliant surface, enabling
close contact with smooth and rough surfaces to maximise surface interactions. The link to
superhydrophobicity and self-cleaning is that they must remain clean to function and have
been shown to have some self-cleaning properties. Despite adhering strongly to surfaces
their surface energy is low and particles are easily transferred from them to most surfaces,
in other words they can wipe or walk off particles [50, 51].

1.2.4 Superhydrophilic Self-Cleaning Surfaces

The opposite of superhydrophobicity is superhydrophilicity. In this case the surface energy
of the base material is high, causing water to spread out over it, in other words to have
a relatively low contact angle. In this case Wenzel’s equation can be used to estimate
the contact angle that will be observed on the rough surface. Unlike the superhydrophobic
case there is no alternative state that takes over at high roughness, so the predicted contact
angle soon reaches 0◦. Roughness can easily be increased past this point and the question
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then is what will happen. The surface wets fully but the rate of wetting inside the roughness
of the surface can be more rapid than on a flat surface. Aqil et al. [52] showed that the rate
of spread of a drop is greater on a rough surface and slows down less as it approaches 0◦.
In fact the base of the drop can spread so fast that it breaks away from the top, generating
a fried-egg shape.

Such surfaces can clean themselves of hydrophobic particles when wet because water
enters below the particles and lifts them off as they become attached to the air/water
interface. This is also extremely effective against biological contamination but relies on the
presence of lots of water [53].

Hydrophilic surfaces are usually strongly adhesive because they have a high surface
energy and become coated with material that can bind chemically to them. This can make
them very difficult to clean.

Materials with a surface energy the same as that of water can remain very clean when
wet because it is energetically favourable for water molecules to sit at the surface. An
example of this is polyethylene oxide (PEO) which is used to prevent biofouling in many
applications for exactly this reason. The surfaces do not self-clean, but do not become
fouled in the first place. If surfaces of this type dry out they can become contaminated and
often become damaged because they shrink when dry.

Some self-cleaning products use a combination of superhydrophilic surface properties
along with a photocatalyst. The high roughness and hydrophilicity generate a water film
when wet and the photocatalyst oxidises organic species to charged species, making sur-
factants or ultimately completely oxidising them. This combined system allows the surface
energy to be higher than that of water with the photocatalysis removing the film of organic
matter that spreads over the surface in dry conditions. When wet the high roughness and
surface energy causes a water film to lift off the contaminants.

1.2.5 Functional Properties of Superhydrophobic Surfaces

Various routes exist to fabricate superhydrophobic surfaces, allowing a plethora of differ-
ent material types to be used. Properties inherent in the chosen material can be utilised,
for example electrical conductivity, although many other characteristics can be built into
materials through the careful design of structure and chemistry. Over the past years atten-
tion has moved towards developing advanced materials with properties suitable for a range
of applications; either for research or industrial requirements. A number of commercial
products making use of superhydrophobicity are already available on the market, with
others currently under development. In addition, many patents have been granted for var-
ious possible applications of self-cleaning surfaces [54]. Many of these products are used
primarily for their superhydrophobic self-cleaning abilities, such as materials used in con-
struction for windows or roofing tiles. Material coatings used in this industry are also
widely available, with paints used to form a barrier against bio-fouling or graffiti-resistant
layers. The use of non-wettable textiles is also progressing rapidly, with research geared
towards identifying methods to modify conventional fabrics and to generate new materials
possessing useful functions. These market-led products are mostly driven by novelty, with
some products offering better value over existing counterparts in that they have increased
functionality [55].
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1.2.5.1 Evaporation and Condensation Resistance

