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Nanotribological and wetting performance of
hierarchical patterns†
H. S. Grewal,‡ab Shuxue Piao,‡ac Il-Joo Cho,a Kyung-Young Jhangd and
Eui-Sung Yoon*a
Surface modification is a promising method to solve the tribological problems in microsystems. To
modify the surface, we fabricated hierarchical patterns with diﬀerent pitches of nano-scale features and
diﬀerent surface chemistries. Micro- and nano-patterns with similar geometrical configurations were
also fabricated for comparison. The nano-tribological behavior of the patterns was investigated using an
atomic force microscope at diﬀerent relative humidity levels (5% to 80%) and applied normal loads
(40 nN to 120 nN) under a constant sliding velocity. The results showed significant enhancement in the
de-wetting and tribological performance of the hierarchical patterns compared with those of flat and
micro- and nano-patterned surfaces. The PTFE-coated hierarchical patterns showed similar dynamic
contact angles (advancing and receding) to those of the real lotus leaf. The influence of relative humidity
on adhesion and friction behavior was found to be significant for all the tested surfaces. The tribological
performance was improved as the pitch of the nano-scale geometry of the hierarchical pattern increased,
even though the wetting property was not influenced significantly. A model was proposed based on the
role of intermolecular force to explain the eﬀect of the pitch of the hierarchical patterns on the adhesion
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and friction behavior. According to the model based on the molecular force, the contact between a ball

DOI: 10.1039/c5sm01649e

by the Johnson–Kendall–Roberts (JKR) and Maugis–Dugdale (MD) models. The strong intermolecular
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forces, which are activated in the confined spaces between the adjacent nano-pillars and the ball,
contributed to the contact area and hence the adhesion and friction forces.

and the patterned surface was a multi-asperity contact, contrary to the single-asperity contact predicted

1. Introduction
The ratio of the surface area to volume increases significantly at
the micro- and nano-scales, resulting in the surface forces
having a greater influence on the performance of micro- and
nano-scale systems. The resultant surface forces are determined by the intermolecular forces of the interacting phases.
These intermolecular forces control the tribological (adhesion
and friction) and wetting behavior of the micro- and nano-scale
systems.1,2 Low friction and adhesion improve the durability
and eﬃciency of many micro-/nano-electromechanical systems
(MEMS/NEMS).1,3–8 The use of low surface energy material and
texturing is usually recommended to reduce the friction and
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adhesion among the interacting surfaces. Inspired by nature, many
different textural geometrical forms have been used to provide
significant improvement in the tribological behavior of MEMS/
NEMS. Hierarchical patterns have shown better performance than
their micro- and nano-counterparts. To achieve improved performance, we must understand the role of the micro- and nano-scalar
features of the hierarchical patterns in the tribological and wetting
behaviors. Several different parameters determine the performance
of the patterned structures, including the surface chemistry and the
pitch (distance between the pillars), diameter, and height of the
micro- and nano-features.6,9–11 In addition, the shape of these
features also contributes to their tribological and wetting behavior.
Contrary to surface chemistry, the relationship between geometric
parameters and friction and adhesion is quite complex. This
complex relationship is partly because of the mechanical integrity
of the pattern geometry. The deformation induced by high stresses
can contribute to the unpredictable behavior of the patterns.
The material and geometric parameters determine the degree
of deformation for a given pattern. Although the beneficial
effects of hierarchical patterns on adhesion and friction have
been reported,1,12–14 the effect of the pitch of nano-scale
features has not been explored to a significant extent.

Soft Matter, 2016, 12, 859--866 | 859

View Article Online

Open Access Article. Published on 27 October 2015. Downloaded on 5/15/2021 11:48:28 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

Soft Matter

Our aim was to determine the degree of influence of the
pitch of the nano-pillar on the tribological and wetting behavior
of the patterns. Thus, we fabricated patterns with two diﬀerent
surface chemistries to investigate the eﬀect of pitch. Flat,
micro- and nano-patterned surfaces were also fabricated as
control surfaces for comparison. The eﬀect of capillary forces
on the tribological behavior of the flat and patterned surfaces
was investigated at diﬀerent relative humidity levels. The results
were analyzed using contact mechanics theories along with
intermolecular forces.

