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Superhydrophobic surfaces exhibit extreme water-repellent properties. These surfaces
with high contact angle and low contact angle hysteresis also exhibit a self-cleaning effect
and low drag for fluid flow. Certain plant leaves, such as lotus leaves, are known to be
superhydrophobic and self-cleaning due to the hierarchical roughness of their leaf
surfaces. The self-cleaning phenomenon is widely known as the ‘lotus effect’. Super-
hydrophobic and self-cleaning surfaces can be produced by using roughness combined
with hydrophobic coatings. In this paper, the effect of micro- and nanopatterned
polymers on hydrophobicity is reviewed. Silicon surfaces patterned with pillars and
deposited with a hydrophobic coating were studied to demonstrate how the effects of
pitch value, droplet size and impact velocity influence the transition from a composite
state to a wetted state. In order to fabricate hierarchical structures, a low-cost and
flexible technique that involves replication of microstructures and self-assembly of
hydrophobic waxes is described. The influence of micro-, nano- and hierarchical
structures on superhydrophobicity is discussed by the investigation of static contact
angle, contact angle hysteresis, droplet evaporation and propensity for air pocket
formation. In addition, their influence on adhesive force as well as efficiency of self-
cleaning is discussed.
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1. Introduction

Superhydrophobic surfaces with a high static contact angle above 1508 and
contact angle hysteresis (the difference between the advancing and receding
contact angles) below 108 exhibit extreme water repellence and self-cleaning
properties (Bhushan & Jung 2008; Nosonovsky & Bhushan 2008a–c ; Bhushan
et al. 2009b). At a low value of contact angle hysteresis, the droplets may roll in
addition to slide, which facilitate removal of contaminant particles. Surfaces with
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Figure 1. A schematic of condensed water vapour from the environment forming meniscus bridges
at asperity contacts that lead to an intrinsic attractive force.
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Figure 2. (a) SEM images (shown at three magnifications (i)–(iii)) of lotus (N. nucifera) leaf
surface, which consists of a microstructure formed by papillose epidermal cells covered with three-
dimensional epicuticular wax tubules on the surface, which create nanostructure. (b) Image of a
water droplet sitting on a lotus leaf.
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low contact angle hysteresis have a low water roll-off (tilt) angle, which denotes
the angle to which a surface must be tilted for roll-off of water drops.
Superhydrophobic and self-cleaning surfaces are of interest for various
applications including self-cleaning windows, windshields, exterior paints for
buildings and navigation of ships, utensils, roof tiles, textiles, solar panels and
applications requiring antifouling and a reduction in drag in fluid flow, e.g. in
micro/nanochannels. These surfaces can also be used in energy conversion and
conservation (Nosonovsky & Bhushan 2008d, 2009). Condensation of water
vapour from the environment and/or process liquid film can form menisci,
leading to high adhesion in devices requiring relative motion (Bhushan 2002,
2003, 2008; figure 1). Superhydrophobic surfaces are needed to minimize
adhesion between a surface and liquid.

A model surface for superhydrophobicity and self-cleaning is provided by the
leaves of the lotus plant, Nelumbo nucifera (figure 2a; Barthlott & Neinhuis 1997;
Neinhuis & Barthlott 1997; Wagner et al. 2003; Bhushan & Jung 2006; Burton &
Bhushan 2006; Koch et al. 2008a, 2009). The leaf surface is very rough due to
Phil. Trans. R. Soc. A (2009)
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so-called papillose epidermal cells, which form asperities or papillae. In addition
to the microscale roughness, the surface of the papillae is also rough, with
submicrometre-sized asperities composed of three-dimensional epicuticular
waxes. The waxes of lotus exist as tubules, but on other leaves waxes exist also
in the form of platelets or other morphologies (Koch et al. 2008a, 2009). Lotus
leaves have hierarchical structures, which have been studied by Burton & Bhushan
(2006) and Bhushan & Jung (2006). Water droplets on these surfaces readily sit on
the apex of nanostructures because air bubbles fill in the valleys of the structure
under the droplet. Therefore, these leaves exhibit considerable superhydrophobi-
city (figure 2b). Water droplets on the leaves remove any contaminant particles
from their surfaces when they roll off, leading to self-cleaning. It has been reported
that nearly all superhydrophobic and self-cleaning leaves consist of an intrinsic
hierarchical structure (Neinhuis & Barthlott 1997; Koch et al. 2008a, 2009). Water
on such a surface forms a spherical droplet, and both the contact area and adhesion
to the surface are dramatically reduced (Nosonovsky & Bhushan 2007a, 2008a–c;
Bhushan & Jung 2008).

