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Abstract

In this paper, we report on the replication of surface topographies of natnralleaves of water-repellent plants ofLotns
and Colocasia onto thin polymeric films using a capillarity-directed soft lithographic technique. The replication was
carried out on poly(methyl methacrylate) (PMMA) film spin coated on silicon wafer using poly(dirnethyl siloxane)
(PDMS) molds. The friction properties of the replicated surfaces were investigated at micro-scale in comparison with
those of PMMA thin film and silicon wafer. The replicated surfaces exhibited superior friction property when
compared to those of PMMA thin film and silicon wafer. The superior friction behaviour of the replicated surfaces
was attributed to the reduced real area ofcontact projected by them.
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1. Introduction

Nature offers a variety of surfaces, which exhibit
evolutionarily optimized functional properties. In
recent years, Biomimetics - an approach that involves
the transformation of the underlying principles dis
covered in nature into man-made teclmology (Thieme
et aI., 2001) in gaining popularity in newly emerging
fields such as micro/nano-electronics to structural en
gineering (Gould, 2003; Naik et aI., 2005). As an
example, the unique ability of Lotus leaf surface to
avoid getting wet by the surrounding water, popularly
known as the "Lotus effect" (Neinhuis et aI., 1997)
has motivated scientists world wide to modify/
fabricate surfaces for creating artificial superhydro-
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phobic surfaces (Gould, 2003; Naik et aI., 2005).
Superhydrophobic surfaces have also been created by
the direct replication of Lotus leaf using the process
of nanocasting (Sun et aI., 2005). Motivated by the
surface topography of Lotus leaf, tribologists have
modified/fabricated surfaces by means of ion-beam
roughening of polymeric surfaces (Yoon et aI., 2003)
and fabrication of bio-mimetic nano-patterns (Burton
et aI., 2005; Singh et aI., 2005; Yoon et aI., 2006) in
order to enhance the tribological performance at
micro/nano-scales through the reduction of contact
area. These investigations (Burton et aI., 2005; Singh
et aI., 2005; Yoon et aI., 2006) were directed towards
enhancing the tribological performance of elements of
microelectromechanical systems (MEMS), which are
small in size and operate at nano/micro-scales. At
these scales of operation, the large surface-to-volume
ratio results in high surface forces such as adhesion
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and friction, which decrease the performance of
MEMS devices (Nikhil et aI., 2004). In this paper, we
report on a simple biomimetic approach to obtain
enhanced micro-tribological property, which involves
the direct replication of natural leaves of water
repellent plants using a capillarity-directed soft
lithographic technique.

2. Experimental details

The replication of the surfaces of natural leaves of
Lotus (Nelumbo nucifera) and Colocasia (Colocasia
esculenta) was carried out on poly (methyl metha
crylate) (pMMA, Mw = 120,000 g/mol, Tg = lOsoC,
Aldrich) film coated on silicon wafer, using a simple
capillarity-directed soft lithography technique, which
principally utilizes the competition between capillary
and hydrodynamic forces in the course of pattern
formation (Suh et aI., 2001). The replicated surfaces
so fabricated were investigated for their micro-friction
property. Friction tests were performed using Soda
lime glass balls of radius O.S rum as cOlmterface
sliders (normal load 3 ruN, sliding speed 1 mm/s,
scan length 3 rum) in a ball-on-flat type micro
tribotester (Yoon et aI., 200S) llllder reciprocating
motion. All experiments were conducted at controlled
conditions of temperature (24±10C) and relative
humidity (4S±S%). Tests were repeated more than
five times and the average values were plotted.

