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Abstract
Superhydrophobic surfaces have considerable technological potential for various applications due to their extreme water-repellent
properties. A number of studies have been carried out to produce artiﬁcial biomimetic roughness-induced hydrophobic surfaces. In
general, both homogeneous and composite interfaces are possible on the produced surface. Silicon surfaces patterned with pillars of two
different diameters and heights with varying pitch values were fabricated. We show how static contact angles vary with different pitch
values on the patterned silicon surfaces. Based on the experimental data and a numerical model, the trends are explained. We show that
superhydrophobic surfaces have low hysteresis and tilt angle. Tribological properties play an important role in many applications
requiring water-repellent properties. Therefore, it is important to study the adhesion and friction properties of these surfaces that mimic
nature. An atomic/friction force microscope (AFM/FFM) is used for surface characterization and adhesion and friction measurements.
r 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Superhydrophobic surfaces are of considerable interest
for various technological applications due to their extreme
water-repellent properties. Advances in nanotechnology,
including micro/nanoelectromechanical systems (MEMS/
NEMS), have stimulated the development of new materials
and design of surfaces which should require hydrophobic
surfaces and interfaces with low adhesion and friction. One
of the crucial surface properties for materials in micro/
nanoscale applications is water repellency, non-wetting or
hydrophobicity. It is also usually desirable to reduce
wetting and increase liquid slip in liquid ﬂow applications.
Hydrophilic or hydrophobic properties of a surface
(wettability) are characterized by the static contact angle,
or simply contact angle, made between a water droplet and
a surface. A surface is hydrophilic if the value of the
contact angle is less than 90 , whereas the surface is
hydrophobic if the value of the contact angle is greater
than 90 . Surfaces with the contact angle between 150 and
180 are called superhydrophobic. The contact angle
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depends on several factors, such as surface energy, roughness, the manner of surface preparation, and surface
cleanliness [1–5]. Hydrophobic (water-repellent) surfaces
can be constructed by using low surface energy materials,
coatings such as polytetraﬂuoroethylene or wax. The
hydrophobicity of a surface can also be increased by
increasing the surface area by increasing surface roughness
and/or creation of air pockets. Air may be trapped in the
cavities of a rough surface, resulting in a composite
solid–air–liquid interface, as opposed to the homogeneous
solid–liquid interface [6–9].
Superhydrophobic surfaces have very low water contact
angle hysteresis, the difference between the advancing and
receding contact angles. If additional liquid is added to a
sessile drop, the contact line advances and an advancing
contact angle is measured. Alternatively, if liquid is
removed from the drop, the contact angle decreases to a
receding value before the contact retreats. For a droplet
moving along the solid surface, the contact angle at the
front of the droplet (advancing contact angle) is greater
than that at the back of the droplet (receding contact
angle), due to roughness and surface heterogeneity,
resulting in the contact angle hysteresis. In addition to
high contact angle, another wetting property of interest for
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liquid ﬂow applications is a very low water roll-off angle,
which denotes the angle to which a surface may be tilted
for roll off of water drops (i.e., very low water contact
angle hysteresis) [10,11].
In the past decade, many researchers have paid attention
to the study of hydrophobic materials that can be found in
nature. The leaf surfaces of hundreds of different plant
species have been studied to examine the effect of roughness on hydrophobicity [12,13]. Among them are the leaves
of water-repellent plants such as Nelumbo nucifera (lotus)
and Colocasia esculenta, which have high contact angles
with water and show strong self-cleaning properties known
as the ‘lotus effect’ [14]. The two leaf surfaces are covered
with micro- and nanobumps which increase roughness.
These bumps are covered with a hydrophobic wax. For
lotus leaf, the combination of wax and bumps give a
contact angle of 162 [12]. Recent studies have been carried
out to fully characterize the leaf surfaces on the micro- and
nanoscale while separating out the effects of the micro- and
the nanobumps, and the wax (crystals that are a mixture of
large hydrocarbon molecules, measuring about 1 nm in
diameter) of hydrophobic leaves on the hydrophobicity
[15,16]. By learning from what is found in nature, we can
tailor surfaces to mimic those same properties. Creating
roughness on materials such as polymers, and studying
their surface properties will lead to successful implementation in applications where water repellency is important.
A number of studies have been carried out to produce
artiﬁcial biomimetic roughness-induced hydrophobic surfaces [17–25]. Recent studies have investigated metastability of artiﬁcial superhydrophobic surfaces. Based on
modeling and experiments, it has been shown that whether
the interface is homogeneous or composite may depend on
several factors, such as the distribution of the bumps
present on the surface [26–31].
In a previous paper, we showed whether nanostructures
or microstructures or their certain combination on the
surface are required for superhydrophobicity. For both
hydrophilic and hydrophobic surfaces, contact angle
increases with an increase of air pocket formation for both
smooth and rough surfaces. To create superhydrophobic
surfaces, it is important that they are able to form a stable
composite interface with air pockets between solid and
liquid. As shown in Fig. 1, micropatterned sample (coated
PMMA Lotus) has a higher roughness factor than one of
the nanopatterned sample (coated PMMA LAR) but with
similar contact angle. This observation suggests that
nanopatterned sample beneﬁts from air pocket formation.
The second nanopatterned sample (coated PMMA HAR)
has the highest roughness factor as well as contact angle, as
expected. The measured contact angle of this nanopatterned sample is higher than the calculated values using
Wenzel equation. These observations suggest that nanopatterns beneﬁt from air pocket formation [32].
Previous experiments are not conclusive regarding the
optimization of distribution of bumps present on the surface.
The relationship of air pocket formation and geometric