Based on the so-called lotus effect, one way to increase the hydrophobic
property of the surface is to increase surface roughness; so roughness-induced
hydrophobicity has become a subject of extensive investigations. Wenzel (1936)
suggested a simple model predicting that the contact angle of a liquid with a
rough surface is different from that with a smooth surface. Cassie & Baxter
(1944) showed that a gaseous phase including water vapour, commonly referred
to as ‘air’ in the literature, may be trapped in the cavities of a rough surface,
resulting in a composite solid–liquid–air interface, as opposed to the
homogeneous solid–liquid interface. These two models describe two possible
wetting regimes or states: the homogeneous (Wenzel) and the composite
(Cassie–Baxter) regimes. Many authors have investigated the stability of
artificial superhydrophobic surfaces and showed that whether the interface is
homogeneous or composite may depend on the history of the system,
in particular whether the liquid was applied from the top or condensed at the
bottom (Bico et al. 2002; He et al. 2003; Lafuma & Quéré 2003; Marmur 2003,
2004; Patankar 2004a). Extrand (2002) pointed out that whether the interface is
homogeneous or composite depends on droplet size, due to gravity. It has also
been suggested that the so-called two-tiered (or double) roughness, composed of
superposition of two roughness patterns at different length scales (Herminghaus
2000; Patankar 2004b; Sun et al. 2005), and fractal roughness (Shibuichi et al.
1996) may enhance superhydrophobicity.

Nosonovsky & Bhushan (2007a–d, 2008a–c) identified mechanisms that lead to
destabilization of the composite interface, namely capillary waves, condensation
and accumulation of nanodroplets, and surface inhomogeneity. These
mechanisms are scale dependent, with different characteristic length scales. To
effectively resist these scale-dependent mechanisms, a multiscale (hierarchical)
roughness is required. High asperities resist capillary waves, while nanobumps
prevent nanodroplets from filling the valleys between asperities and pin the triple
line in the case of a hydrophilic spot.

A number of artificial roughness-induced hydrophobic surfaces have been
fabricated with hierarchical structures using electrodeposition, nanolithography,
colloidal systems and photolithography (Shirtcliffe et al. 2004; Ming et al. 2005;
Chong et al. 2006; del Campo & Greiner 2007). Moulding is a low-cost and
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reliable way of surface structure replication and can provide a precision of the
order of 10 nm (Madou 1997; Varadan et al. 2001). Bhushan et al. (2008a,b, 2009a,
in press) and Koch et al. (in press) have developed a new method to fabricate
hierarchical structured surfaces. Moulding was used to replicate leaf and silicon
microstructures, and self-assembly of wax was used to create nanostructures on top
of the microstructures to realize hierarchical structures. This two-step process
provides flexibility in the fabrication of a variety of hierarchical structures.