The evaporation of liquid drops from solid surfaces has been thoroughly investigated over
past decades, although only a few have looked at the interesting phenomena of evapo-
ration from structured superhydrophobic surfaces. On flat solid surfaces two evaporation
models were proposed by Picknett et al. in 1977: a droplet having diminishing surface
contact area with a constant contact angle, or having a constant contact area with a reducing
contact angle [56]. For volatile liquid droplets resting on low surface energy substrates
the former model was found to be followed when the initial contact angle was <90◦,
giving linear evaporation rates, and when the initial contact angle was >90◦ the latter
model takes precedence, giving non-linear evaporation rates [57]. Xu et al. showed how
the three-phase contact line of a sessile droplet remains pinned on some superhydrophobic
surfaces through the whole evaporation process [58], such that the constant area model
is followed. Water resting on the surface of a lotus leaf may penetrate into the rough-
ness, interacting strongly with the natural wax and hindering droplet movement. Most
studies examining the effects of liquid evaporation focus on large droplets a few mm in
diameter, although condensation onto a surface occurs through the interaction of much
smaller droplets. Cheng et al. showed experimentally the dramatic difference in wetting
characteristics on superhydrophobic lotus leaves, comparing macro-scale water drops to
condensation of water from the vapour phase [59]. When wetted with condensing water the
high contact angles associated with superhydrophobicity are no longer observed. A more
in-depth investigation carried out by McCarthy using topographically patterned silicon
pillars as model surfaces gave similar results [60]. During steady condensation, wherein
the droplet radius increases proportionally with time, the drop interactions are ultimately
important to the dynamics, with droplets coalescing to increase the average droplet size.
Baysens et al. studied the growth dynamics of condensing water droplets on model sur-
faces [61] with the initial nucleating droplets being much smaller than feature sizes and
forming in between as if they were on planar surfaces. As the drops grow, their initial areas
often remain in the fully wetted Wenzel state but new areas covered by coalesced droplets
mostly rest in the Cassie–Baxter regime. In their particular case after a very short time
(∼1 s) the water was found to move from the slightly wetted features to the more stable
Wenzel state, Figure 1.10. Surfaces that go into the Cassie–Baxter state have been proposed
for use in condensers because a layer of condensed water at the surface of the cooling pipes
is often the limiting factor in condenser design. In the other direction, surfaces that are used
for boiling often generate a layer of water vapour at their surface and superhydrophilic
surfaces have been suggested for use here to rewet as soon as possible after a bubble forms.

1.2.5.2 Frost/Ice Resistance

Frosting of surfaces can be a serious problem due to changes in surface properties or
accumulation of ice or snow. Situations involving reduced friction due to frosting are
particularly dangerous, as well as icing of overhead power cables or aeroplane wings,
which can result in the failure of electrical insulation or mechanical properties. Bridges
are often closed due to the danger of ice falling from supports. Some superhydrophobic
surfaces have, however, been shown to reduce freezing temperatures, reduce ice bond
strength and even prevent ice formation at their surface [62–64]. Frost formation occurs
via two main processes: nucleation and crystal growth, being dependent upon the water
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Figure 1.10 Condensation within structured surfaces [61]. Source: Reproduced with permis-
sion from [Narhe, Langmuir 2007, 23, 6486] Copyright (2007) American Chemical Society.

vapour overcoming a Gibbs free-energy barrier [65]. Freezing of water has been shown to be
significantly delayed when depositing droplets onto cooled superhydrophobic surfaces [66].
Microtextures were found to delay freezing with drops rolling off without leaving behind
a film of ice or freezing. Control samples using flat copper showed that slower moving
droplets leave a film as they move, which freezes immediately. The low contact area and
air gap is thought to reduce the transfer of heat from the liquid to the surface, preventing
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freezing. In attempts to mimic natural ice build-up researchers have prepared glazed ice
surfaces by spraying super-cooled microdroplets of water onto surfaces held below 0 ◦C.
Kulinich et al. investigated the effects of flat versus rough hydrophobic surfaces on the
adhesion strength of such ice coatings [67, 68]. Comparison of surfaces based on their
contact angle hysteresis showed a direct relationship with adhesion strength. The size
of features presented by superhydrophobic surfaces has also been shown to play a role
in anti-icing. Using particles with diameters in the range 20 nm to 20 μm. Gao et al.
showed that larger features gave rise to an increase in the probability of ice formation
[69]. Clearly, control over frosting processes is achievable through the use of structured
hydrophobic materials. In some cases the superhydrophobic surfaces became damaged by
freezing cycles, but a great deal of research is being invested in this area as the potential
for ice resistant structures and vehicles is very attractive.

