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tigation of the benchtop surface
wrinkling process by corona discharge†

Kang Wei, Matthew Stevens Rudy and Yi Zhao*

Periodic micro/nanostructures with the characteristic dimensions at single or two length scales have

manifested their strengths in providing contact cues to regulate cell alignment and motility, creating

diffractive gratings for wavelength selection and pulse compression, and producing tailored surface

wettability and adhesion. The currently used lithographic and surface wrinkling methods often require

substantial use of special fabrication facilities and a cleanroom environment, and are accompanied by

complicated fabrication processes. This paper systematically examines a facile benchtop wrinkling

process to produce periodic micro/nanostructures and hierarchical topographies on elastomeric

substrates in a general wet laboratory. Atmospheric electric discharge generated by a hand-held corona

surface treater produces a rigid thin film atop an elastomeric foundation containing an initial tensile

strain. Periodic sinusoidal wrinkled deformations with tailored wavelengths and amplitudes form

spontaneously upon stress removal. This process is compatible with commercial tensile test machines

and can create elastomeric micro/nanowrinkled structures within minutes. It can also be coupled with

softlithography and/or photolithography to generate hierarchical wrinkled topographies with various

degrees of anisotropy. This work provides a technical basis for versatile manufacturing of periodic and

hierarchical wrinkled topographies at different length scales for various applications.
1. Introduction

Periodically grooved surfaces with characteristic dimensions
at the nanoscale, microscale or multiple length scales have
sparked immense research interests due to their paramount
roles in cell contact guidance,1–3 optical manipulation4,5 and
surface wettability control.6,7 In tissue engineering, aniso-
tropic microgrooves/ridges have demonstrated their strengths
in reorganizing cytoskeletons and therefore orienting
adherent cells,8 manipulating gene expressions of aligned
cells,9 and regulating cell proliferation, migration, and
differentiation.10 Similarly, anisotropic nanogrooves/ridges
inuence cell morphology and motility,11 and regulate focal
adhesion and cell orientation.12,13 Hierarchical surface topog-
raphies with superimposed micro/nanogrooves have been
used to investigate the respective effects of microstructures
and nanostructures as well as their synergic effects on cells.14,15

In optical manipulation, subwavelength sawtooth, sinusoidal
or rectangular grooves (blazed, holographic or laminar grat-
ings) have found applications in laser excitation, analytical
spectroscopy, wave division multiplexing, and other diffractive
imaging systems.16 In surface science, submicrometer or
partment of Biomedical Engineering, The
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hierarchical grooves have displayed anisotropic wetting
behaviours from superhydrophobic to superhydrophillic
ranges, which precipitated the exploration of open-channel
microuidics.17–19 Despite these exciting discoveries, fabrica-
tion efforts for creating such periodic and hierarchical micro/
nanostructures are not trivial. In above studies, micro/
nanostructures are oen created on a rigid substrate by lith-
ographic processes and can be later transferred to so
substrates.20 Particularly, microscale topographies can be
fabricated by photolithography,21 reactive ion etching,22 or
laser interference lithography5 that requires cleanroom envi-
ronment and facilities, or by hot embossing23 that relies on
pre-machined molds. Nanoscale topographies can be created
by direct writing using focused ion beam,24 electron beam,25 or
nanoimprint lithography26 through costly and time-
consuming processes. Notably, fabrication of hierarchical
structures whose characteristic dimensions are at multiple
length scales is even more arduous due to the increased
structural complexity.

Surface wrinkling emerges as a promising method for
producing grooved micro/nanostructures on so substrates.27,28

This method leverages mechanical buckling occurring during
the compression relief of a pre-strained bi-layered substrate that
is comprised of a rigid thin lm adhered to a so elastomeric
foundation.29 It is well established that with a small pre-strain
(3 # 5%), the wavelength (l) of surface wrinkles can be
predicated by energy minimization analysis:30,31
This journal is © The Royal Society of Chemistry 2014

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra10732b&domain=pdf&date_stamp=2014-11-07
http://dx.doi.org/10.1039/C4RA10732B
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA004103


Paper RSC Advances

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 O
H

IO
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

10
/1

1/
20

14
 1

7:
29

:2
7.

 
View Article Online
l ¼ 2ptf

2
4 Ef

�
1� ys

2
�

3Es

�
1� yf 2

�
3
5

1=3

(1)

where t denotes the thickness, E denotes the Young's modulus,
and y denotes the Poisson's ratio; the subscripts s and f refers to
the so elastomeric substrate and the rigid thin lm, respec-
tively. When a large pre-strain (3 $ 5%) is applied, nonlinear
deformation occurs. The wavelength (l0) is modied as:30,31

l0 ¼ l

ð1þ 3Þ
�
1þ 5

32
ð1þ 3Þ

�1=3 (2)

It is seen from eqn (2) that the geometries of wrinkled
topographies can be tuned by changing the thickness of the
rigid thin lm, the stiffness difference between the rigid thin
lm and the underlying elastomeric substrate, and/or the
magnitude of the applied pre-strain.