In this paper, in §2, numerical models that provide relationships between
roughness and contact angle and contact angle hysteresis are discussed.
Then, in §3 details are presented on micro- and nanopatterned polymers
(hydrophobic and hydrophilic) fabricated to validate the models. These surfaces
were examined by measuring their contact angle. Next, in §4, silicon surfaces
patterned with pillars and deposited with a hydrophobic coating are studied to
demonstrate how the effects of pitch value, droplet size and impact velocity
influence the transition from a composite state to a wetted state. Finally, in §5,
hierarchical structures consisting of microstructures with self-assembled
hydrophobic plant waxes are described. In these studies, plant surfaces were
used as models for the development of hierarchical structures. The hydrophobic
waxes in plants exist in different morphologies, such as tubules on lotus and
ginkgo (Ginkgo biloba) leaves, or as platelets in the taro plant (Colocasia
esculenta) and in rice (Oryza sativa) leaves. Wax tubules have been reconstituted
by self-assembly of the natural plant waxes, and platelets have been created
using long-chain alkanes (n-hexatriacontane), which are common wax constitu-
ents. Based on this, hierarchical structures with different nanostructures and
densities have been developed. A lotus surface was also replicated by fabricating
a replica of the lotus leaf with the wax removed, followed by evaporation of the
wax extracted from the lotus leaf. The influence of micro-, nano- and hierarchical
structures on superhydrophobicity is discussed by the investigation of static
contact angle, contact angle hysteresis, droplet evaporation and propensity for
air pocket formation. In addition, their influence on adhesive force as well as
efficiency of self-cleaning is discussed. The data are useful to validate the models
and to provide design guidelines for superhydrophobic and self-cleaning surfaces.
2. Modelling of contact angle for a liquid in contact with a rough surface

As stated in §1, superhydrophobic and self-cleaning surfaces should have both
high contact angle and low contact angle hysteresis. Liquid may form either a
homogeneous interface with a solid or a composite interface with air pockets
trapped between the solid and the liquid. In this section, mathematical models
that provide relationships between roughness and contact angle are discussed.

(a ) Homogeneous (Wenzel ) interface

Consider a rough solid surface with a typical size of roughness details smaller
than the size of the droplet as shown in figure 3a. For a droplet in contact with a
rough surface without air pockets, referred to as a homogeneous interface, the
contact angle is given as (Wenzel 1936)

cos qZR f cos q0; ð2:1Þ
Phil. Trans. R. Soc. A (2009)
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Figure 3. (a) Schematic of a liquid droplet in contact with (i) a smooth solid surface (contact
angle, q0) and (ii) a rough solid surface (contact angle, q), (b) contact angle for a rough surface (q)
as a function of the roughness factor (R f) for various contact angles of the smooth surface (q0)
and (c) schematic of hemispherically topped pyramidal asperities with complete packing
(Nosonovsky & Bhushan 2008b).
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where q is the contact angle for the rough surface; q0 is the contact angle for a
smooth surface; and Rf is a roughness factor defined as the ratio of the solid–
liquid area ASL to its projection on a flat plane, AF,

R f Z
ASL

AF

: ð2:2Þ

The dependence of the contact angle on the roughness factor is presented in
figure 3b for different values of q0, based on equation (2.1). The model predicts
that a hydrophobic surface (q0O908) becomes more hydrophobic with an increase
in Rf, and that a hydrophilic surface (q0!908) becomes more hydrophilic with an
increase in Rf (Nosonovsky & Bhushan 2005; Jung & Bhushan 2006). As an
example, figure 3c shows a geometry with hemispherically topped pyramidal
asperities, which has complete packing. The size and shape of the asperities can
be optimized for a desired roughness factor.
(b ) Composite (Cassie–Baxter ) interface

For a rough surface, a wetting liquid will be completely absorbed by the rough
surface cavities, while a non-wetting liquid may not penetrate into surface
cavities, resulting in the formation of air pockets, leading to a composite solid–
liquid–air interface as shown in figure 4a. Cassie & Baxter (1944) extended
Phil. Trans. R. Soc. A (2009)
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Figure 4. (a) Schematic of the formation of a composite solid–liquid–air interface for a rough
surface and (b) fLA requirement for a hydrophilic surface to become hydrophobic as a function of
the roughness factor (Rf) and q0 (Jung & Bhushan 2006).
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the Wenzel equation, which was originally developed for a homogeneous solid–
liquid interface, to the case of a composite interface. For this case, there are
two sets of interfaces: a solid–liquid interface with the ambient environment
surrounding the droplet, and a composite interface involving the liquid–air and
solid–air interfaces. In order to calculate the contact angle for the composite
interface, Wenzel’s equation can be modified by combining the contribution of the
fractional area of wet surfaces and the fractional area with air pockets (qZ1808),