Fig. 1. Bar chart showing the contact angles and roughness factors for
different roughness patterns on PMMA polymers coated with a selfassembled monolayer of perﬂuorodecyltriethoxysilane (PFDTES). Contact angle data, both measured and calculated using Wenzel’s equation are
shown. Roughness factors were calculated using surface pattern.

parameters needs to be shown. This information is critical in
designing a superhydrophobic surface for applications which
require water repellency. In this study, numerical models
which provide relationships between a rough surface and
contact angle using Wenzel and Cassie–Baxter equations are
ﬁrst discussed. The role of patterned surfaces with different
pitch between the pillars is examined by measuring their
static contact angle. Experiments are also conducted to
measure the hysteresis and tilt angles on a given rough
hydrophobic surface made of silicon material. We compare
the experimental measurements with the numerical models
for the static contact angles.
2. Experimental details
2.1. Instrumentation
The static- and dynamic contact angles, a measure of
surface hydrophobicity, were measured using a Rame-Hart
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model 100 contact angle goniometer and water droplets of
deionized water. For the measurement of static contact
angle of patterned surfaces, the droplet size should be small
but larger than dimension of the structures present on the
surfaces. Droplets of about 5 mL in volume (with diameter
of a spherical droplet about 2.1 mm) were gently deposited
on the substrate using a microsyringe for the static contact
angle. The receding contact angle was measured by the
removal of water from a DI water sessile drop (5 mL)
using a microsyringe. The advancing contact angle was
measured by adding additional water to the sessile drop
ð5 mLÞ using the microsyringe. The contact angle hysteresis was calculated by the difference between the measured
advancing and receding contact angles. The tilt angle was
measured by a simple stage tilting experiment with the
droplets of 5 mL volume. All measurements were made
by ﬁve different points for each sample at 22  1  C and
50  5% RH. The measurements were reproducible to
within 3 .
For surface roughness, an optical proﬁler (NT-3300,
Wyko Corp., Tuscon, AZ) was used for different patterned surface structures. A scan size of 100 mm  90 mm
was used to scan the patterned surface. For adhesion and
friction measurements, a commercial AFM (D3100,
Nanoscope IIIa controller, Digital Instruments, Santa
Barbara, CA) was used. Adhesion and friction were
measured using a 15 mm radius borosilicate ball. A large
tip radius was used to measure contributions from
patterned surfaces. Friction force was measured under a
constant load using a 90 scan angle at a velocity of
100 mm=s in 50 mm. Adhesive force was measured using the
single point measurement of a force calibration plot
[3–5,33].
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2.2. Samples
Single-crystal silicon (Si) was used in this study. Silicon
material has traditionally been the most commonly used
structural material for micro/nanocomponents [34]. Hydrophilic surfaces can be produced by using silicon
material. Furthermore, Si structure can be made hydrophobic by coating with a self-assembled monolayer (SAM).
For patterned Si, two series of nine samples each were
fabricated using photolithography [35]. Series 1 has 5-mm
diameter and 10-mm height ﬂat-top, cylindrical pillars with
different pitch values (7, 7.5, 10, 12.5, 25, 37.5, 45, 60, and
75 mm), and series 2 has 14-mm diameter and 30-mm height
ﬂat-top, cylindrical pillars with different pitch values (21,
23, 26, 35, 70, 105, 126, 168, and 210 mm). The pitch is the
spacing between the centers of two adjacent pillars. The Si
chosen were initially hydrophilic, so to obtain a sample
that is hydrophobic, a SAM of 1, 1, -2, 2, -tetrahydroperﬂuorodecyltrichlorosilane (PF3 Þ was deposited on the
sample surfaces using vapor phase deposition technique
[35]. PF3 was chosen because of the hydrophobic nature of
the surface.
3. Results and discussion
3.1. Surface characterization using an optical profiler
An optical proﬁler was used to measure the surface
topography of the patterned surfaces. One sample each
from the two series was chosen to characterize the surfaces.
Two different surface height maps can be seen for the
patterned Si in Fig. 2. In each ﬁgure, a 3D map and a ﬂat
map along with a 2D proﬁle in a given location of the ﬂat