2. Experimental details
Table 1 lists the dimensions of the hierarchical polymethylmethacrylate (PMMA) patterns fabricated (Fig. 1) using the
capillary force lithography technique.15 For comparison, microand nano-patterns with similar geometric dimensions were
also fabricated. PMMA patterns were also coated with polytetrafluoroethylene (PTFE) using the C4F8 plasma activation
method to lower the surface energy. The root-mean square
roughness (Rrms) values of the PMMA- and PTFE-coated flat
surfaces measured using an atomic force microscope were
approximately 2  1 nm and 1.5  0.75 nm. The thickness of
the PTFE coating, measured using an ellipsometer, was approximately 20 nm. The dynamic (advancing and receding) contact
angles were measured by the captive drop approach using
de-ionized (DI) water. The reported results are the average of five
consecutive measurements at random locations. Prior to testing,
all samples were cleaned ultrasonically in a bath of DI water
Table 1

and dried with N2 gas. The wetting experiments were performed
in a controlled environment at 24  1 1C and 45  5% RH.
Adhesion and friction experiments were performed using an
atomic force microscope (AFM) at diﬀerent relative humidity
(RH) levels ranging from 5 to 80% and at a constant temperature
(24  1 1C). The relative humidity inside the AFM chamber was
controlled (1%) using a specially developed set-up (Fig. S1,
ESI†) and measured using a hygrometer (Tecpel, Taiwan). The
precise control of the dry and wet air through flow control valves
provides the desired levels of relative humidity in the test
chamber. Triangular cantilevers with borosilicate glass ball tips
having a radius of curvature of 5 mm were used for all the
experiments. For friction measurements, the normal load was
varied from 40 to 120 nN at a constant sliding velocity of
5 mm s1, with a scan area equal to 20  20 mm2. The friction
force was calculated using the trace minus retrace method
(TMR).16 Measurements were performed at least 20 times for
each experiment, and the average values are reported here.

3. Results and discussion
3.1

Wetting

Fig. 2 shows the advancing (ya) and receding (yr) contact angles
of the hierarchical, micro- and nano-patterns. The contact
angle hysteresis (CAH), which is calculated as the diﬀerence
between the advancing and receding angles, is also shown in
Fig. 2. The CAH results of the flat surfaces are also shown for
comparison. The PTFE-coated hierarchical structures showed the
smallest CAH (o101) compared with those of their micro- and

Geometric dimensions of the hierarchical, nano- and micro-patterns

Dimensions of micro-pillars

Dimensions of nano-pillars

Pattern

Diameter D (mm)

Height H (mm)

Pitch P (mm)

Diameter D (nm)

Height H (nm)

Pitch P (nm)

Hierarchical
Nano
Micro

3.0
—
3.0

2.5
—
2.5

4
—
4

250
250
—

220
220
—

500
500
—

625
—
—

750
—
—

1000
—
—

Fig. 1 Scanning electron micrographs of the fabricated patterns: M – micro, N – nano, H1 – hierarchical pattern with 500 nm pitch nano-pillars;
H2 – hierarchical pattern with 625 nm pitch nano-pillars; H3 – hierarchical pattern with 750 nm pitch nano-pillars; H4 – hierarchical pattern with
1000 nm pitch nano-pillars.
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Fig. 2 Dynamic contact angle (advancing and receding) and contact angle
hysteresis (CAH) of the flat and patterned polymethylmethacrylate (PMMA)
and polytetrafluoroethylene (PTFE) surfaces. The advancing and receding
angles of the lotus leaf reported in ref. 18 are shown for comparison.

