
Mechanically Durable Carbon
Nanotube�Composite Hierarchical
Structures with Superhydrophobicity,
Self-Cleaning, and Low-Drag
Yong Chae Jung and Bharat Bhushan*

Nanoprobe Laboratory for Bio- & Nanotechnology and Biomimetics (NLB), The Ohio State University, 201 West 19th Avenue, Columbus, Ohio 43210-1142

S
uperhydrophobic and self-cleaning
surfaces with a high static contact
angle above 150° and low contact

angle hysteresis (the difference between

the advancing and receding contact angles)

play an important role in technical applica-

tions including self-cleaning window

glasses, paints, textiles, solar panels, and ap-

plications requiring antifouling and reduc-

tion of drag for fluid flow in microchannels

and for energy conservation.1�4

Lotus (Nelumbo nucifera) leaves have

been the inspiration for the development

of several commercially available superhy-

drophobic, self-cleaning, and low-drag

products.5�7 The lotus plant surface, which

has an intrinsic hierarchical structure built

by convex cell papillae and randomly ori-

ented hydrophobic wax tubules, exhibits a

very low water contact angle hysteresis, on

the order of 3°, which is responsible for wa-

ter droplets rolling off (with some slip) of

the surface and taking contaminants with

them, providing the self-cleaning ability

known as the lotus effect. The crucial points

required for the development of self-

cleaning materials are superhydrophobicity

and low contact angle hysteresis. Hierarchi-

cal structure provides air pocket formation,

leading to the lowest contact area of ap-

plied water droplet (Figure 1), resulting in

the reduction of contact angle hysteresis,

tilt angle, and adhesive force.2�4,8,9

On the basis of the understanding of na-

ture, a number of artificial hydrophobic sur-

faces have been fabricated with hierarchi-

cal structures using electrodeposition,

colloidal particles, photolithography, soft

lithography, plasma treatment, self-

assembly, and imprinting.4,10�18 Since many

applications operate in long-term exposure

to various liquids and are exposed to rough
operating conditions, hydrophobic surfaces
should have mechanical strength and
chemical stability. Therefore, it is necessary
to perform durability studies on these sur-
faces in order to identify fabrication tech-
niques and materials that can best be used
in real world applications.

It is of interest to create structured sur-
faces using carbon nanotubes (CNTs) for
various applications, including mimicking
the lotus effect and gecko feet due to their
mechanical strength combined with their
low density.19�24 Various studies have also
demonstrated that the use of CNTs in com-
posites with various materials can consider-
ably improve the mechanical properties
and tribology.25�30 Molding is a low cost
and reliable way of microstructure replica-
tion and can provide a precision on the or-
der of 10 nm,31,32 and the spray method is
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ABSTRACT Superhydrophobic surfaces with high contact angle and low contact angle hysteresis exhibit a

self-cleaning effect and low drag for fluid flow. The lotus (Nelumbo nucifera) leaf is one of the examples found in

nature for superhydrophobic surfaces. For the development of superhydrophobic surfaces, which is important for

various applications such as glass windows, solar panels, and microchannels, materials and fabrication methods

need to be explored to provide mechanically durable surfaces. It is necessary to perform durability studies on these

surfaces. Carbon nanotube (CNT), composite structures which would lead to superhydrophobicity, self-cleaning,

and low-drag, were prepared using a spray method. As a benchmark, structured surfaces with lotus wax were also

prepared to compare with the durability of CNT composite structures. To compare the durability of the various

fabricated surfaces, waterfall/jet tests were conducted to determine the loss of superhydrophobicity by changing

the flow time and pressure conditions. Wear and friction studies were also performed using an atomic force

microscope (AFM) and a ball-on-flat tribometer. The changes in the morphology of the structured surfaces were

examined by AFM and optical imaging. We find that superhydrophobic CNT composite structures showed good

mechanical durability, superior to the structured surfaces with lotus wax, and may be suitable for real world

applications.
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an easy and convenient method to deposit CNT com-
posites to the substrate.33,34 Nanostructuring of CNTs
using the spray method over a molded microstructure
can provide flexibility in the fabrication of a variety of
hierarchical structures. This flexible technique has been
used in this paper to produce nano- and hierarchical
structures with CNTs.

