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This paper reports a simple and versatile technique for generating highly controllable sinusoidal nanostructures on the
surface of poly-(dimethylsiloxane) (PDMS). The sinusoidal features were generated by oxidizing PDMS slabs with
oxygen plasma, then stretching them by wrapping around a cylinderical surface, and finally allowing them to relax. The
wavelength and amplitude could be finely controlled by varying the fabrication conditions such as duration of oxidation,
diameter of the glass cylinder, duration of stretching, thickness of the PDMS slabs, and temperature during the second
hardening process. The varied trends of the buckling patterns were characterized by using an atomic force microscope.
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Introduction

Polymeric soft substrates with periodic nanostructures have
the potential to be important components of many emerging
technologies, including paper-like displays,' electronic eyes,”
conformable skin sensors,” smart surgical gloves,4 and health
monitoring devices,” due to their ease of processing, mechanical
flexibility, and highly controllable physicochemical properties.
It has been reported that thin film contraction under external
mechanical stress can be used to create periodic patterned featur-
es on the surface of thin silica or metal films on elastic substrat-
es.”’ Buckling of stiff thin films on a compliant substrate such
as poly-(dimethylsiloxane) (PDMS) was first observed in the
late 1990s, where the stiff thin films were attached to the unem-
bellished surface of a compliant substrate that was subject to
prestain.lo Relaxation of the pre-strain in the compliant sub-
strate led to the buckling of the stiff thin films, which produced
highly periodic, sinusoidal wave patterns. Although buckling is
considered a mechanical failure on the surface, the pioneering
work by Bowden et al. "% in 1998 demonstrated that this behavior
can be controlled on the sub-micrometer scale to generate in-
teresting structures with well defined geometries and dimen-
sions. These observations have attracted huge interest in this
area and many scientists are currently exploring the basic
scientific aspects''* of this process as well as practical appli-
cations.”"® However, mechanical instability of soft nanostruc-
tures can be an issue when the dimensions of the periodic struc-
tures are reduced to the nanometer scale.'”' Thus, the develop-
ment of methods to selectively produce an intended mode of
the nanostructure is desired, where both structural integrity
and material flexibility are ensured.

The main purpose of this work is to elucidate that there are
direct connections between the dimensions of the buckling wav-
es and the fabrication conditions. We investigate the effects of
different fabrication parameters such as oxidation time, diameter
of cylinder, stretching time, PDMS slab thickness, and stretch-
ing temperature on the dimensions of the thin film buckling.

Experimental Details

Procedure for the buckling of polymer thin films. Flat PDMS
(Sylgard 184; Dow Corning) substrates were prepared by mix-
ing siloxane base resin and crosslinking agent (10:1 weight
ratio), and casted against a polystyrene Petri dish (10 cm in dia-
meter). They were left at low pressure to allow trapped air bub-
bles to escape from the mixture and then cured overnight at 80
°C. The PDMS was cut into 4 cm x 1 cm slabs and exposed to
oxygen plasma (Covance, Femto Science) at 150 W with a flow
rate of 20 sccm to generate a thin, silica-like film on the surface
of the substrate. The plasma-treated PDMS was then wrapped
around a cylindrical surface. The sinusoidal wave patterns were
generated within the brittle layer of the PDMS upon relaxation
of the strain.

Characterization of buckling patterns. The surface topology
of the PDMS substrates after treatment was characterized by
using a tapping-mode atomic force microscope (NanoScope
[Ia, Veeco Metrology, Santa Barbara, CA). The wavelength and
the amplitude of the buckling patterns were determined by tak-
ing an average of the peak-to-peak and peak-to-trough distance,
respectively, of 10 parallel waves.

Results and Discussion

In this study, an experimentally straightforward technique
was developed to generate a highly controlled parallel array of
waves on an elastic substrate. A PDMS slab was first oxidized by
oxygen plasma, wrapped around a glass cylinder, and then un-
wrapped. Due to the difference in the expansion and restoring
force (elastic coefficient) between the oxidized film and the
bulk substrate, continuous wave patterns were generated by re-
lieving the stress generated during expansion. The dimensions
of the waves were reproducibly and uniformly generated when
the experimental conditions affecting the wave characteristics
were quantitatively controlled. The experimental conditions that
could be used to reliably control the dimensions of the sinusoidal
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Figure 1. Schematic illustration of the steps used to precisely control
thin film buckling of the PDMS substrate.

waves were duration of oxidation of the PDMS substrate, dia-
meter of the glass cylinder, duration of stretching, thickness of
the PDMS slab, and temperature during the second hardening
process. Sinusoidal waves with an average wavelength between
300 nm and 800 nm and an amplitude between 10 nm and 70 nm
were reproducibly generated by controlling the fabrication
conditions. We then demonstrated that there were direct connec-
tions between the dimension of waves and the fabrication para-
meters described above.

Figure 1 schematically illustrates the steps used to form par-
allel array of waves on the surface of oxidized PDMS. The pro-
cedure begins with curing the flat PDMS (Sylgard 184), which
was prepared by mixing a 10:1 ratio of pre-polymer and curing
agent, then allowing the PDMS mixture to cure overnight at
80 °C. The hardened PDMS slab, which had a typical dimension
of4cm x 1 em % 0.35 cm, was exposed to oxygen plasma at 150
W to generate a thin, silica-like film on the surface of the sub-
strate. The plasma-treated PDMS was then wrapped around a
cylindrical surface. The sinusoidal wave patterns were generat-
ed within the brittle layer of the PDMS in a direction perpendi-
cular to that of the applied strain upon relaxation of the strain.
We then evaluated the wavelength and amplitude of the surface
topography under a wide range of different fabrication condi-
tions, which were shown to affect the resulting dimensions of
the sinusoidal wave pattern.