In surface wrinkling, spontaneous formation of continuous
sinusoidal topographies upon stress removal eliminates the use
of photomasks or pre-machined molds in lithographic
methods. Nonetheless, special fabrication equipment is still
required to produce the stiffness mismatch between the rigid
thin lm and the elastomeric substrate. Such stiffness
mismatch is introduced by either depositing an additional rigid
thin lm on top of a pre-strained elastomeric substrate by spin-
coating, sputtering or electron beam evaporation,32–35 or by
oxidizing the top surface of the elastomeric substrate using
plasma,36,37 ion beams,38 or a UV source.39,40 The use of plasma
or ion beams necessitates an enclosed chamber with a precisely
controlled vacuum pressure and special gas atmosphere.32–38

The pumping and purging sequences inevitably elongate the
fabrication process although the deposition/oxidation process
itself may take only a fairly short period of time.37,41 Moreover,
the chamber for deposition/oxidation is oen housed in a
cleanroom environment due to the stringent requirement of air
and particle control, which increases the fabrication cost and
somewhat affects the accessibility for users. Although UV ozo-
nolysis eliminates the need of cleanroom access and vacuum
supply, the surface oxidation is rather slow, i.e. about 10 to 60
min exposure of UV to create wrinkles with the wavelengths
from few to hundreds of mm.40 In addition, most commercial
tensile machines cannot be accommodated within the
deposition/oxidation chamber due to their bulky sizes and
possible malfunctions by high energy sources. Custom-built
stretching apparatuses are used to stretch the elastomeric
substrates and hold them at a designated pre-strain, which are
later transferred into the deposition/oxidation chamber. These
custom-built apparatuses oen lack precise control of the pre-
strain and the un-loading rate, and may cause inconsistent
surface topographies and unexpected surface defects.42

Recently, a few studies reported a promising technology
using corona-discharge as an auxiliary means to create and
expand an elastic crust on the surface of UV-cured polymer,
facilitate microwrinkle-to-fold transition, and form isotropic
hierarchical folds.43,44 The potential of using solely
This journal is © The Royal Society of Chemistry 2014
coronadischarge to engineer anisotropic surface topographies
of different length scales, however, draws limited attention
given decient quantitative studies on coronadischarge
induced surface wrinkling. In an effort to encourage its wide-
spread use, we systematically investigate the capability of
coronadischarge for creating both periodic and hierarchical
wrinkled structures with controlled dimensions. The process
can be carried out within a general wet laboratory environment
and is compatible with commercial tensile test equipment.
Sinusoidal wrinkled topographies with the wavelength ranging
from about 500 nm to 3000 nm were created on the polydi-
methylsiloxane (PDMS) surface within minutes. Hierarchical
wrinkled topographies with parallel or orthogonal alignment
patterns were also created by coupling this method with soli-
thography and/or photolithography. This study paves the way
for wide-spread adoption of coronadischarge based benchtop
surface wrinkling given its little reliance on expensive
deposition/oxidation equipment and/or cleanroom environ-
ment, user-friendliness, and versatility tomanufacture wrinkled
topographies of different length scales.
2. Experimental
2.1. Elastomeric membrane preparation

PDMS (Sylgard 184, Dow Corning, MI) was prepared by mixing
the base prepolymer and the curing agent at a weight ratio of
10 : 1. The prepolymer was degassed in vacuum for 30 min,
poured into a Petri-dish, and allowed to spread into a layer with
a thickness of 2 mm. Aer cross-linking the mixture was baked
on a hotplate at 65 �C for 2 h. The PDMS substrate was cut into
rectangular elastomeric membranes with 55 mm in length and
10 mm in width. The membranes were cleansed by 70% ethanol
before use.
2.2. Corona discharge induced surface wrinkling