A suitable characterization technique for mechani-
cal durability is needed for technical applications that
can resolve the small changes during sliding. Atomic
force microscopy (AFM) and ball-on-flat tribometer are
well-suited for this purpose as these have the ability to

measure tribological properties. An
AFM, which is a typical example of a
scanning probe technique, detects
minute forces between the sample sur-
face and the scanning tip attached to a
cantilever.1,35,36 An AFM tip sliding on
the sample surface simulates a single
asperity contact under lightly loaded
conditions typically encountered dur-
ing device operation. For an application
with high loads, comprehensive investi-
gations of friction and wear behavior
of structured surfaces can be con-
ducted using the conventional ball-on-
flat tribometer.37�39 In this test method,
a stationary ball applies a constant nor-
mal load while sliding on the sample
surface.

In our recent studies, artificial struc-
tured surfaces with superhydrophobic-
ity and self-cleaning have been pro-
duced using tubule forming waxes
isolated from lotus leaves.4,17 In the
present study, to improve mechanical
durability for superhydrophobicity and
self-cleaning, for the first time, CNT
composite structures were created us-
ing a spray method. As a benchmark,
we have used surfaces with lotus wax.
To investigate the durability of the fab-
ricated surfaces, waterfall/jet tests were
conducted to determine the loss of su-
perhydrophobicity, and wear and fric-
tion studies were also performed using
AFM and ball-on-flat tribometer.

Figure 2 shows the scanning elec-
tron microscope (SEM) micrographs of
nano-, micro-, and hierarchical struc-
tures fabricated with CNTs and lotus
wax. SEM micrographs show an over-
view (left column), a detail in higher
magnification (middle column), and a

large magnification of the nanostruc-

tures with CNTs and lotus wax and the

created flat lotus wax layer (right col-

Figure 1. Schematic and wetting of the four different surfaces fabri-
cated. The largest contact area between the droplet and the surface
is given in flat and microstructured surfaces, but is reduced in nano-
structured surfaces and is minimized in hierarchical structured
surfaces.

Figure 2. SEM micrographs taken at 45° tilt angle, show three magnifications of (a) nano-
and hierarchical structures fabricated with CNTs after 3 h at 120 °C, and (b) nano-, micro-,
and hierarchical structures fabricated with mass 0.8 �g/mm2 of lotus wax after storage for
7 d at 50 °C with ethanol vapor.17
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umn). All surfaces show a homogeneous distribution

of CNTs and lotus wax on the specimen. Figure 2a

shows that the CNTs were well dispersed and embed-

ded on flat and microstructured surfaces for the desired

nanostructure. The CNT diameter varied between 10

and 30 nm, and an aspect ratio varied between 160 and

200. The recrystallized lotus wax shows tubular hollow

structures with random orientation on the surfaces as

shown in Figure 2b. Their shapes and sizes show only a

few variations. The tubular diameter varied between

100 and 150 nm, and their length varied between 1500

and 2000 nm.

RESULTS AND DISCUSSION
Wettability of Various Surfaces. To study the effect of

CNT composite structures for superhydrophobicity, the

static contact angle and contact angle hysteresis were

measured on nano- and hierarchical structures with

CNTs. For static contact angle and contact angle hyster-

esis, droplets of about 5 �L in volume (with the diam-

eter of a spherical droplet about 2.1 mm) were gently

deposited on the surface using a microsyringe. For con-

tact angle hysteresis, the advancing and receding con-

tact angles were measured at the front and back of the

droplet moving along the tilted surface, respectively.

Figure 3a shows that superhydrophobicity with a static

contact angle of 166° and a contact angle hysteresis of

4° was found in the nanostructured surface with CNTs.