The topography of the surface was examined using a tapp-
ing-mode atomic force microscope (AFM). Representative
images of the wave features are shown in Figure 2. Cross-sec-
tional images of the wave features confirmed that they had a
regular periodicity and amplitude. The wave features for all pat-
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Figure 2. Tapping-mode AFM image of a 2D wavy nanostructure on
PDMS. (a) Three-dimensional image within a relatively large area,
30 pm x 30 um, (b) Magnified image of the area indicated by a small
square (10 pm % 10 um) in Fig. (a) with a cross-sectional line profile
showing the 1D wavy characteristics of the surface.

terns were nearly sinusoidal. The wavelength ranged from
300 nm to 800 nm and the amplitude ranged from 10 nm to 70 nm
depending on the experimental conditions. The patterns were
well ordered over distances of ~1 cm.

Figure 3 shows the wave characteristics relative to the fabrica-
tion conditions. Figure 3A demonstrates that the wavelength and
the amplitude of the waves can be controlled by varying the
duration of oxidation. The hardened PDMS slab, which had a
dimension of 4 cm X 1 cm % 0.35 cm, was exposed to an oxygen
plasma (COVANCE, Femto Science) at 150 W with a flow rate
of 20 sccm and and a base pressure of 0.9 Torr, for different
exposure times (2 min, 4 min, 6 min, and 8 min). The plasma-
treated PDMS was then wrapped around a cylindrical surface
that had a diameter of 5 cm for 2 h. The sinusoidal wave pat-
terns were evaluated by AFM after relaxation of the strain. As
shown in Figure 3A, the wavelength and amplitude increased
in proportion to the exposure time to oxygen plasma. It has been
known that the thickness of the silica-like thin film increases
with the duration of plasma treatment.® An increase in the film
thickness reduces the flexibility of the film, and, therefore, in-
creases the periodicity of waves. On the other hand, the built-up
compressive stress at an increased wavelength is relieved in a
direction perpendicular to the plane of surface, which results
in an increase in the amplitude of the waves. However, there is
apractical limit as to how large the amplitude and wavelength
can be increased through increased oxidation. Since oxidized
PDMS is brittle, when the surface is oxidized excessively (>10
min), crack defects become more common.

Figure 3B shows that the diameter of the glass cylinder can
be used as an effective parameter to control the buckling pat-
terns. When the PDMS was wrapped around a cylinder with a
shorter diameter, the difference in the amount of stretching
between the outer and inner layer becomes greater. This results
in a higher misfit of restoring force between the oxidized film
and the bulk substrate upon release from the cylinder. Therefore,
the periodicity of the wave decreases and the amplitude increas-
es to relieve the built-up compressive stress in the oxidized film.

We also evaluated the dependence of the wave characteristics
on stretching time (Figure 3C). As the time over which the
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Figure 3. Dependence of wavelength and amplitude of the wave features on fabrication conditions: (a) duration of oxidation, (b) diameter of the
glass cylinder, (c) duration of stretching, (d) thickness of the PDMS substrate, (¢) second hardening temperature.

PDMS slab was subjected to mechanical stress increased, the
restoring force of the oxidized film gradually decreased. When
released from the cylinder, the bulk PDMS returned approxi-
mately to its original shape; thus, the restoration of the oxidized
film was inversely proportional to the duration of stretching.
As aresult, longer stretching time resulted in a greater amplitude
of the waves. In the fabrication conditions tested in this study,
only a small decrease in wavelength was observed.

The dependence of the wave characteristics on the thickness
of the PDMS substrates was displayed in Figure 3D. As the
thickness of the PDMS substrate increased, the difference in
the amount of stretching between the outer and inner layer be-
came greater while wrapped around the cylindrical surface.
Therefore, the use of thicker substrates induced a higher misfit
strain at the interface between the oxidized film and the bulk
PDMS upon release from the cylinder, which resulted in a de-
crease in the buckling wavelength and an increase in amplitude.

Finally, we evaluated the dependence of the wave characteris-
tics on the stretching temperature (Figure 3E). The plasma-treat-
ed PDMS was wrapped around a cylindrical surface with a dia-
meter of 5 cm and then heated at three different temperatures

(20 °C, 60 °C, and 120 °C) in a convection oven. After 2 h of
heating at each designated temperature, the PDMS slabs were
released from the cylinder and allowed to cool down to room
temperature. There was no change in wavelength observed bet-
ween 20 °C and 60 °C. However, we observed a significant de-
crease in the buckling wavelength when the PDMS was stretch-
ed at 120 °C. We attributed the reduced wavelength to a further
decrease in the restoring force of the oxidized film while heated
at high temperature. No change in amplitude was observed
under these experimental conditions.

Conclusion

We have described a simple and convenient method to fabri-
cate surfaces patterned with a continuous array of sinusoidal
waves. We also demonstrated that there were direct connections
between the dimensions of the buckling waves and the fabrica-
tion conditions. The effects of different parameters such as oxi-
dation time, diameter of cylinder, stretching time, PDMS slab
thickness, and stretching temperature were investigated. The
results presented here might provide useful tools for the inte-
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gration of stretchable electronics and health monitoring devices.
We also believe that the versatility of this technology will be
useful in fundamental studies such as examining the interaction
between cells and artificial materials.
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