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Friction Properties of Bio-mimetic Nano-fibrillar Arrays *
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Nano-fibrillar arrays are fabricated using polystyrene materials.

The average diameter of each fiber is about

300nm. Experiments show that such a fibrillar surface possesses a relatively hydrophobic feature with a water
contact angle of 142°. Nanoscale friction properties are mainly focused on. It is found that the friction force of
polystyrene nano-fibrillar surfaces is obviously enhanced in contrast to polystyrene smooth surfaces. The apparent
coefficient of friction increases with the applied load, but is independent of the scanning speed. An interesting
observation is that the friction force increases almost linearly with the real contact area, which abides by the

fundamental Bowden—Tabor law of nano-scale friction.

PACS: 81.07.—b, 81.07. Lk, 46.55. +d

Lots of reptiles possess an extraordinary ability to
climb up vertical walls or roof ceilings. This kind of
special ability attracts many scientists’ research in-
terests, in which geckos are mainly focused on due
to their relatively large body weights. Experimental
findings have shown that geckos’ pads consist of arrays
of sub-million setae and each seta splits into hundreds
of nano-scale spatulae. The van der Waals and pos-
sibly capillary forces play a dominant role in such a
fibrillar structure.! 3! In order to understand geckos’
adhesion mechanism and provide new methods for the
design of novel adhesive materials, many adhesion and
contact mechanics models have been developed, for ex-
ample, Refs. [4-7]. Synthetic fibrillar adhesives have
been attempted to be fabricated with several meth-
ods. The fabricated micro-fibrillar structures, such as
stiff polypropylene micro-fiber arrays® and elastomer
microfibers with spatulae tips,®) have demonstrated
that high static friction forces can be produced. As
for the frictional properties of nano-fibrillar structures,
Aksak et al.'% proposed that vertically aligned multi-
walled carbon nano-fibers could be a robust high fric-
tion fibrillar material, though they demonstrated that
the interfacial molecular adhesion is too low to be con-
sidered in such a nano-fibrillar surface. In this Letter,
we concentrate on combining the high friction prop-
erty of polystyrene (PS) nano-fiber surfaces with the
effect of interfacial molecular adhesion.

In the present work, polystyrene nano-fibrillar ar-
rays are fabricated using membrane filters of What-
man Anodic aluminum oxide template with 300 nm
nano-pores in diameter [Fig.1(a)]. A layer of PS
is spin-coated on a glass slide, then covered by the
porous membrane and heated at 80°C in a vacuum
oven for three hours. Finally, the membrane is etched
away using NaOH solution in 24h. A typical scan-

ning electron microscope image of the fabricated nano-
fibrillar arrays is shown in Fig. 1(b), in which a single
PS fiber is about 300 nm in diameter, 3 ym in average
length and the volume fraction of fibers is about 65%.
Lateral adhesion that should be avoided in our subse-
quent fabrications is found in the present samples. As
pointed out in Refs. [7,11], for a given fibrillar arrays,
there exists a critical length of L., beyond which the
surface adhesive forces may cause neighboring fibers to
bundle together. The critical length for the PS nano-
fibrillar arrays is calculated to be L. = 1.967 um.
Compared to the average length of fibers 3 um in the
present sample, it is required for us to reduce the fiber
length in future designs.

Fig. 1.

(a) Whatman Anodic membrane filters and (b)
SEM image of fabricated PS fibrillar arrays. The diame-
ter of a single fiber is about 300 nm and the length is about
3 um. The volume fraction of fibers is about 65%.

The wettability of the fabricated nano-fibrillar ar-
rays is characterized using Dataphysics OCA20. The
measured contact angles of the present PS nano-
fibrillar surfaces and the corresponding PS smooth
surface with water are shown in Figs. 2(a) and 2(b),
respectively. It is clearly seen that the contact an-
gle of the fibrillar arrays is about 142°, while that
of the PS smooth surface is only about 89°. This
kind of effect should be attributed to the surface
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micro-structure and micro-morphology, analogous to
the super-hydrophobic phenomenon that occurs on lo-
tus leaves.

(a) . ®) l

Fig. 2. (a) A droplet of water on a fabricated PS nano-
fibrillar array and (b) on a smooth PS surface.

1.5
1.0
0.5
0.0
—0.5
—-1.0

—1.5
1.5

1.0
0.5
0.0

|
o
3

Friction force (mN)

I
e
w ot O

=
no

=
=

1.0

[0 )¢ J T T S NS S T S ST S S S B S S
148.95 149.10 149.25 149.40

Time (s)

Fig.3. (a) The friction force on a fabricated PS nano-
fibrillar array as a function of the time measured by recip-
rocating motions and (b) the friction force on a smooth
PS surface as a function of the time. The normal preload
is 1200 uN and the scanning speed is 10 um/s. (c) The
local amplified plot shows a zigzag phenomenon due to
adhesion.