1.2.5.3 Anti-Fouling

Biofouling is the accumulation of biological material on surfaces. Biofouling is a vast
area, spanning from problems relating to underwater structures, such as oil-rigs and ship
hulls which suffer damage and increased operational and maintenance costs due to accu-
mulation of biomatter, to the medical industry wherein avoiding even small amounts of
contamination is paramount. The use of superhydrophobic materials to reduce fouling
has been demonstrated through a number of investigations. The main advantage of this
approach is that a persistent effect would be expected without releasing chemicals into the
environment.

A reduction in the surface area in contact with the liquid carrying the contaminants is
often accredited to a reduction in the level of fouling [70], although the shear forces involved
in liquid flow and the chemistry presented at the surface have also been shown to impact on
protein adsorption/desorption [71]. Koc et al. showed that a reduction in the size of features
presented at a surface, from micro- to nano-scale, drastically reduced the amount of protein
adsorbed, particularly under flow conditions. An initial increase in protein adsorption was
observed compared to flat surfaces of the same chemistry, possibly due to slight ingress of
the surfactant protein solution into the pores. Others have shown that antifouling can be
achieved during short-term exposure, but long term exposure, as would be experienced in a
marine environment, gave rise to a gradual deterioration of superhydrophobic surfaces due
to fouling [72].

In some cases a similar effect is used where the scale of roughness is set so that the
attachment points of a target organism cannot fit the surface and the surface is usually
hydrophilic so that water squeezes into the interface and excludes other molecules. This
approach is used by some marine organisms [73].

1.2.5.4 Anti-Corrosion

As much as antifouling is important for materials in contact with water, superhydrophobic
coatings also present opportunities for use as anti-corrosion treatment. Metals in particular
are vulnerable to oxidation, leading to degradation of their mechanical properties. By
application of water-repellent materials to their surfaces such breakdown of the metal can
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be slowed down or even prevented altogether by preventing the formation of electrochemical
cells [74].

Ishizaki et al. demonstrated the use of nanostructured cerium oxide films functionalised
by fluoroalkylsilanes to protect a magnesium alloy from a corrosive salt solution [75].
The superhydrophobic materials were found to be extremely corrosion resistant, with the
adhesion of the overlayer also being shown to be good. Some coatings, however, are
not as well adhered to the underlying substrate. Yuan et al. demonstrated the use of vinyl
modification of copper substrates, from which a fluoropolymer was grafted to form a highly
non-wettable and anti-corrosive layer [76]. The copper was first etched to roughen it, with
a fluorosilane then being used to form a conformal hydrophobic coating. Electrochemical
methods are often used, either to initially roughen surfaces or to deposit coatings. Xu
et al. used a facile electrochemical machining process to hydrophobise a magnesium alloy,
again using a fluorosilane as the chemical modifier [77]. Electrochemical deposition of
polypyrrole has been shown to be a rapid and effective means to fabricate relatively good
non-wettable surfaces [78]. Within 3 s the zinc could be modified with a 2 μm thick
hydrophobic coating having a contact angle of 125◦.

Super water-repellent coatings are used in this capacity to exclude liquid water from the
metal interface, they have shown positive effect in simple tests, but are seldom suggested
as the final external coat due to fragility problems.

1.2.5.5 Transparent and Anti-Reflective Properties

Anti-reflective or optically transparent properties, such as those described for the moth
eyes, are sought after in many material and device applications, such as electronic devices,
sight correction and sun glasses, lenses and mirrors. Although not a requirement, for many
of these possible applications, the ability to self-clean is also a useful capability. One
example of particular relevance in the current environmentally-friendly era is the use of
transparent, self-cleaning coatings on solar panels. These are not always accessible after
installation with maintenance being kept to a minimum by correct selection of surface
properties to remain free of dust and to transfer the maximum amount of light to the
photocell.