The benchtop surface wrinkling process is depicted in Fig. 1a.
Briey, the rectangular PDMS membrane was mounted on a
commercial tensile test apparatus (100Q250-6, Testresources,
Shakopee, MN) and stretched lengthwise at a loading rate of 100
mm s�1. While the PDMS membrane was held at a given pre-
strain, it was approached to the discharge tip of a hand-held
high frequency corona surface treater (BD-20AC, Electro-
technic Products, Chicago, IL) and was kept at a tip-to-surface
distance of 5 mm. As shown in Fig. 1b, the discharge tip was
connected to the output A of the corona tester, while the output
B was grounded. The power transformer T1 set up a high voltage
which caused a spark gap to break down at the rate twice of the
line frequency (100–120 Hz). The spark gap charged the
capacitors C1 and C2 that were connected to the primary
windings of the resonator coil T2 with an air core. Because of
the inductance of primary windings of T2 and capacitors, an
oscillating current with high frequency was set up in the circuit.
The spark gap was adjusted to reach the resonant frequency of
the circuit about 3.8 MHz. High voltage was thus induced in the
secondary windings of T2, causing the corona discharge at the
output A (Fig. 1c and d). In this study, the operational power of
RSC Adv., 2014, 4, 59122–59129 | 59123
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Fig. 1 Benchtop wrinkling process: (a) schematic representation of
corona discharge induced surface wrinkling; (b) the electrical diagram
for corona discharge generation; (c) the experimental setup (the
discharge is connected to output A in (b)); (d) magnified view of the
highlighted regions in (c), showing bluish glow due to partial electrical
breakdown of the air near the discharge tip.

Fig. 2 Fabrication processes for creating bi-layered wrinkled topog-
raphies: (a) the process of creating bi-layered wrinkled topography by
overlaying a layer of additional wrinkles on an existing layer of repli-
cated wrinkles; and (b) the process of creating continuous wrinkles on
microfabricated wavy structures.
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the corona surface treater was measured by a power monitor
(P4460 Kill AWatt® EZ, P3 International, NY) and was kept as 27
W throughout all experiments.

Aer certain discharge time, the substrate was released to
the original length at an un-loading rate of 100 mm s�1. The
entire process was carried out at room temperature. In order to
determine the dependence of the wrinkle wavelength on the key
operational parameters in the benchtop wrinkling process, a
parametric study was performed by varying the pre-strain from
5% to 40% and the discharged time from 0.5 min to 8 min.
2.3. Creating bi-layered wrinkled topographies

Hierarchical wrinkled topographies were created by combining
benchtop surface wrinkling with so lithography (Fig. 2a). The
as-wrinkled PDMS substrate that underwent the prestrain of
20% and the discharge time of 4 min was soaked in 0.5%
(hydroxypropyl)methyl cellulose (Sigma-Aldrich, MO) for 10
min, rinsed with de-ionized water, and air-dried. Degassed
PDMS prepolymer was poured on top of the as-wrinkled PDMS
membrane, allowed to spread into a layer with the thickness of 2
mm, and cured on a hot plate at 65 �C for 2 h. The replicated
substrate with the surface topographies complementary to
those on the master PDMS substrate was then peeled off.
Aerwards, the replica substrate was stretched at 0� or 45� to the
longitudinal axis of the existing wrinkles and was subject to the
benchtop wrinkling process with the pre-strain of 20% and the
discharge time of 1 min.
2.4. Creating wrinkled topographies on microfabricated
structures

Hierarchical surface topographies were also created by
combining the benchtop wrinkling process with lithographic
59124 | RSC Adv., 2014, 4, 59122–59129
approaches (Fig. 2b). To demonstrate this, nanowrinkles were
superimposed on microfabricated structures with a wavy
surface. A silicon wafer was vapor primed with Hexamethyldi-
silazane (HMDS) and spin-coated with AZ9260 photoresist (AZ
Electronic Materials, NJ) at 2400 rpm for 60 s. The wafer was
so-baked at 110 �C for 80 s, exposed to 365 nm UV at 20 mW
cm�2 for 75 s, and developed in AZ 400K (Microchem Corpo-
ration, MA) for 3 min. The wafer was then placed on a hotplate
at 110 �C for 120 s to allow the AZ resist to reow, forming an
array of microstructures with continuous thickness change. The
wavy pattern was then transferred to a PDMS substrate by
replica molding twice. Aerwards, the PDMS substrate was
stretched uni-axially at a degree of 0� or 90� to the longitudinal
direction of the wavy microstructures and was subject to the
benchtop wrinkling process with the pre-strain of 40% and the
discharge time of 30 s.
2.5. Characterization of surface topographies

Atomic force microscopy (Bruker Nanoscope III Multimode
SPM, Bruker Biosciences Corporation, MA) was used to examine
the surface proles of the wrinkled structures on various
substrates. The wavelength of the wrinkles in each sample was
determined by optical microscopy (Nikon Eclipse LV 100, 100�
objective) at eight different locations in the center regions of the
discharge area (100 � 100 mm2). Scanning electron microscopy
(SEM, Hitachi S-3000H, UK) was used to examine the wavy
PDMS microstructures replicated from the reowed AZ
photoresist.
3. Results and discussion
3.1. Wrinkle geometries changes with the operational
parameters

During the benchtop wrinkling process, the high electric eld in
the gap between the tip electrode and the substrate caused
partial electric breakdown that ionized the air surrounding the
This journal is © The Royal Society of Chemistry 2014
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Paper RSC Advances

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 O
H

IO
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

10
/1

1/
20

14
 1

7:
29

:2
7.