Micro-scale frictional performance of the fabri-
cated nano-fiber arrays is characterized by using a
ball-on-flat type micro-friction instrument (State Key
Laboratory of Tribology, THU) under reciprocating
motions. A smooth siliconnitride sphere with 4 mm in
diameter is attached to a load cell and moved verti-
cally until reaching a pre-specified normal load. Then
the sphere moves horizontally, during which the sphere
maintains its fixed position. The disturbance of the
environmental noise is effectively avoided. Friction
force is measured under a set of applied normal loads
and sliding speeds.

The results show that the friction force fluctuates
periodically during reciprocating motions and the am-
plitudes in different cycles do not show a significant
difference. Typical curves of the friction force vs the

loading time for a fabricated nano-fibrillar surface and
a flat surface are shown in Figs.3(a) and 3(b) under
a normal preload of 1200 uN and a scanning speed of
10 ym/s. Comparing Figs. 3(a) and 3(b), one can see
that the measured apparent coefficient of friction of
the PS nano-fibrillar surface is much larger than that
of the flat surface. If we define the friction force in
two forms as f = gP and f = pu(P + P,q), where
i and p are apparent and real coefficients of fric-
tion, respectively, P and P,4 are the normal preload
and the adhesion force, a larger apparent coefficient
of friction will be yielded due to the adhesion force.
Actually, local amplification of the curve in Fig. 3(a)
clearly shows a typical zigzag [Fig.3(c)] and demon-
strates significant adhesion between the siliconnitride
sphere and the sample, which has also been found by
Wang et al.'? in the measurement of interactions be-
tween AFM tips with various radii and nano-particles.
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Fig.4. (a) Relation between the coefficient of friction of
PS nano-fibrillar surface and the normal preload for dif-
ferent scanning speeds. Numbers from 1 to 7 on the =
axis represent the normal applied loads 200 uN, 400uN,
800 uN, 1200 puN, 1600 1N, 2400 uN, 3200 uN, respectively.
(b) Friction force under different preloads as a function of
the real contact area.

Figure 4(a) shows the measured coefficient of fric-
tion as a function of the normal preload and sliding
speed. From Fig. 4(a), one can see that the coefficient
of the fabricated nano-fibrillar arrays does not depend
on the sliding speed. However, the coeflicient of fric-
tion increases with the applied normal load and a max-
imum value exists at a critical load, after which the
coeflicient of friction shows a slowly downward trend.
Why does the normal preload influence the coefficient
of friction of nano-fibrillar surfaces? The main fac-
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tor is the number of nano-fibers in adhesive contact
with the siliconnitride sphere. Before the instability
of nano-fibers, the contact area increases with the ap-
plied normal preload and the contact area directly af-
fects the adhesion force, thereby increasing the appar-
ent coefficient of friction.

The adhesion energy per unit contact area is mea-
sured to be Ay = 0.1698 J/m? using AFM and the
classical JKR model.['3] In order to obtain the real
contact area, 0.1698 J/m? is approximately regarded
as the adhesion energy per unit contact area between
the siliconnitride sphere and the fibrillar sample. As
a typical composite, the fabricated nano-fibrillar ar-
ray is assumed to be an approximately isotropic solid
with an effective Young’s modulus of 0.65FEpg, where
Eps is Young’s modulus of PS. The contact radius
under the normal preload complies with the clas-

sical JKR solution, ajxr = 435 [P + 3mRAY +

V/6mrRAYP + (3rRA7)?] }1/3, where R is the radius
of the siliconnitride sphere, P is the normal preload
and E* is an effective modulus.'®/ A rough estima-
tion of the real contact area is found to be 0.65ma3xg-
Thus, the friction force can be obtained as a function
of the real contact area as shown in Fig. 4(b), in which
it is very interesting to find that the friction force in-
creases almost linearly with the real contact area. It
is suggested that the friction force is directly depen-
dent on the real contact area for the fabricated nano-
fibrillar arrays and abides the fundamental Bowden—
Tabor law of nano-scale friction, i.e. f = TA,, in
which 7 is the sheer strength of the contact interface
and A, the real contact area.l'4]

In conclusion, PS nano-fibrillar arrays have been
fabricated with about 300 nm in diameter of each fiber,
and we have shown a hydrophobic feature with contact
angle 142°. In contrast to a smooth PS surface, the
enhanced friction force and apparent coefficient of fric-
tion are significantly influenced by the normal preload

and interfacial adhesion, but insensitive to the scan-
ning speed. Approximate analysis suggests that the
fundamental Bowden—Tabor law of nano-scale friction
could predict the experimental friction results. Future
work includes the reduction of the nano-fiber’s length
according to the anti-bunching condition, variation of
the diameter of the scanning sphere with a similar idea
to Wang et al.,['? and peeling tests to study the nor-
mal adhesion properties of nano-fibrillar surfaces.

The authors gratefully acknowledge the research
groups of Jiang Lei at NCNT, Dai Zhendong at NUAA
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iment.
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