After introducing CNT nanostructure on top of the

micropatterned Si replica, the higher static contact

angle of 170° and lower contact angle hysteresis of 2°

were found for the hierarchical structures with CNTs.

Both nano- and hierarchical structures created with

CNTs showed superhydrophobic and self-cleaning sur-

face, which has a static contact angle of more than 150°

and contact angle hysteresis of less than 10°.

Figure 3b shows that for the hierarchical structure

with lotus wax, the highest static contact angles of

173° and lowest contact angle hysteresis of 1° were

found. The recrystallized wax tubules are very similar

to those of the original lotus leaf, but are 0.5�1 �m

longer, the static contact angle is higher, and the con-

tact angle hysteresis is lower than reported for the origi-

nal lotus leaf (static contact angle of 164° and contact

angle hysteresis of 3°).17 Superhydrophobicity with a

static contact angle of 167° and a contact angle hyster-

esis of 5° was also found in the nanostructured surface

with lotus wax. The microstructured surface with the lo-

tus wax layer has a static contact angle of 160°, but

shows a much higher contact angle hysteresis of 29°

than found in hierarchical structures. Melting of the lo-

tus wax led to a flat surface with a flat wax film and a

much lower static contact angle of 119° and higher con-

tact angle hysteresis of 71°. The data of a flat lotus wax

film on a flat replica show that the lotus wax by itself is

hydrophobic.

Durability of Various Surfaces in Waterfall/Jet Tests. To inves-

tigate the durability of the created surfaces in long-

term exposure to water, and how different kinetic ener-

gies of the water hitting the surface affect wetting

properties, waterfall/jet tests were conducted on the

surfaces created with CNTs and lotus wax, First, the

nano- and hierarchical structures with CNTs were con-

tinuously exposed to water pressure of 10 kPa for 24 h.

Figure 4a (left side) shows static contact angle and con-

tact angle hysteresis as a function of exposure time. In

the case of nano- and hierarchical structures with CNTs,

it was observed that the static contact angles decreased

slightly but remained more than 150°, and the contact

angle hysteresis increased slightly but remained less

than 15°. Next, the nano- and hierarchical structures

with CNTs were exposed to water with pressure rang-

ing from 0 to 45 kPa for 20 min. Figure 4a (right side)

shows static contact angle and contact angle hysteresis

as a function of water pressure. As water pressure hit-

ting the surfaces increased, the static contact angle and

contact angle hysteresis decreased and increased

slightly, respectively, but a significant change was not

found on both nano- and hierarchical structures for su-

perhydrophobicity. It can be interpreted that there was

no deformation of CNT structures due to strong bond-

ing with the substrate. As a result, superhydrophobic

CNT composite structures showed good stability of wet-

Figure 3. Bar chart showing the measured static contact angle and con-
tact angle hysteresis on (a) nano- and hierarchical structures fabricated
with CNTs after 3 h at 120 °C and (b) various structures fabricated with
0.8 �g/mm2 of lotus wax after storage for 7 d at 50 °C with ethanol va-
por.17 The error bar represents �1 standard deviation.
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ting properties not only from long-term exposure to

water but also high water pressure.