nano-counterparts. The advancing and receding angles of the
PTFE-coated hierarchical patterns were similar to those of the
lotus leaf (Fig. 2). The highest CAH of 771 was observed for
the PMMA micro-patterned surface. In general, the PMMA flat
and patterned surfaces showed higher CAH than the PTFEcoated counterparts, which resulted from the diﬀerence in the
surface energies of PMMA (gPMMA E 41 J m2) and PTFE (gPTFE E
18 J m2). The higher surface energy of PMMA led to more
eﬀective pinning of the receding contact line during the lateral
motion of the droplet compared with PTFE, which resulted in
lower receding angles for PMMA and higher CAH.
Among all the patterned and flat surfaces, the surfaces with
hierarchical patterns showed the smallest CAH, which is
related to the wetting states of the patterns. Due to the inability
of the spherical shape to pin the three-phase contact (small
critical angle) and the sagging depth of the liquid–air interface
being larger than the height of the pillar, the water penetrated
the nano-patterns and resulted in a Wenzel state.17–19 Earlier finite
element method (FEM) simulations and Gibbs free energy predictions showed the presence of the Wenzel state for nano-patterns
and a meta-stable state for the hierarchical and micro-patterns.19
Because of the persistence of the Wenzel state, the nano-patterns
showed higher CAH in comparison to the hierarchical patterns. In
the case of the micro-patterns, the penetration of the liquid–air
interface is limited by effective pinning of the liquid–air interface.
The critical angle (yc) given as17
yc = (1801  c) + ya

(1)

is higher for the cylinder shaped micro-pillars in comparison to
the spherical shaped nano-pillars, where c is a local geometric
angle formed by the local tangent line with the horizontal
plane. Furthermore, the height of the micro-pillars is also
higher than the sagging depth of the liquid–air interface. The
contribution of both these factors resulted in a meta-stable
state for the micro-pillars. The entrapment of air beneath the
liquid–air interface in a meta-stable state results in an additional
decrease in the free energy of the system. For PTFE-coated

This journal is © The Royal Society of Chemistry 2016

micro-pillars, the penetration will be further reduced due to the
larger critical angle resulting from the higher advancing angle
of PTFE. Furthermore, the lateral motion of the three-phase
line would also be restricted, which lowers the receding angle,
thereby causing an increase of CAH due to pinning of the
liquid–air interface at the edge of the micro-pillar.
The PTFE-coated hierarchical patterns, which showed the
lowest CAH among all the investigated patterns, had similar
advancing and receding angles to those observed for the lotus
leaf. In the case of hierarchical patterns, both the nano- and
micro-pillars worked in tandem, which eﬀectively lowered the
CAH. Similar to the micro-patterns, the micro-pillars of the
hierarchical patterns restricted the penetration of the water
into the hierarchical patterns by eﬀectively pinning the liquid–
air interface. During the lateral motion of the three-phase line,
the nano-pillars on top of the micro-pillars aid in lowering the
CAH by effectively de-pinning the contact line. Furthermore, the
change in the pitch of the nano-pillars had minimal influence on
the advancing and receding contact angles of the hierarchical
patterns. This minimal effect is related to the nominal energybarrier provided by the nano-pillars of the hierarchical patterns
compared with the energy barrier from the entrapped air of
the micro-pillars. The small contribution of the pitch of nanopillars to energy barrier resulted in minimal effect on the contact
angles.
3.2