cos qZR f cos q0K fLAðR f cos q0C1Þ; ð2:3Þ
where fLA is the fractional flat geometric area of the liquid–air interfaces under the
droplet. According to equation (2.3), even for a hydrophilic surface, the contact
angle increases with an increase in fLA. At a high value of fLA, a surface can become
hydrophobic; however, the value required may be unachievable or the formation of
air pockets may become unstable. Using the Cassie–Baxter equation, the value of
fLA at which a hydrophilic surface could turn into a hydrophobic one is given as
(Jung & Bhushan 2006)

fLAR
R f cos q0

R f cos q0C1
for q0!908: ð2:4Þ

Figure 4b shows the value of this fLA requirement as a function of Rf for four
surfaces with different contact angles q0. Hydrophobic surfaces can be achieved
above a certain fLA value as predicted by equation (2.4). The upper part above each
contact angle line is the hydrophobic region. For the hydrophobic surface, the
contact angle increases with an increase in fLA for both smooth and rough surfaces.
(c ) Contact angle hysteresis

The contact angle hysteresis is another important characteristic of a solid–
liquid interface. If a drop sits on a tilted surface (figure 5), the contact angles
at the front and back of the droplet correspond to the advancing and receding
contact angle, respectively. The advancing angle is greater than the receding
angle, which results in contact angle hysteresis. Contact angle hysteresis
occurs due to surface roughness and heterogeneity. Although, for surfaces with
Phil. Trans. R. Soc. A (2009)
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Figure 7. SEM images of (a) the two nanopatterned polymer surfaces (shown using two
magnifications to show both the asperity shape and the asperity pattern on the surface; (i)(ii)
PMMA low aspect ratio (LAR) and (iii)(iv) PMMA high aspect ratio (HAR)) and (b) the
micropatterned polymer surface (lotus pattern, which has only microstructures on the surface;
(i)(ii) PMMA lotus replica) (Burton & Bhushan 2005; Jung & Bhushan 2006).
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(b ) Contact angle measurements

Jung & Bhushan (2006) measured the static contact angle of water with the
patterned PMMA and PS structures (figure 8). For static contact angle, droplets
approximately 5 ml in volume were gently deposited on the surface using a
microsyringe. Since the Wenzel roughness factor is the parameter that often
determines wetting behaviour, the roughness factor was calculated, and it is
presented in table 1 for various samples. The data show that the contact angle of
the hydrophilic materials decreases with an increase in the roughness factor, as
predicted by the Wenzel model. When the polymers were coated with PFDTES,
the film surface became hydrophobic. Figure 8 also shows the contact angle for
various PMMA samples coated with PFDTES. For a hydrophobic surface, the
standard Wenzel model predicts an increase in contact angle with roughness
factor, which is what happens in the case of patterned samples. The calculated
values of contact angle for various patterned samples based on the contact angle
of the smooth film and Wenzel equation are also presented. The measured
contact angle values for the lotus pattern were comparable with the calculated
Phil. Trans. R. Soc. A (2009)
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Figure 8. Contact angles for various patterned surfaces on (a) PMMA and (b) PS polymers and
values calculated using the Wenzel equation (Jung & Bhushan 2006).

Table 1. Roughness factor for micro- and nanopatterned polymers (Jung & Bhushan 2006).

LAR HAR lotus

Rf 2.1 5.6 3.2
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values, whereas for the LAR and HAR patterns they are higher. This suggests
that nanopatterns benefit from air pocket formation. For the PS material, the
contact angle of the lotus pattern also increased with increased roughness factor.
4. Fabrication and characterization of micropatterned Si surfaces

In order to investigate how the effects of pitch value, droplet size and impact
velocity influence the transition from a composite state to a wetted state,
we studied micropatterned Si surfaces with varying pitch values fabricated
using photolithography.