To compare durability of the created surfaces with

CNTs and lotus wax, waterfall/jet tests were also con-

ducted on the flat, nano-, micro-, and hierarchical struc-

tures with lotus wax. First, the surfaces with lotus wax

were continuously exposed to water pressure of 10 kPa

for 24 h. Figure 4b (left side) shows static contact angle

and contact angle hysteresis as a function of exposure

time. As the exposure time increases up to 24 h, the

static contact angle of all samples decreased slightly

but remained more than 150°. However, based on con-

tact angle hysteresis data, it was found that after an ex-

posure time of 10 h, the values of nano- and hierarchi-

cal structures with lotus wax increased rapidly to 27°

and 12° and continued to increase to 49° and 24° at the

Figure 4. Static contact angle and contact angle hysteresis as a function of exposure time at water pressure of 10 kPa and
water pressure of exposure for 20 min for the droplet with a 1 mm radius (5 �L volume) gently deposited on the surfaces with
(a) CNTs and (b) lotus wax. The data are reproducible within �5%.
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exposure time of 24 h, respectively. This indicates that
a portion of the wax nanostructured area started to be
damaged, resulting in inducing the pinning of the drop-
let at the damaged area and then increasing contact
angle hysteresis. Next, the surfaces with lotus wax were
exposed to the water with pressure ranging from 0 to
45 kPa for 20 min. Figure 4b (right side) shows static
contact angle and contact angle hysteresis as a func-
tion of water pressure of exposure. As the water pres-
sure increased up to 45 kPa, static contact angle and
contact angle hysteresis of flat and microstructure with
lotus wax layer remained almost constant. However, as
the water pressure increased up to 34 kPa, the static
contact angle of nano- and hierarchical structures with
lotus wax first decreased slightly, and then the contact
angle started decreasing sharply. It was also observed
that the corresponding large change in contact angle
hysteresis was found above 34 kPa. It is usually known
that wax structures on the leaves can easily be induced
by touching the leaf surface or by mechanical wear dur-
ing transport of the leaves. As expected, it is observed
that the nanostructure with lotus wax can be damaged
by water with high pressure, resulting in loss of super-
hydrophobicity.

Durability of Various Surfaces in AFM and Ball-on-Flat
Tribometer Tests. To investigate the durability of the nano-
structure fabricated using CNTs, wear tests were con-
ducted by creating 50 � 50 �m2 wear scars with a 15
�m radius borosilicate ball for 1 cycle at two normal
loads of 100 nN and 10 �N using AFM. Figure 5a shows
surface height maps before and after wear tests for
nanostructures with CNTs. As the normal load of 100
nN was applied on the nanostructure with CNTs, the
wear scar induced on the surface after the 100 nN nor-
mal load tests was not found or very low, and it was also
hard to quantify a wear depth on the nanostructure
with CNTs scanned with a borosilicate ball. With an in-
crease of the normal load to 10 �N, it was found that
the wear depth on the nanostructure with CNTs was not
significantly changed, but the morphology of the CNTs
differs slightly from that before wear test. It can be in-
terpreted that the individual CNTs might be expected
to slide or bend by the borosilicate ball applied by high
normal load of 10 �N during the test process.

For comparison, the durability of the nanostructure
fabricated using lotus wax was also investigated by ap-
plying two normal loads of 100 nN and 10 �N using
AFM. Figure 5b shows surface height maps before and
after wear tests for nanostructures with lotus wax. As
the normal load of 100 nN was applied on the nano-
structure with lotus wax, the change in the morphol-
ogy of the structured surface was observed, and a small
amount of debris was generated compared to the sur-
face before wear test, indicating that the wax nano-
structure has weak mechanical strength at even a small
load. With increasing the normal load to 10 �N, it was
found that the depth of wear mark increased, and the

nanostructure with lotus wax was fully removed from

the substrate. As expected, the nanostructure with lo-

tus wax exhibited the greater amount of wear com-

pared to the nanostructure with CNTs as evidenced by

debris build-up around the edge of the wear test re-

gion. The damage of the structured surface can cause

the sticking of water droplets in the wear region, result-

ing in low static contact angle and high contact angle

hysteresis.

To investigate the durability of structured surfaces

at a high load, conventional ball-on-flat tribometer ex-

periments were conducted for the surfaces with CNTs.

Figure 6a shows the coefficient of friction as a function

of number of cycles for the nano- and hierarchical struc-

tures with CNTs. The data are reproducible within �5%

based on three measurements. The coefficients of fric-

tion on both nano- and hierarchical structures with

CNTs first increased slightly for 20 cycles. Such a trend

can be due to the elastic bending or buckling of CNTs

by contacting with a sapphire ball during the beginning

of the scan, resulting in an increase of the contact area.