Adhesion and friction

Fig. 3 shows the adhesion performance of all the patterns at
diﬀerent relative humidity levels. The results show that the
adhesion of the patterned surfaces decreased to a significantly
greater extent than that of the flat surfaces. The highest
adhesion was observed for the flat PMMA surface, followed by
the PTFE-coated flat surface. The lowest adhesion was observed
for the PTFE-coated hierarchical patterns. The hierarchical
patterns showed more than 20 times lower adhesion than the
flat surfaces. Arzt et al.20 showed that the contact splitting
results in an increase of adhesion for the same apparent area;
however, the eﬀect of true contact area and the eﬀective elastic
modulus (material and structural) must also be taken into
consideration.21 We observed a decrease in adhesion with a
decrease in the true contact area, as also reported by King et al.21
Furthermore, the decrease in adhesion in our case is also due to
the high eﬀective modulus, which inversely influences the
conformability of the surfaces. The decrease in the adhesion
of the hierarchical patterns was evident, irrespective of the
surface chemistry. The mean value of adhesion of the hierarchical patterns further decreased with an increase in the pitch
of the nano-pillars. The significance of the pitch of the nanoscale pillars was tested using the ANOVA post hoc Tukey test,
indicating a p-value o 0.05. At 60% RH, with an increase in the
pitch of the nano-pillars from 500 nm to 1000 nm, the adhesion
force decreased from 63 to 39 nN for the PTFE-coated surface
and from 75 to 46 nN for the PMMA patterns (an approximately
38% decrease for both cases).
Fig. 4 shows the friction force for diﬀerent normal loads for
all the patterns at 40% relative humidity levels. Consistent with
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Fig. 3 Adhesion force of the flat and patterned polymethylmethacrylate
(PMMA) and polytetrafluoroethylene (PTFE) coated surfaces at diﬀerent
relative humidity levels.

the adhesion behavior, the hierarchical patterns also had the
lowest friction force. Compared with the flat surfaces, the
friction force was reduced significantly, with the minimum
friction force observed for the hierarchical patterns with nanopillars having a pitch of 1000 nm. The hierarchical patterns also
showed significantly lower friction force than the micro-patterns.
Furthermore, a nearly identical relationship between the pitch of
the nano-pillars of the hierarchical patterns and the friction
force was observed for both surface chemistries, irrespective of
the normal loads (rate of change of friction with pitch). This
result indicated that the topography had a significant eﬀect in
controlling the friction of the hierarchical patterns for a given
surface chemistry.
The relative humidity had a significant influence on
the adhesion and friction of all the flat and patterned surfaces
(Fig. 3, 5 and Fig. S2, ESI†). The adhesion and friction both
increased with an increase in the relative humidity. In comparison to 5% RH, the adhesion of the flat PMMA surface
increased by approximately 29% at 40% RH, whereas in the
case of the PTFE-coated flat surface, the increase in adhesion
was approximately 18% for the same relative humidity levels.
The friction force also significantly increased with an increase
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Fig. 4 Friction force of the flat and patterned polymethylmethacrylate
(PMMA) and polytetrafluoroethylene (PTFE) coated surfaces under diﬀerent normal loads and at 40% relative humidity.

in relative humidity from 5 to 60% RH; however, a further
increase in the relative humidity over 60% RH resulted in a
slight decrease in the friction force. The increase in adhesion
and friction with relative humidity is related to an increase
in the capillary force (discussed in detail in a subsequent
paragraph). However, at higher relative humidity, the counter
lubrication eﬀect is initiated and lowers the friction. A balance
between the two counteracting eﬀects determines the overall
behavior of the system.
The diﬀerence in the adhesion and friction behaviors of the
PMMA- and PTFE-coated surfaces can be explained based on
the intermolecular forces and the capillary forces. During the
interaction of the AFM tip (borosilicate glass ball tip with a
diameter of 10 mm) with the flat/textured surfaces, both the
short- and long-range forces contributed to the overall behavior
of the system. These forces included attractive van der Waals,
electrostatic, solvation and hydration forces. The combined
eﬀect of these forces, along with the capillary force that
originated due to condensation of the water vapor in the air
on the solid surface, contributed to the adhesion and, hence,
the friction force.