Figure 1 shows a schematic of the replication
procedure of the surface of a fresh Lotus leaf. The
same sequence was followed to replicate the surface
of Colocasia leaf. In the first step, a PDMS mold was
made using a real Lotus leaf as the natural template.
The PDMS mold was prepared by casting PDMS
(10% curing agent) against the surface of a Lotus leaf,
which was followed by removing bubbles in ambient
conditions for 30 min and then heating in a con
vection oven at 70°C for duration of 1 hour. This
treatment was done to crosslink the heat-curable
PDMS mold. Following this treatment, the mold was
peeled off from the leaf surface. Next, PMMA
dissolved in toluene (1S wt%) was spin-coated onto a
cleaned silicon wafer. Finally, the PDMS mold was
placed on the PMMA surface llllder a slight pressure
of about ~ 0.2 to 0.3 MFa for conformal contact with
the polymer. For a uniform pressure distribution, a
thin PDMS block was placed as a buffer on top of the
PDMS mold prior to the application of pressure. The
sample was thus a=ealed at l40~lSO°C, well above
the glass transition temperature (Tg = 10S°C) for 30
minutes on a hot stage, after which the PDMS mold
was removed.

3. Results and discussion

Figure 2 (a) and (b) show the scanning electron
microscope (SEM) images of the morphology of real
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Fig. 1. The processing sequence of replication of the surface of a fresh Lotus leaf. The same sequence was followed to replicate
the surface of Colocasia leaf.
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Lotus and Colocasia leaves in their fresh conditions
respectively. It could be observed from this figure that
the morphologies of these leaves are different. Lotus
leaf has randomly distributed protuberances and
Colocasia has protuberances that are 'bumpy' in
shape and appear to be closely arranged (Neinhuis et
aI., 1997). These leaves of real Lotus and Colocasia
are superhydrophobic in nature and have water
contact angles of about 162° and 164° respectively,
which is due to the combination of the protuberances
and the wax on them (Neinhuis et aI., 1997).

Figure 2 (c) and (d) show the SEM images of the
surface morphology of replicated Lotus-like and
Colocasia-like surfaces, respectively. It can be seen
that the surfaces of the real leaves have been
replicated on a smoother scale. The replicated sur
faces were characterized for their static contact angle
of water using the sessile-drop method. When
compared to the water contact angle of silicon wafer
and PMMA thin film, it was fOlmd that the replicated
surfaces had higher values of water contact angles
(Fig. 3).

The replicated surfaces were investigated for their
micro-friction property and were compared with that

of the silicon wafer and PMMA thin film. In micro/
nano-scale devices such as micro/nanoelectromecha
rucal systems (MEMS/NEMS), silicon (Si (100)) is a
traditionally used material and PMMA is a polymer
often fOlmd in these devices (Nikhil et aI., 2004).
Hence, from the tribological point of view, a com
parison of the friction behaviour of the replicated
surfaces with those of silicon wafer and PMMA thin
film becomes important. Figure 4 shows the results of
the micro-friction tests. From this figure, it could be
observed that the replicated surfaces exhibit superior
micro-friction property than the silicon wafer and
PMMA thin film. The coefficients of friction of the
replicated surfaces were almost five times lower than
that of the PMMA thin film and four times lower than
that of the uncoated silicon wafer. The superior
friction behaviour of the replicated surfaces is
attributed to the reduced real area of contact projected
by them. The reduction in the real area of contact
leads to lowering of friction in accordance with the
flllldamental law of friction given by Bowden and
Tabor (Bowden et aI., 1950). According to this law,
friction force is directly proportional to the real area
of contact. Equation (1) gives the expression for the

Fig. 2. SEM images of real surfaces: (a) Lotus leaf (fresh) and (b) Colocasia leaf (fresh). SEM images of replicated surfaces: (c)
Lotus-like and (d) Colocasia-like surfaces.
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Si PMMA ReplicDted Surfaces

Fig. 3. Water contact angles of the test samples. The repli
cated surfaces have higher water contact angles than silicon
wafer and PMMA thin film.

Fig. 5. Worn surfaces of the (a) silicon wafer and (b) PMMA
thin film.
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Fig. 4. Coefficient of friction of test materials. The replicated
surfaces exhibit superior micro·friction property than silicon
wafer and PMMA thin film.

friction force.