(a ) Fabrication of micropatterned Si surfaces using photolithography

Micropatterned surfaces produced from single-crystal silicon (Si) by photo-
lithography and coated with a SAM were used by Jung & Bhushan (2007, 2008a,b)
in their studies. One of the purposes of this investigation was to study the transition
from Cassie–Baxter to Wenzel regimes by changing the distance between the
pillars. To create a patterned Si, 5 mm diameter and 10 mm height, flat-topped,
cylindrical pillars with different pitch values (7, 7.5, 10, 12.5, 25, 37.5, 45, 60 and
75 mm) were fabricated using photolithography (Barbieri et al. 2007). The pitch is
the spacing between the centres of two adjacent pillars. The SAM of
1,1,2,2-tetrahydroperfluorodecyltrichlorosilane (PF3) was deposited on the Si
sample surfaces using the vapour-phase deposition technique. PF3 was chosen
because of its hydrophobic nature. The thickness and standard deviation of the
SAM of PF3 were 1.8 and 0.14 nm, respectively (Kasai et al. 2005).
Phil. Trans. R. Soc. A (2009)



















Table 2. Chemical structure of the major components of n-hexatriacontane, T. majus and lotus
waxes. (The major component is shown first.)

n-hexatriacontane C36H74

Tropaeolum majus nonacosan-10-ol

OH
j

CH3–ðCH2Þ8–CH–ðCH2Þ18–CH3

nonacosane-4,10-diol

OH OH
j j

CH3–ðCH2Þ2–CH–ðCH2Þ5–CH–ðCH2Þ18–CH3

lotus nonacosane-10,15-diol

OH OH
j j

CH3–ðCH2Þ8–CH–ðCH2Þ4–CH–ðCH2Þ13–CH3

nonacosan-10-ol

OH
j

CH3–ðCH2Þ8–CH–ðCH2Þ18–CH3

mechanical
pump

specimen

wax

vacuum chamber

heating plate

Figure 14. Schematic of the thermal evaporation system for self-assembly of a wax. Evaporation
from the point source to the substrate occurs over a hemispherical region (dotted line) (Bhushan
et al. in press).

B. Bhushan et al.1650

 on 30 March 2009rsta.royalsocietypublishing.orgDownloaded from 
surface area of the half sphere was calculated by using the formula 2pr 2, whereby
the radius (r) represents the distance between the specimen to be covered and
the heating plate with the substance to be evaporated. The amount of wax
deposited on the specimen surfaces was 0.12, 0.2 and 0.4 mg mmK2 for
n-hexatriacontane, 0.2, 0.4, 0.6 and 0.8 mg mmK2 for T. majus and 0.8 mg mmK2

for lotus waxes, respectively.
After coating, the specimens with n-hexatriacontane were placed in a

desiccator at room temperature for 3 days for crystallization of the alkanes.
A stable stage was indicated by no further increase in crystal sizes.
Phil. Trans. R. Soc. A (2009)
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Figure 15. Schematic of the glass recrystallization chamber used for wax tubule formation. The filter
paper placed at the bottom of the chamber was wetted with 20 ml of the solvent, and slow evaporation
of the solvent was enabled by placing a thin filter paper between the glass body and the cap placed
above. The total volume of the chamber is approximately 200 cm3 (Bhushan et al. in press).
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Figure 16. SEM images of the morphology of lotus wax deposited on the flat epoxy replica surface
after two treatments of specimens measured at 458 tilt angle: (a) after 7 days at 218C,
nanostructure on flat epoxy replica was found with no tubules; and (b) after 7 days at 508C with
ethanol vapour, tubular nanostructures with random orientation were found on the surface (Koch
et al. in press).
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For the plant waxes, which are a mixture of aliphatic components, different
crystallization conditions have been chosen. It has been reported by Niemietz
et al. (submitted) that an increase in temperature from 218C (room temperature)
to 508C had a positive effect on the mobilization and diffusion of wax molecules,
required for the separation of the tubule-forming molecules. It is also known that
chemical environment has an influence on the propensity for wax crystallization;
thus, the specimens with evaporated plant waxes were stored for 3 days at 508C
in a crystallization chamber, where they were exposed to a solvent (ethanol) in
vapour phase (figure 15). Specimens were placed on metal posts and a filter paper
wetted with 20 ml of the solvent was placed below the specimens. Slow diffusive
loss of the solvent in the chamber was enabled by placing a thin filter paper
between the glass body and the lid. After evaporation of the solvent, specimens
were left in the oven at 508C in total for 7 days. Figure 16 shows the
nanostructures formed by lotus wax, 7 days after wax deposition on flat surfaces.
Figure 16a shows the nanostructure after storage at 218C, in which no tubules
Phil. Trans. R. Soc. A (2009)
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Figure 23. (a) SEM images taken at 458 tilt angle (shown using two magnifications) of the (i–iv)
nanostructure and (v–viii) hierarchical structure fabricated with two different masses ((i)(ii) and
(v)(vi) 0.6 and (iii)(iv) and (vii)(viii) 0.8 mg mmK2) of T. majus wax after storage at 508C with
ethanol vapour. (b) SEM image taken at 458 tilt angle of three-dimensional tubule-forming
nanostructures on the surface fabricated with 0.8 mg mmK2 mass of T. majus wax after storage at
508C with ethanol vapour (Bhushan et al. 2009a).
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(c ) The influence of wax tubules on superhydrophobicity