This journal is © The Royal Society of Chemistry 2016
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and, hence, greater adhesion of the borosilicate glass ball indenter
to PMMA than to the PTFE-coated surface. Furthermore, the
capillary force, which is related to the interfacial energies of the
interacting solid surfaces, is modulated with the hydration
forces. The capillary force22 shown in eqn (4) was also greater
for the surface of PMMA than for the surface of PTFE


D
(4)
Fcap ¼ 4pRb glv cos y 1 
2r1 cos y

Fig. 5 Friction force of the flat and patterned polymethylmethacrylate
(PMMA) and polytetrafluoroethylene (PTFE) coated surfaces at diﬀerent
relative humidity levels and at a normal load of 120 nN. The results for
normal loads of 40 nN and 80 nN are provided in Fig. S2 (ESI†).

The van der Waals force is related to the Hamaker constant
A by22
F ¼

A
6pD3

where Rb is the radius of the borosilicate glass ball, glv is the
surface tension of the liquid (water in the present case) and D is
the distance between the glass ball and the surface of the solid.
With the values of all the parameters being identical for both
surfaces, the capillary force was controlled primarily by the
contact angle y between the water and the surface of the solid.
Given that the static contact angles y of PMMA and PTFE with
water are 671 and 1101, respectively, and that of borosilicate glass
is 321, the capillary force was obviously higher for the PMMAcoated surface compared with the PTFE-coated surface (as shown
in Fig. 3 and 5). This diﬀerence caused a lesser adhesion force for
the PTFE-coated surface than for the PMMA-coated surface.
Furthermore, the diﬀerence in the tribological behaviors
among the patterns of identical surface chemistry was a consequence of the change in the apparent contact area. Various
contact mechanics models have been suggested in the literature for estimating the contact area, pressure and depth.
Johnson and Greenwood23 presented an adhesion map for
determining the appropriate contact model pertaining to the
particular contact situation. This map relates the transition
parameters l and/or m proposed by Maugis24 and Tabor,25

respectively, with the dimensionless adhesion force, P = P/
pwR, to determine the model that is best suited for the
particular contact condition. The transition parameters are
functions of the theoretical stress s0 = 1.03w/Z0, work of
adhesion w, and equivalent radius R = [1/r1 + 1/r2]1,

1=3
9R
¼ 1:16m
(5)
l ¼ s0
2pwE 

(2)

where r1 and r2 are the radii of the contact geometries and E* is
the equivalent elastic modulus, given by E* = [(1  v12)/E1 + (1 
The value of A for the two macroscopic phases 1 and 2 interacting
v22)/E2]1. Furthermore, P is the normal load on the indenter
through medium 3 can be estimated by the Lifshitz theory
and Z0 is an equilibrium separation, as in the Lennard-Jones
 2
 2

2
2
potential. For PMMA the value of l varies from 2.05 to 4.1 with
n1  n3 n2  n3
3hn e
A  pﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃnpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃo Z in the range of 4 Å to 2 Å, respectively. Similarly, for PTFE the
0
8 2 ðn1 2 þ n3 2 Þ ðn2 2 þ n3 2 Þ
ðn1 2 þ n3 2 Þ þ ðn2 2 þ n3 2 Þ
l varies from 5.5 Å to 12.9 Å, respectively. For the present
(3)
situation, the contact lies at the boundary separating the Maugis–
Dugdale (MD)24 regime from the Johnson–Kendall–Roberts (JKR)
According to the Lifshitz theory, the retarded part of the regime26 (Fig. 6(a)). Thus, we calculated the contact radius and
Hamaker constant is a function of the refractive index, n, and the depth using both the MD and JKR models, as shown in
the absorption frequency, ne. The values of the Hamaker constant Fig. 6(b). Table S2 (ESI†) provides the values of the different
for the interaction between the borosilicate indenter ball (phase 1) parameters used in the calculations. In the case of the JKR
and the PMMA- or PTFE-coated surfaces (phase 2) interacting model, the estimations of contact radius a and depth d were
through water as a medium (phase 3) were calculated using the given as
values of the parameters given in Table S1 (ESI†). For PMMA, the