(1)

where, 't is the shear strength, an interfacial property
and Ar the real area of contact.

In the present case, the replicated surfaces exhibit
reduced real area of contact owing to the fact that
patterning of surfaces causes a reduction in the real
area of contact when the size of the asperities
(protuberances) is considerably smaller than that of
the counterface slider (glass ball in the present case)
(Burton et aI., 2005; Zou et aI., 2005). Further,
considering the JKR theory (Johnson et al., 1971), the
contact area not only depends on the applied normal
load and the radius of the ball, but also on the
interfacial energy. According to this theory, the
contact area is related to the applied normal load, the
ball size and the interfacial energy of a material as
given in Eq. (2).

Fig. 6. SEM images of replicated surfaces taken after the
friction tests: (a) Lotus·like and (b) Colocasia-like surfaces.

Ar =rt[RIK.(Fn+DrryR'+[12rryRFn+(61t'fRi]I!2)]2/3 (2)
where, R is the size of the ball, K the effective elastic

modulus, Fn the applied normal load and y the
interfacial energy of the material.

When compared to the silicon wafer and PMMA
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thin film, the replicated surfaces have lower surface
energies indicated by their higher values of water
contact angle (cosine of water contact angle is a
measure of surface energy [Beake et al., 2000]). Thus,
the lower surface energies of the replicated surfaces in
addition contribute towards reducing the real area of
contact thereby lowering their friction values.

Figure 5 (a) and (b) shows the representative
surfaces of silicon wafer and PMMA thin film after
the friction tests. The silicon wafer and PMMA thin
film undergo wear, whereas the patterned surfaces
show roughening and deformation at the tip of their
asperities (protuberances) as shown in Fig. 6. In our
earlier work, we investigated on micro-scale friction
property of nano-patterned surfaces with various geo
metrical parameters (size and shape) fabricated using
an artificial template by the same soft lithographic
method (under the same experimental conditions as
those in the present investigation) (Singh et aI., 2005;
Yoon et aI., 2006). Results showed that the lowest
possible value of coefficient of friction was about one
third of the PMMA thin film (Singh et aI., 2005; Yoon
et aI., 2006), while in the present case the coefficient
of friction reduced almost by five times. This fmding
indicates that the surfaces of these leaves appear to be
highly optimized in terms of friction despite the fact
that one might be able to create low-friction surfaces
using artificial templates with carefully designed
parameters.

The soft lithographic method used in the present
work to replicate the natural surfaces on a smoother
scale is simple, cost effective, and less time con
suming. Although the method of nanocasting (Sun et
al., 2005) has the ability to reproduce the surface
topography of a Lotus leaf with high accuracy, the
process is comparatively time consuming and in
addition requires a chemical treatment (coating of an
antistick monolayer). An intricate replication of the
surface topography becomes necessary in order to
achieve superhydrophobic nature (Sun et aI., 2005),
whereas to considerably enhance a micro-tribological
property such as micro-scale friction, replication of
the topography on a smoother scale in a fast and
efficient route would suffice, as is seen from the
present work. As a part of our ongoing research work,
we are exploring the replication of natural surfaces
with different polymeric materials to ensure flexibility
of the fabrication method and which would provide
wide range of surfaces with superior tribological
properties.

4. Conclusion

In conclusion, we have presented a novel method to
enhance micro-scale tribological property by the
replication of natural surfaces and have emphasized
on the potential of nature-based solutions for superior
tribological performance. Looking at the enhanced
tribological properties exhibited by these surfaces, we
believe that in the future, these kinds of surfaces
would have potential application in small-scale
devices like MEMS.

Acknowledgments

This research work was supported by a grant
(06K1401-00930) from Center for Nanoscale Mecha
tronics and Manufacturing of 21 sl Century Frontier
Research Program. This work was also supported in
part by the Micro Thermal System Research Center
of Seoul National University.