Fig. 2. Surface height maps and 2D proﬁle of the patterned Si surfaces using an optical proﬁler. The diameter and height of the pillar are D and H,
respectively. The pitch of the pillars is P.
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3D map are shown. A scan size of 100 mm  90 mm was
used to obtain a sufﬁcient amount of pillars to characterize
the surface but also to maintain enough resolution to get
an accurate measurement.
The images found with the optical proﬁler indicate that
the ﬂat-top, cylindrical pillars on the Si surface are
distributed on the entire surface. These pillars were
distributed in a square grid with different pitch values.
Roughness factors for these surfaces were calculated as a
ratio of the solid–liquid area to its projected area on a ﬂat
surface (roughness factor ¼ 1 þ pDH=P2 Þ. Table 1 shows
these quantities for the surfaces referred to as series 1 (5-mm
diameter, 10-mm height pillars) and series 2 (14-mm
diameter, 30-mm height pillars). When compared, it can
be seen that the roughness factors for series 1 are similar to
those for series 2.
3.2. Contact angle analysis
We consider a rough solid surface with a typical size of
roughness structure, smaller than the size of the droplet
(typically on the order of few hundred microns or larger).
For a droplet in contact with a rough surface without air
pockets, referred to as homogeneous interface, the contact
angle is given as [6]
cos y ¼ Rf cos y0 ,

(1)

where y is the contact angle for rough surface, y0 is the
contact angle for smooth surface, and Rf is a roughness
factor deﬁned as a ratio of the solid–liquid area ASL to its
projection on a ﬂat plane, AF
ASL
Rf ¼
.
AF

(2)

The model predicts that roughness enhances hydrophobicity if y0 is greater than 90 . If y0 is less than 90 then the
contact angle for the rough surface will decrease with
increasing Rf .
For a rough surface, a wetting liquid will be completely
absorbed by the rough surface cavities while a non-wetting
Table 1
Roughness factor and spacing factor for patterned Si with different pitch
values
5-mm diameter, 10-mm height pillars
Pitch ðmmÞ
Roughness
factor
Spacing
factor

7
7.5 10
12.5 25
37.5 45
60
75
4.21 3.79 2.57 2.01 1.25 1.11 1.08 1.04 1.03
0.71 0.67 0.50 0.40 0.20

0.13

0.11

0.08

0.07

14-mm diameter, 30-mm height pillars
Pitch (mmÞ
Roughness
factor
Spacing
factor

21
23
26
35
70
105
126
168
210
3.99 3.49 2.95 2.08 1.27 1.12 1.08 1.05 1.03
0.67 0.61 0.54 0.40 0.20