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3R
value of A is approximately six times greater than that for PTFE
a3 ¼  P þ 3pRw þ 6pRwP þ ð3pRwÞ2
(6)
4E
(Table S1, ESI†). This diﬀerence indicated greater attraction
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calculated from the JKR and MD models were much smaller
than the spacing between the nano-pillars. For example, at a
maximum load of P = 120 nN, the contact radii predicted by the
JKR and MD models for the PMMA-coated hierarchical patterns
were 46.2 and 23 nm, respectively, and those for PTFE-coated
hierarchical patterns were 81.7 nm and 38 nm, respectively.
While both contact mechanics models (JKR and MD) indicate
the possibility of a single-asperity contact between the indenter
and the nano-pillar (i.e., the value of the pitch is much larger than
the contact radius (Fig. 6(b))), obviously, this should not be the
case. A close examination of the contact between the indenter
and the patterned surface indicated a diﬀerent scenario. Given
that the indenter is supported by a single nano-pillar, in accordance with Fig. S3 (ESI†), the gap between a nearby nano-pillar
and the indenter can be calculated as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x ¼ ðR  dÞ2 þ p2  R
(11)

Fig. 6 (a) Adhesion map (after Johnson and Greenwood23) showing the
region of interest for this study; (b) values of the contact radius for the flat
and patterned polymethylmethacrylate (PMMA) and polytetrafluoroethylene
(PTFE) coated surfaces using the Johnson–Kendall–Roberts (JKR) and
Maugis–Dugdale (MD) models.

d¼



a2
2pwa 1=2

E
R

(7)

Obtaining these values is more complicated in the case of the
MD model. The contact parameters from the MD model are
expressed in a dimensionless form as


2 1/3

a = a(4E*/3pwR )

2 h

l
a
2

apﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d ¼ a2  4l
m2  1
3

(9)

(10)

where m is the ratio of the extended contact radius, c, due to
the adhesive force to the contact radius a. The contact radii
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Ar /

b
W
Es

(12)

(8)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃi

m2  2 sec1 m þ m2  1

i
4l2 ahpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m2  1 sec1 m  m þ 1 ¼ 1
þ
3

where x is the gap between the nearby nano-pillar and the
indenter. For the nano-pillars (p = 500 nm) composed of PMMA
indented at a minimum load of 40 nN, the calculated value of x
is equal to 8.5 nm. For the PTFE-coated surfaces under similar
conditions, x was o1 nm. In such small confined spaces
between the adjacent pillars and the indenter, the van der
Waals forces (eqn (2)) and the capillary forces (eqn (4)) become
significant and contribute to the total adhesion. The attractive
van der Waals force still exists between the two geometries in
spite of the separation of only a few nanometers. Thus, because
of these attractive forces (van der Waals forces and capillary
forces), the real area in contact with the indenter was much
larger than the area predicted by the contact mechanics
models. As a result, the contact will be modified to a multiasperity contact (for nano- and hierarchical patterns), in contrast to the single-asperity contact predicted by the contact
mechanics models.
Furthermore, the real area of the contact of hierarchical
patterns was significantly smaller than that of the flat, microand nano-patterned surfaces (Fig. 7). For hierarchical patterns,
the real contact area is an inverse function of the pitch of the
nano-pillars. Thus, the decrease in friction force for the hierarchical patterned surfaces with increasing pitch of the nanopillars is due to the decrease in the real contact area (Fig. 7). In
accordance with eqn (12),27

a decrease in ratio (b*/s) due to an increase in pitch causes the
real area of contact to decrease, resulting in a decrease in the
friction force. Nano-pillars on micro-pillars help reduce the real
contact area for the hierarchical patterns to a greater extent
compared with the micro- and nano-patterns.
Our results, which were in good agreement with earlier
observations,28,29 indicated that the real area of contact determines the tribological behavior of the system. The friction force
had a linear relationship with the ratio of the real contact area
to the projected area (Fig. 7(b)). A similar linear trend between