During the entire experiment, the coefficient of friction

Figure 5. Surface height maps before and after wear tests with a 15 �m
radius borosilicate ball at 100 nN and 10 �N for nanostructures with (a)
CNTs and (b) lotus wax using an AFM.
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value of the nano- and hierarchical structures with

CNTs changed minimally, which indicates that the CNTs

was not being worn after 100 cycles. To investigate

the change in the morphology of the surfaces after

wear test, optical microscope images were obtained be-

fore and after wear test as shown in Figure 7a. As ex-

pected, it was observed that there is no or low wear

on nano- and hierarchical structures after wear tests.

No or low wear on the CNT composite structure can

possibly be due to the significant increase in the me-

chanical strength and wear resistance led from the uni-

form distribution and strong bonding of CNTs on flat

epoxy resin and

microstructure. The elastic bending or buckling exhib-

ited by CNTs make them exceedingly tough materials

and may be absorbing some of the force at contact act-

ing as a compliant spring moderating the impact of

the ball on the surface.40�42

Contact diameters and contact stresses of CNTs at

three loads used in AFM and ball-on-flat tribometer

tests were calculated. Table 1 lists the physical proper-

ties of various specimens. It is assumed that contacts

are single-asperity elastic contacts. For this case, the

contact diameter,38,39

d ) 2(3WR
4E* )1/3

(1)

where W is the total normal load, R is the asperity ra-

dius, and E* is the effective elastic modulus. It should be

noted that contact occurs on multiple asperities, and

eq 1 gives an approximate value. The calculated con-

tact diameter and contact stress are presented in Table

1. The deformation of CNTs appears to be elastic at

the three loads applied by borosilicate ball and sap-

phire ball.

To compare the durability of the created surfaces

with CNTs and lotus wax at a high load, a wear study

Figure 6. Coefficient of friction as a function of number of
cycles using a ball-on-flat tribometer for the surfaces with
(a) CNTs and (b) lotus wax at room temperature (22 � 1 °C)
and ambient air (45 � 5% RH). The data are reproducible
within �5% based on three measurements.

Figure 7. Optical micrographs before and after wear test at
10 mN (100 cycles) using a ball-on-flat tribometer for the sur-
faces with (a) CNTs and (b) lotus wax.
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was conducted on the surfaces with lotus wax using a
conventional ball-on-flat tribometer. As shown in Figure
6b, the coefficient of friction value of the surfaces with
lotus wax exhibited a gradual increase when the sliding
cycle increases up to about 70 cycles, and then re-
mains constant. This indicates that the wax nanostruc-
ture and flat wax layer could be undergoing some wear
due to weak bonding between them and the sub-
strates. The change in the morphology of the surfaces
with lotus wax was observed in optical microscope im-
ages as shown in Figure 7b. As shown in the AFM study
at low loads (Figure 5b), it is clearly observed that the
flat wax layer and wax nanostructure on flat and micro-
structure were fully removed from the surfaces. As a re-
sult, superhydrophobic CNT composite structures
showed better mechanical durability than the struc-
tured surfaces with lotus wax to best withstand real
world applications.

CONCLUSIONS
To create mechanically durable structured sur-

faces with superhydrophobicity, self-cleaning, and
low-drag, CNT composite structures were produced
by replication of a micropatterned silicon surface us-
ing an epoxy resin and by deposition of the CNT

composite using a spray method. The hierarchical

structure created with CNTs showed a high static

contact angle of 170° and a low contact angle hys-

teresis of 2°. As a benchmark, the structures created

using lotus wax were used to compare the durability

of CNT composite structures. To investigate durabil-

ity of the fabricated surfaces, waterfall/jet tests were

conducted to determine the loss of superhydropho-

bicity, and wear and friction studies were also per-

formed using AFM and ball-on-flat tribometer. It was

found that superhydrophobic CNT composite struc-

tures showed good stability of wetting properties

not only from long-term exposure to water but also

high water pressure. In contrast, it was observed that

the nanostructure with lotus wax can be damaged

by water with high pressure, resulting in the loss of

superhydrophobicity. From wear and friction studies,

it was found that the nanostructure with lotus wax

can be easily damaged at even a small load. How-

ever, the CNT composite structure showed high me-

chanical strength and wear resistance led from the

uniform distribution and strong bonding of CNTs on

flat epoxy resin and microstructure to best with-

stand real world applications.