0.13

0.11

0.08

0.07

liquid may not penetrate into surface cavities, resulting in
the formation of air pockets, leading to a composite
solid–air–liquid interface. Cassie and Baxter [7] extended
Wenzel equation for the composite interface, which was
originally developed for the homogeneous solid–liquid
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 liquid–air and solid–air interfaces. In order to
calculate the contact angle for the composite interface,
Wenzel equation can be modiﬁed by combining the
contribution of the fractional area of wet surfaces and
the fractional area with air pockets ðy ¼ 180 Þ
cos y ¼ Rf f SL cos y0  f LA
¼ Rf  f LA ðRf cos y0 þ 1Þ,

ð3Þ

where f SL and f LA are fractional ﬂat geometrical areas of
the solid–liquid and liquid–air interfaces under the droplet,
respectively.
We consider a geometry of ﬂat-top, cylindrical pillars of
diameter D, height H, and pitch P distributed in a regular
square array as shown in Fig. 2. The local deformation for
small droplets is governed by surface effects rather than
gravity. The curvature of a droplet is governed by the
Laplace equation, which relates pressure inside the droplet
to its curvature [1]. The curvature is the same at the top and
the bottom of the droplet [28,36,37]. For the patterned
surface considered here, the maximum droop of the droplet
in the recessed region is ðP  DÞ2 =ð8RÞ. If the droop is
greater than depth of the cavity,
ðP  DÞ2 =ð8RÞXH

(4)

the transition from Cassie–Baxter regime to Wenzel regime
could occur. For the patterned surfaces and radius of
droplet of 1.05 mm used here, Eq. (4) shows that one is
always in Cassie–Baxter regime. Next, we obtain Wenzel
and Cassie–Baxter equations. For a special case of droplet
size much larger than P (of interest in this study), a droplet
only contacts the ﬂat-top of the pillars in the composite
interface, and the cavities are ﬁlled with air. For this case,
f LA ¼ 1  pD2 =4P2 ¼ 1  f SL . Let us further assume that
the ﬂat-tops are smooth with Rf ¼ 1. Eqs. (1) and (3) for
this case reduce to


pDH
(5)
Wenzel : cos y ¼ 1 þ 2
cos y0 ,
P
pD2
ðcos y0 þ 1Þ  1.
(6)
4P2
Geometrical values of the ﬂat-top, cylindrical pillars in
series 1 and 2 are used for calculating the contact angle for
the above-mentioned two cases. Fig. 3 shows the plot of the
predicted values of the contact angle as a function of pitch
between the pillars for the two cases. With an increase in
pitch, the contact angle using Wenzel equation decreases,
while the contact angle using Cassie–Baxter equation
increases. This indicates that there is a critical pitch below
Cassie and Baxter: cos y ¼
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Fig. 3. Plots of the static contact angle as a function of geometric
parameters for a given value of y0 using Wenzel and Cassie and Baxter
equations for two series of the patterned Si with different pitch values, for
the case in which cavities form air–liquid interface.

which the composite interface dominates and above which
the homogeneous interface dominates the wetting behavior. Therefore, one needs to ﬁnd the critical point that can
be used to design the superhydrophobic surfaces. It should
also be noted that even for a case in which the liquid
droplet does not contact the bottom of the cavities, if the
pitch is large, the water droplet which is in metastable state
becomes unstable and the transition from Cassie–Baxter
regime to Wenzel regime occurs.
To deﬁne transition for patterned surfaces, it is
convenient to introduce a non-dimensional parameter,
the spacing factor [38]
D
.
(7)
P
The spacing factors for the patterned surfaces were
calculated. Table 1 shows these quantities for the surfaces
referred to as series 1 (5-mm diameter, 10-mm height pillars)
and series 2 (14-mm diameter, 30-mm height pillars). When
compared, it can be seen that the spacing factor for series 1
are similar to those for series 2.
Sf ¼

3.3. Contact angle measurements
The initial experiment performed on the patterned Si
coated with PF3 was to determine the static contact angle.
The contact angles on the prepared surfaces are plotted as
a function of pitch between the pillars in Fig. 4(a). The ﬂat

Fig. 4. (a) Static contact angle and (b) hysteresis and tilt angles as a
function of geometric parameters for two series of the patterned Si with
different pitch values coated with PF3 . Data at zero pitch correspond to a
ﬂat Si sample.