This journal is © The Royal Society of Chemistry 2016
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4. Conclusions

Fig. 7 (a) Contact between the indenter ball and the flat and patterned
surfaces; (b) relationship between the friction force and the ratio of the real
contact area to the projected contact area for the polymethylmethacrylate
(PMMA) and polytetrafluoroethylene (PTFE) coated surfaces. The contact
areas between the diﬀerent geometric configurations were calculated
using the Johnson–Kendall–Roberts (JKR) model.

the friction force and the real contact area at the nano-scale was
also reported by Enachescu et al.28 and discussed by Carbone
and Bottiglione.29 According to the Bowden and Tabor model30
shown in eqn (13), the friction force (Ff) is directly proportional
to the real area (Ar) of contact,
Ff = tsAr

(13)

where ts is the interfacial shear strength. In accordance with
Derjagun’s theory,22 the friction force Ff is a function of the
normal load, Fn, and the adhesion force, Fa, expressed as Ff =
m(Fn + Fa). Thus, for a given normal load, the adhesion force,
which is modulated by intermolecular and capillary forces, will
determine the friction force (aﬀecting the real area of contact),
with high adhesion leading to an increase in the friction force.
Although the friction and adhesion forces decreased directly
in relation to the increase in pitch due to the decrease in the
real contact area, note that this scenario (when a spherical or
conical shaped tip is used) is likely to be interrupted when the
pitch increases beyond a critical limit. Beyond this critical
value, the indenter will start intruding into the space between
the geometries and eventually come in contact with the bottom
flat surface.

This journal is © The Royal Society of Chemistry 2016

Hierarchical patterns with diﬀerent surface chemistries were
fabricated, mimicking the topography of the lotus leaf. The
patterned surfaces were designed to investigate the eﬀect of the
pitch between the nano-scale geometries on their wetting and
tribological behaviors. For comprehensiveness, micro- and nanopatterns with similar geometric configurations and surface
chemistries were also fabricated. The results showed a significant improvement in the tribological and wetting behaviors of
the hierarchical patterns over that of their counterparts, i.e.,
micro- and nano-patterned and flat surfaces. The PTFE-coated
hierarchical patterns showed advancing and receding angles
similar to the real lotus leaf. The hierarchical patterns showed
significant decreases in friction and adhesion compared with
the flat and micro-patterned surfaces. Increasing the pitch of the
nano-scaled geometry of the hierarchical patterns had a negligible eﬀect on their wetting behaviors (advancing and receding
angles), but the friction and adhesion were influenced significantly. Similarly, surface chemistry had an insignificant influence on the wetting of the hierarchical patterns, but it had a
significant eﬀect on the friction and adhesion performances.
This influence of surface chemistry on friction and adhesion was
linked to the intermolecular forces that determine the longrange van der Waals attractive and capillary forces. The eﬀects of
capillary forces on the adhesion and friction of the flat and
patterned surfaces were verified experimentally. A change in
relative humidity showed a significant influence on the adhesion
and friction behavior of all the investigated surfaces. Furthermore, the improved tribological performances of the hierarchical patterns in comparison to the micro- and nano-patterns and
flat surfaces were due to the reduction in the real area of contact,
as highlighted by the contact mechanics analysis. This phenomenon was emphasized by the direct correlation between the
friction force and the real contact area. Furthermore, in contrast
to the single-asperity contact condition between the indenter
and patterned surface predicted by the contact mechanics
models, the consideration of the capillary forces originating
from the condensed water vapor in the narrow confined spaces
between the adjacent pillars and the indenter transformed the
contact to a multi-asperity contact condition. This transition was
also assisted by the persisting presence of the intermolecular
van der Waals force due to the significantly minute gaps (a few
nanometers) between the geometries. Thus, it was concluded
that the intermolecular van der Waals force and the capillary
force significantly modified the contact condition and must be
taken into account when considering the tribological behavior of
patterned surfaces.
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