The roughness of the surface is key in terms of the anti-reflection properties as scattering
is enhanced by roughness, therefore reducing transparency. For this reason the features
required for anti-reflection must be kept smaller than the wavelength of the light that
is to be transmitted. When considering visible light this means features should be less
than 380–750 nm. Many routes to investigate these properties make use of silica/silicon
nanomaterials, with silica nanoparticles being used to impart controlled film thickness and
roughness, whilst also allowing ease of chemical modification via silane functionalisation
[79, 80]. Silica nanoparticles can be applied as coatings by using charged polymers to
attract particle layers. This has been demonstrated by Bravo et al. forming transparent
films of 20–50 nm silica particles using layer-by-layer deposition of poly(sodium 4-
styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) [81]. By controlling
aggregation and layering of the particle layers almost complete visible transparency was
achieved, with further chemical modification rendering the surfaces superhydrophobic, Fig-
ure 1.11. In most cases anti-reflection is the main function of the layer with water repellency
and then self-cleaning being fringe benefits.
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Figure 1.11 Transparent silica nanoparticle superhydrophobic surface [81]. Source: Repro-
duced with permission from [Bravo, Langmuir 2007, 23, 7293–7298] Copyright (2007)
American Chemical Society.

These silica nanoparticle surfaces have been shown to demonstrate excellent water
repellency as well as antireflective characteristics, and have experimentally shown self-
cleaning for 2000 h of outdoor exposure [82].

Polymer coatings have distinct benefits over their inorganic counterparts, being largely
flexible and having controllable toughness and stiffness. Researchers have reported an inex-
pensive method to produce superhydrophobic polymer coatings through in situ polymerisa-
tion of various monomers [83]. Phase separation of the polymerising solution gave rise to a
network of pores in the hydrophobic polymer, giving rise to its non-wettable nature. Alter-
ing the composition of the monomer mixture gave control over surface morphology from
nano- to micro-roughness, whilst photografting was used to adjust the surface chemistry.
Transparent films were afforded by a reduction in the architecture to nanoscale features.

1.3 Materials and Fabrication

As discussed above there are many examples of superhydrophobicity in nature, having
wide-ranging applications from self-cleaning to liquid harvesting. Synthetic methods to
mimic such surfaces have been developed making use of many different types of materials,
allowing a range of properties of the final surface. The required characteristics are that the
surface must be rough, of the order of nano- to microscale and present a hydrophobic chem-
istry. Dual-scale roughness is advantageous to form surfaces having both high water contact
angles and low sliding angles [84]. The material itself could be inherently hydrophobic,
with this being roughened to form a simple superhydrophobic surface – such as roughening
a poly(tetrafluoroethylene) (PTFE) plate [85]. If the material is not chemically hydropho-
bic, then a chemical coating is normally added after the surface structure is formed, as in
the case of fluoro/alkylsilane treatment often used to form many reported superhydropho-
bic materials. Other methods produce a coating that presents both the structure and the
chemistry required.
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Since the early 1940s researchers have been interested in the wetting properties of sur-
faces, with more and more focus on the applications of such knowledge being brought about
by technology and industrial applications of the 1990s. The number of methods reported in
the literature to produce materials/ surfaces/ coatings presenting superhydrophobic proper-
ties has increased substantially over the past decade, with endless strategies demonstrating
potential for scale-up of materials processing.

The careful control over etching processes can lead to degradation of polymers such
that they are morphologically altered. High-energy oxygen species present in gas-phase
plasmas have been used to etch fluorinated polymers to create surfaces with water contact
angles of ∼170◦ [86]. Similar methods have been used to roughen many polymers, such as
polypropylene [87]. Ellinas et al. used colloidal lithography of polystyrene to mask off a
polymethylmethacrylate (PMMA) sheet before etching with an oxygen-plasma, as shown
in Figure 1.12 [88]. Polymer microbeads were spin-coated onto the substrate to form highly
ordered structures to pattern the surface. A similar approach was also used to selectively
etch silicon substrates to form features with very high aspect-ratios.