Si coated with PF3 showed the static contact angle of 109 .
As the pitch increases up to 45 mm of series 1 and 126 mm of
series 2, the static contact angle ﬁrst increases gradually
from 152 to 170 . Then, the contact angle starts decreasing
sharply. The highest contact angle for the two patterned
surfaces with different pillar sizes corresponds to the
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roughness factor of 1.08 and the spacing factor of 0.11 as
shown in Table 1. The initial increase in the contact angle is
expected to occur because of increase in the roughness
factor and formation of composite surface as shown in Fig.
3. Further increase occurs because of increased air–liquid
interface as observed by Eq. (6). The decrease in contact
angle at higher pitch values results due to the transition
from composite interface to solid–liquid interface for the
spacing factor between 0.08 and 0.11. Therefore the
transition takes place at the critical value of 0.08 o
S f o0:11. This suggests that the spacing factor and the
fractional solid–liquid area of contact (which is directly
related to Sf according to Eq. (7)) are responsible for the
transition [38]. In the case of large distances between the
pillars, the liquid–air interface can easily be destabilized
due to dynamic effects, such as surface waves. This results
in the formation of the homogeneous solid–liquid interface.
The surfaces formed with larger diameter pillars should

have larger pitch to increase the contact angle than those
with small diameter pillars.
Fig. 4(b) shows hysteresis and tilt angle as a function of
pitch between the pillars. The ﬂat Si coated with PF3
showed a hysteresis angle of 34 and tilt angle of 37 . The
patterned surfaces with low pitch increase the hysteresis
and tilt angles compared to the ﬂat surface due to the effect

Fig. 5. Droplets on the inclined patterned Si with different pitch values
coated with PF3 . The images were taken when the droplet started to move
down. Data at zero pitch correspond to a ﬂat Si sample.

Fig. 6. (a) Static contact angle and (b) tilt angle as a function of the
diameter of droplet for two series of the patterned Si with different pitch
values coated with PF3 . Data at zero pitch correspond to a ﬂat Si sample.
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of sharp edges on the pillars, resulting into pinning [8].
Hysteresis for a ﬂat surface can arise from roughness and
surface heterogeneity. For a droplet moving down on the
inclined patterned surfaces, the line of contact of the solid,
liquid and air will be pinned at the edge point until it will be
able to move, resulting into increasing hysteresis and tilt
angles. Fig. 5 shows droplets on patterned Si with 5-mm
diameter and 10-mm height pillars with different pitch
values. The asymmetrical shape of the droplet signiﬁes
pinning. The pinning on the patterned surfaces can be
observed as compared to the ﬂat surface. The patterned
surface with low pitch (7 mm) has more the pinning than the
patterned surface with high pitch (37:5 mm), because the
patterned surface with low pitch has more sharp edges
contacting with a droplet.
For various pitch values, hysteresis and tilt angles show
the same trends with varying pitch between the pillars.
After an initial increase as discussed above, they gradually
decrease with increasing pitch and show an abrupt
minimum in the value which has the highest contact angle.
The lowest hysteresis and tilt angles are 5 and 3 ,
respectively, which were observed on the patterned Si with
45 mm of series 1 and 126 mm of series 2. As discussed
earlier, an increase in the pitch value allows the formation
of composite interface. At higher pitch values, it is difﬁcult
to form the composite interface. The decrease in hysteresis
and tilt angles occurs due to formation of composite
interface at pitch values ranging from 7 to 45 mm in series 1
and from 21 to 126 mm in series 2. The hysteresis and tilt
angles start to increase again due to lack of formation of
air pockets at pitch values ranging from 60 to 75 mm in
series 1 and from 168 to 210 mm in series 2. These results
suggest that the air pocket formation and the reduction of
pinning in the patterned surface play an important role for
a surface with both low hysteresis and tilt angle. Hence, to
create superhydrophobic surfaces, it is important that they
are able to form a stable composite interface with air
pockets between solid and liquid. Capillary waves,
nanodroplet condensation, hydrophilic spots due to
chemical surface inhomogeneity, and liquid pressure can