(i) Morphological characterization, wettability and adhesion forces
of T. majus tubules

For the development of nanostructures by tubule formation of T. majus wax,
specimens were stored at 508C with ethanol vapour (Bhushan et al. 2009a).
Figure 23a shows SEM micrographs of the nano- and hierarchical structures
fabricated with two different masses (0.6 and 0.8 mg mmK2) of T. majus. The SEM
images show an increase in amount of tubules on flat and microstructure surfaces
after deposition of higher masses of wax. The tubules of T. majus wax grown are
comparable to the wax morphology found on the leaves of T. majus. SEM images
show a homogeneous distribution of waxmass on the specimen surfaces. As shown in
figure 23b, the tubular waxes are hollow structures, randomly orientated on the
surface. Their shapes and sizes show some variations, the tubular diameter varying
between 100 and 300 nm and the length varying between 300 and 1200 nm.

Recrystallization experiments showed that, for T. majus wax, the secondary
alcohol nonacosan-10-ol and at least 2 per cent of diols form the tubules
(Dommisse 2007). The remaining approximately 30 per cent of wax mass are
long-chain hydrocarbons (Koch et al. 2006a), which might not contribute to the
structure formation, but form a basal wax layer.
Phil. Trans. R. Soc. A (2009)
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Figure 24. (a) (i)–(iii) Bar charts showing the measured static contact angle, contact angle
hysteresis and tilt angle on various structures fabricated with 0.8 mmmmK2 mass of T. majus wax
after storage at 508C with ethanol vapour. (iv) Bar chart showing the adhesive forces for various
structures, measured using a 15 mm radius borosilicate tip. The error bar represents G1 s.d. (b) A
plot of static contact angle and contact angle hysteresis as a function of mass of T. majus wax
(circles, nanostructure; crosses, hierarchical structure) (Bhushan et al. 2009a).
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AFMwas used to characterize the nanostructure fabricated usingT.majuswax of
0.8 mg mmK2. Statistical parameters of nanostructure (r.m.s. height, peak-to-valley
height and summit density (h)) were calculated and are presented in table 3.

To study the effect of nano- and hierarchical structures with different crystal
densities on superhydrophobicity, Bhushan et al. (2009)a measured static contact
angle and contact angle hysteresis. The data in figure 24a show that the static
contact angle of a flat surface coated with a film of T. majus wax is 1128, but
increased to 1648 when the wax formed a nanostructure of tubules. On a specimen
with only a microstructure, the static contact angle was 1548, but increased to
1718 for the hierarchical structure. Contact angle hysteresis and tilt angle for flat,
micro- and nanostructured surfaces show similar trends. The flat surface showed
a contact angle hysteresis of 618 and a tilt angle of 868. The microstructured
surface shows a reduction in contact angle hysteresis and tilt angle, but a water
droplet still needs a tilt angle of 318 before sliding. As tubules are formed on the
flat and microstructured surfaces, the nanostructured and hierarchical structure
surfaces have low contact angle hysteresis of 5 and 38, respectively.
Phil. Trans. R. Soc. A (2009)
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