References

Beake, B. D., Leggett, G. J., 2000, "Variation of Fric
tional Forces in Air with the Compositions of Hetero
geneous Organic Smfaces," Langmuir, Vol, 16, pp.
735~739.

Bowden, F. P, Tabor, D., 1950, "The Friction and
Lubrication of Solids," Clarendon Press, Oxford, pp.
9~121.

Bmton, Z., Bhushan B., 2005, "Hydrophobicity, Ad
hesion, and Friction Properties of Nanopattemed Poly
mers and Scale Dependence for Micro- and Nano
electromechanical Systems," Nano Letters, Vol,S, pp.
1607~1613

Gould, P, November 2003, "Smart, Clean Surfaces,"
Materials Today, pp. 44-48.

Jolmson, K. L, Kendall, K., Roberts, A. D., 1971,
"Surface Energy and Contact of Elastic Solid," Pro
ceedings o/the Royal Society o/London A, Vol, 324, pp.
30l~313.

Naik, R. R., Stone, M. 0., September 2005, "Inte
grating Biomimetics,"Materials Today, pp.18~26.

Neinhuis, C., Barthlott, w., 1997, "Characterization
and Distribution of Water-Repellent, Self-Cleaning
Plant Surfaces," AJmals o/Botany, Vol, 79, pp. 667-677.

Nikhil, S. T., Bhushan, B., 2004, "Scale Dependence
ofMicro/Nano-Friction and Adhesion ofMEMS/NEMS
Materials, Coatings and Lubricants," Nanotechnology,
Vol, 15, pp. 1561~1570.

Singh, R. A., Yoon, E. S., Kinl,H. J.,Kong, H, Sub, K.



Eui-Sung Yoon et al. / Journal ofMechanical Science and Technology 21 (2007) 624~629 629

Y, Jeong, H E., 2005, "Submicron-Scale Polymeric
Patterns for Tribological Applications in MEMS/
NEMS," KSTLE International Journal, Vol, 6, No.2, pp.
33~38.

Suh, K. Y, Kim, Y S., Lee, H H, 2001, "Capillary
Force Lithography," Advanced Materials, Vol, 13, pp.
1386~1389.

Sun, M, Luo, C., Xu, L., Ji, H, Ouyang, Q., Yu, D.,
Chen, Y, 2005, "Artificial Lotus leaf by Nanocasting,"
Langmuir, Vol, 21, pp. 8978~8981.

Thieme, M, Frenzel, R, Sclunidt, S., Simon, F.,
Hennig, A, Worch, H, Lunkwitz, K. and Schamweber,
D., 2001, "Generation of illtrahydrophobic Properties
of Ahuninirun - A First Step to Self-Cleaning Trans
parently Coated Metal Surfaces," Advanced Engineering

Materials, Vol, 3, pp. 691---695.
Yoon, E. S., Singh, R A, Kong, H, Kim, B., Kim, D.

H, Suh, K. Y, Jeong, HE., 2006, "Tribological Pro
perties of Bio-Mimetic Nano-Patterned Polymeric
Surfaces on Silicon Wafer," Tribology Letters, Vol, 21,
No. l,pp. 3l~37.

Yoon, E. S., Singh, R A, Oh, H J, Kong, H, 2005,
"The Effect of Contact Area on Nano/Micro-Scale
Friction," Wear, Vol, 259, pp. l424~1431.

Yoon, E. S., Yang, S. H, Kong, H, Kim, K. H, 2003,
"The Effect of Topography on Water Wetting and
MicrolNanotribological Characteristics of Polymeric
Surfaces," Tribology Letters, Vol, 15, pp. l45~154.

Zou, M, Cai, L., Wang, H, Yang, D., Wyrobek, T.,
2005, "Adhesion and Friction Studies of a Selectively
MicrolNano-Texhrred Surface Produced by UV Assisted
Crystallization of Amorphous Silicon," Tribology Let
ters, 20, pp. 43~52.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