1039

destroy the composite interface. Nosonovsky and Bhushan
[38] suggested that these factors which make the composite
interface unstable have different characteristic length
scales, so nanostructures or the combination of microstructures and nanostructures is required to resist them.
To study the tilt angle on the ﬂat and patterned surfaces,
experiments with various droplet sizes (volume of 3 to
15 mL corresponding to diameters of spherical droplets
from 1.7 to 3.1 mm) were performed. Fig. 6 shows the
results of the static contact angle and tilt angle for different
patterned surfaces with various droplet sizes. For the static
contact angle as shown in Fig. 6(a), as the droplet size is
increased the contact angle does not signiﬁcantly change
for all samples. For the tilt angle as shown in Fig. 6(b), as
the droplet size is increased the tilt angle decreases for all
samples. This indicates that smaller droplets have more
resistance against moving down, because interfacial forces
due to the surface tension are higher than gravitational
forces, and vice versa.
3.4. Adhesive force and coefficient of friction
For adhesive force and coefﬁcient of friction, due to the
problem of tip radius being smaller than pitch of some of
the patterned surfaces, only surfaces with 5-mm diameter
and 10-mm height pillars and different pitch values from 0
to 12:5 mm, were used to see the change in adhesion and
friction for each type of surface structure. The results from
varying pitch on the patterned Si are summarized in Fig. 7.
Reproducibility for both adhesive force and coefﬁcient of
friction is 3% for all measurements. For these experiments, only the 15 mm radius tip was used to study the
effect from the pillars on the patterned surfaces.
With the presence of a thin liquid ﬁlm, such as a
lubricant or adsorbed water layer at the contact interface,
wetting results in the formation of menisci at the interface
between two hydrophilic surfaces during sliding contact
due to surface energy effects, which increases adhesion and
friction. For an idealized case of a smooth sphere in
contact with a smooth surface, the meniscus force, F m , is

Fig. 7. Adhesive force and the coefﬁcient of friction for the patterned Si with different pitch values coated with PF3 . All measurements were made using a
15 mm radius borosilicate tip. Data at zero pitch correspond to a ﬂat Si sample.
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given by the expression
F m ¼ 2pRgðcos y1 þ cos y2 Þ,

(8)

where R is the radius of the sphere, g is the surface tension
of the liquid, and y1 and y2 are the contact angles of the
liquid on the two solid surfaces [3–5]. For the wet interfaces
during normal pull and lateral sliding, adhesive and
friction forces increase, respectively.

As shown in Fig. 7, for the adhesive force values there is a
decrease when the pitch increases because the tip traveling
between the pillars results in the decreased contact area,
responsible for decreased adhesive force. Coefﬁcient of
friction data also follows a similar trend to the adhesion
data for the pitch values from 0 to 7:5 mm. There is a decrease
when the pitch increases due to the decreased contact area
between the tip and pillars. However, an abrupt increase in
coefﬁcient of friction occurs at pitch values of 10 mm or
higher. As shown in Fig. 8, when the 15 mm radius tip travels
on the patterned Si, the friction force does remain constant as
a function of distance in 7 and 7:5 mm pitch value pillars,
while it does not remain constant in 10 and 12:5 mm pitch
value pillars, and shows oscillations. The mechanism
responsible for the obtained trends is ‘stick-slip’ phenomenon,
in which during the stick phase, the friction force builds up to
a certain value, and once a large enough force has been
applied to overcome the static friction force, slip occurs at the
interface [3–5].
4. Conclusions
Based on Wenzel and Cassie–Baxter equations, we have
presented design curves to optimize for the contact angle for
patterned surfaces with various distributions of geometrical
parameters for a large radius of water droplet. The
experimental results for the patterned surfaces with different
pitch values showed the transition from the composite interface
to homogeneous interface. In the case of large distances
between the pillars, the liquid–air interface can easily be
destabilized due to dynamic effects such as surface waves. A
water droplet in state of the composite interface shows
signiﬁcantly less hysteresis and tilt angles compared to a water
droplet in state of the homogeneous interface due to low
resistance from the air pockets. The pinning of the droplet at
the edges of the pillars takes place during the motion of the
droplet and thus pinning results in an increase of hysteresis and
tilt angles. These results suggest that the air pocket formation
and the absence of pinning in the patterned surface play an
important role for a superhydrophobic surface. For adhesive
force and coefﬁcient of friction, there is a decrease when the
pitch increases because the tip traveling between the pillars
results in the decreased contact area.
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