Figure 1.12 PMMA pillar arrays produced via plasma etching: (a) −60 V bias, 1 min etch;
(b) –80 V bias, 1 min etch; (c) −60 V bias, 2 min etch; (d) −80 V bias, 1 min etch. Source:
Adapted with permission from [Ellinas, Microelectronic Eng. 2011, 88, 2547–2551] Copyright
(2011) Elsevier.
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Langmuir–Blodgett deposition of micro- and nano-scale silica particles is also commonly
used to present ordered features, with the structures usually being rendered hydrophobic
by post modification with a hydrophobic silane [89].

Phase-separation of polymers can lead to the micro-/nano-scale features required for
superhydrophobicity. This method of modification is carried out in-situ with a surface coat-
ing being formed. Hydrophobic phase-separation of sol–gel based solutions has afforded
superhydrophobic materials which display very high water contact-angles [90]. Polymers
are more often used, in part due to their flexibility leading to greater durability. A copoly-
mer equimolar in fluorinated acrylate and methyl methacrylate monomers has been shown
to produce hexagonally-packed nano-scale pores during drying under strictly controlled
humidity conditions [91]. Through fine-tuning of both the size of these pores and the thick-
ness of the deposited film the coating can present superhydrophobicity and be optically
transparent.

Electrodeposition under diffusion limited conditions is also commonly used for the
fabrication of rough structures. Various TiO2 nanostructures can be formed on titanium
surfaces. Lai et al. prepared nano-pore, nano-tube and nano-vesuvianite structures, which
could be used to alter water contact modes at the nanometre scale [92]. Anodization of
aluminum gives rise to porous membranes, which can be further chemically treated to form
superhydrophobic surfaces [93].

Many other methods are available making use of a range of materials. Although early
work looked mainly at textiles or wax-based materials, more recent work has been driven
to examine potential modification strategies for metals. Through a two-pronged approach
researchers are looking to develop robust methods to produce durable superhydrophobic
properties via cost-effective routes, either by direct roughening of inherently hydrophobic
materials or, more widely, by adding an overlayer to alter the outermost layer of the
materials. A number of recent reviews cover the fabrication of superhydrophobic materials/
coatings in depth [94–96].

1.4 Future Perspectives

Through our inspiration from nature we now look to mimic the properties of surfaces that
surround us in order to improve our innovations and technologies. Over the past decades we
have advanced our understanding of the interface between liquids and solids such that we
can now design and fabricate surfaces to exhibit specific properties, alone or in combination,
such as water repellency and anti-fouling/ anti-corrosion. These have either been driven by
fundamental research or the need for new coatings, such as advances in photocells as well
as advances in micro-structuring technology.

Applications for superhydrophobic materials are widespread, only really limited by the
cost and fragility of typical superhydrophobic surfaces. Outdoor weather-proof paints,
easy-clean textiles and self-cleaning glass used for windows of apartment or office block
skyscrapers are all examples of how superhydrophobicity is used in our surroundings.
Superhydrophilicity, the flip side of the coin, is used in self-cleaning windows and roof tiles
and also in mist-free mirrors, causing the condensed water to spread to a film and also remove
some contamination. Technologies within laboratory settings are also being improved.
Lab-on-a-chip devices of interest to a multi-disciplinary audience for the miniaturisation
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and development of high-throughput processes are possibly the next application to be
advanced by the incorporation of superhydrophobic surfaces. Clinical diagnostic devices
making use of such technologies may benefit from an enhancement in device longevity and
sensitivity of analyte detection through the anti-fouling capabilities of superhydrophobic
and superhydrophilic surfaces.

Our ability to prepare complicated surfaces structured on a micro- and nano-scale has
improved massively in the last few years and has enabled various technologies to advance
from the laboratory into the real world as their cost has fallen to a level where applica-
tion is possible. The development and production of both random roughness and more
advanced sculptured surfaces has resulted in both simple and advanced self-cleaning sur-
faces becoming available. The combination of superhydrophobicity and other properties,
such as anti-reflection or ice protection, is possible, although the optimum topography and
chemistry of the surface will often be specific for the application.
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