EXPERIMENTAL DETAILS
Samples. Microstructures were fabricated using a microstruc-

tured Si surface with pillars of 14 �m diameter and 30 �m height
with 23 �m pitch by soft lithography.4,17 The replication is a two-
step molding process, in which a negative replica of a template
is generated using a polyvinylsiloxane dental wax and a positive
replica is made with a liquid epoxy resin (contact angle about
80°).

To create nano- and hierarchical structures with a high me-
chanical strength, multiwalled CNTs were fabricated using
catalyst-assisted chemical vapor deposition (CCVD) (Sun Nano-
tech Co Ltd., China). Iron catalyst was used to initiate growth of
nanotubes using natural gas as the carbon source and Ar/H2 as
buffer gas at 750 °C. The contact angle of individual carbon
nanotubes has been reported as 60° and higher. The multi-
walled CNT composites were deposited on flat epoxy resin and
microstructure using a spray method as shown in Figure 8. The
first step of the spray method was to disperse the CNTs into a sol-
vent in order to maintain a uniform distribution. Acetone was

used as a solvent because it does not affect surface modifica-
tion and is easily vaporized in ambient conditions. The disper-
sion process consists of the sonification of 200 mg of CNTs in 100
mL of acetone for 4 min using a Branson digital sonifier with a
frequency of 20 kHz at amplitude of 80%. During this process,
the mixture was exposed to ultrasonic pressure waves in a soni-
fier in order to disperse the CNTs into smaller aggregates. To pro-
vide strong bonding between CNTs and the substrate, 200 mg
of EPON epoxy resin 1002F was added to the mixture of CNTs
and acetone, and then the mixture was sonificated for 4 more
minutes. Next, the sonified mixture was poured into a spray gun
and sprayed onto the specimen surfaces. The conditions for uni-
form deposition of the CNTs on the surfaces were optimized by
adjusting the concentration of CNTs in the solvent. After spray-
ing the CNTs on the surfaces, the CNT composite structures were
then annealed at 120 °C for 3 h in order to improve the mechan-
ical properties. This temperature, above the melting point
(80�88 °C) and below the burning point (180 °C) of EPON ep-
oxy resin 1002F, was selected to increase strong bonding be-

TABLE 1. Typical Physical Properties of Various Specimens and Calculated Contact Diameters and Contact Stresses at
Three Loads Used in AFM and Ball-on-Flat Tribometer Measurements. It Is Assumed That Contacts Are Single-Asperity
Contact

borosilicate ball with a 15 �m radius sapphire ball with a 1.5 mm radius carbon nanotube

elastic modulus (GPa) 70a 390b 1200c

Poisson’s ratio 0.2a 0.23b 0.2d

bending strength (GPa) 14.2c

contact diameter (�m) mean contact pressure (GPa)

borosilicate ball at
100 nN

borosilicate ball at
10 �N

sapphire ball at
10 mN

borosilicate ball at
100 nN

borosilicate ball at
10 �N

sapphire ball at
10 mN

carbon nanotube 0.05 0.24 6.62 0.076 0.33 0.44

aCallister.43 bBhushan and Gupta.44 cWong et al.45 dZhang et al.46
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tween CNTs and substrates. At this temperature, the epoxy
which initially covered the CNTs was melted and moved to the
interface between the CNTs and substrates, resulting in exposed
CNTs which lead to high contact angle.

Lotus leaves have been the inspiration for the development
of superhydrophobic and self-cleaning products. Therefore, as a
benchmark for mechanical durability studies, nano- and hierar-
chical structures were created by the self-assembly of lotus wax
with the amounts of 0.8 �g/mm2 deposited on flat epoxy resin
and microstructure by thermal evaporation.4,17 The specimens
with lotus wax were exposed to ethanol vapor for 3 days at 50
°C, and then left in the oven at 50 °C for 7 days in total. Flat ep-
oxy resin and a microstructure were covered with a flat lotus wax
layer. Flat wax layers were made by melting the deposited wax
(3 min at 120 °C) and subsequent rapid cooling of the specimen
to 5 °C. Then the specimens were stored for 7 days at 21 °C in a
desiccator. The fast cooling of the wax prevents the formation of
nanostructure roughness.

Waterfall/Jet Tests. To investigate durability of the created sur-
faces in long-term exposure to water and different kinetic ener-
gies of water, a setup was constructed to provide a waterfall/jet
flow as shown in Figure 9. The water from the laboratory faucet
flowed through a pipe. Specimens were fixed on the stage by us-
ing a double-sided adhesive tape. Specimens are placed 2 mm
below the four holes in the pipe. To minimize flow interruption
on the specimens, the runoff plate was tilted to 45°. Waterfall/jet
experiments are composed of two different setups. First, water
pressure was fixed at 10 kPa, and then specimens were exposed
for 24 h. Next, to apply different kinetic energies of the water,
the water pressure was controlled between 0 and 45 kPa. The ex-
posure time applied to the specimens was 20 min for each ex-
periment. During the tests, the change of static contact angle
was measured using droplets of about 5 �L in volume (with ra-
dius of a spherical droplet about 1 mm) gently deposited on the
substrate using a microsyringe. For contact angle hysteresis,
the advancing and receding contact angles were measured at
the front and back of the droplet moving along the tilted sur-
face, respectively. The image of the droplet is obtained by a digi-
tal camcorder (Sony, DCRSR100, Tokyo, Japan) with a 10� opti-

cal and 120� digital zoom. Images obtained were analyzed
using Imagetool software (University of Texas Health Science
Center) for the contact angle.

Wear and Friction Tests. To investigate the durability of struc-
tured surfaces, wear tests on the surfaces with CNT and lotus
wax were performed using a commercial AFM (D3100, Nano-
scope IIIa controller, Digital Instruments, Santa Barbara, CA). With
the AFM in contact mode, the surfaces with CNT and lotus wax
were worn using a 15 �m radius borosilicate ball that was
mounted on a triangular Si3N4 cantilever with a nominal spring
constant of 0.58 N m�1. Wear scars with dimensions of 50 � 50
�m2 were created and scanned for one cycle at two different
loads of 100 nN and 10 �N. To analyze the changes in the mor-
phology of structured surfaces before and after wear tests, sur-
face height maps were obtained in dimensions of 100 � 100
�m2 using a square pyramidal Si(100) tip with a native oxide
layer which has a nominal radius of 20 nm on a rectangular
Si(100) cantilever with a spring constant of 3 N m�1 and at a
natural frequency of 76 kHz in tapping mode.

To investigate durability at a high load, macroscale wear
and friction tests on the surfaces with CNTs and lotus wax were
conducted on the basis of an established procedure of using a
ball-on-flat tribometer under reciprocating motion.37�39 A sap-
phire ball with a diameter of 3 mm and surface finish of about 2
nm rms was fixed on a stationary holder. A normal load of 10
mN was applied, and the frictional forces were measured with
semiconductor strain gauges, which were then digitized and col-
lected on a computer. Typical test conditions were as follows:
stroke length � 800 �m, average linear speed � 1 mm/s, tem-
perature � 22 � 1 °C, and relative humidity � 45 � 5%. Wear
was characterized by imaging the resulting scar with an optical
microscope with a CCD camera (Nikon, Optihot-2) before and af-
ter wear tests. The number of cycles to failure was determined
by identifying the point where a sudden change in the friction
force is observed.
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