 
View Article Online
electrode and created a plasma zone containing reactive oxygen
species. It converted the Si–CH3 bonds at the outermost surface
of the PDMS into polar functional groups (mainly, Si–OH),
leaving a strain-free silica-like skin atop the prestrained
substrate. Upon unloading, the substrate contracted back to its
strain-free conguration at the expense of surface undulations
to minimize the total elastic energy. Results showed that the
surface exhibited anisotropic wavy patterns where the longitu-
dinal axis of the sinusoidal groove formed only perpendicular to
the direction of the applied pre-strain. Such topographical
anisotropy was also evidenced by distinct water contact angles
measured parallel and orthogonal to the direction of the wrin-
kles (Table S1 and Fig. S1†). With the applied operational
parameters (pre-strain of 5% to 40% and discharge time of 0.5
min to 8 min), the wrinkle wavelength ranged from about 500
nm to 3000 nm (Fig. 3a). As expected, at a given pre-strain, the
wrinkle wavelength increased with the discharge time; while
with a given discharge time, the wrinkle wavelength decreased
with the increase of the pre-strain. Consequently, a short
discharge time with a large magnitude of pre-strain generally
led to a small wrinkle wavelength. For instance, wrinkled
structures with the average wavelength of about 574 nm were
Fig. 3 Characterization of single-layered wrinkles: (a) parametric
studies of wrinkle geometries with the pre-strain and the discharge
time at the tip-surface distance of 5 mm; and (b) the resulting nano-
scale (pre-strain: 40%; discharge time: 0.5 min) and microscale (pre-
strain: 5%; discharge time: 8 min) wrinkled structures.

This journal is © The Royal Society of Chemistry 2014
obtained with the pre-strain of 40% and the discharge time of
0.5 min; the wavelength increased to 2.5 mmwhen the pre-strain
decreased to 5% and the discharge time increased to 8 min
(Fig. 3b). The amplitude-to-wavelength ratios of these two
wrinkled structures were similar: 0.10 for the nanowrinkles
whose average amplitude was about 62 nm; and 0.12 for the
microwrinkles whose average amplitude was about 295 nm. The
amplitude-to-wavelength ratios of samples obtained under
other operational parameters were also around 0.10. This
indicated that although the thickness of the discharge-induced
oxide layer changed the wavelength and the amplitude, the
changes were proportional. Such observation agrees well with
previous ndings in plasma oxidation methods.45,46

3.2. Bi-layered wrinkled topographies

Benchtop wrinkling process can successfully produce an addi-
tional layer of wrinkled structures on the PDMS replica of an
existing wrinkle template.40 When the replicated wrinkles and
the additional wrinkles intersect at 90�, the bi-layered super-
imposed wrinkled topography can be estimated by:

zaþr ¼ Ar sin

�
2p

lr
x

	
þ Aa sin

�
2p

la
y

	
(3)

where z, A and l are the height, the amplitude and the wave-
length of the wrinkles; the subscripts r and a denote the repli-
cated and the additional wrinkles, respectively; and the
subscript a + r denote the superimposed wrinkled structures.
Based on the experimental results in single-layered wrinkles,
the amplitude-to-wavelength ratio was set as a constant value of
0.10 for both the replicated wrinkles and the additional wrin-
kles. The proles of the superimposed wrinkled structures can
be obtained analytically (Fig. 4). It is seen that the additional
wrinkles cut the wrinkle replica into an alternated array of
protrusions and depressions. The protrusions occurred where
the crests of the replicated wrinkles and of the additional
Fig. 4 Dimensionless analytical estimation of superimposed bi-
layered wrinkled topographies at different wavelength ratios (lr/la). lr:
dimensionless wavelength of the replicated wrinkles; la: dimensionless
wavelength of the additional wrinkles. la ¼ 0.5, 0.75, 1.5 and 3; lr ¼ 3.

RSC Adv., 2014, 4, 59122–59129 | 59125
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wrinkles met. Likewise, the depressions occurred where the
troughs of the replicated wrinkles and of the additional wrin-
kles met. The projection areas of the protrusions (or the crests)
were diamond-shaped, whose length-to-width ratio increased
with the wavelength ratio between the replicated and the
additional wrinkles (lr/la). A representative pattern of the
alternative protrusions/depressions were shown by super-
imposing the additional wrinkles with the wavelength of 730
nm on top of the replicated wrinkles with the wavelength of 1.6
mm (lr/la z 2.2 : 1 at 90�) (Fig. 5a). As the wavelength ratio
increased, the additional wrinkles embossed slightly on top of
the replicated wrinkles. This can be seen from the bi-layered
wrinkled structures with the wavelength ratio lr/la z 4.5,
where the additional (pre-strain: 40%; discharge time: 0.5 min)
and replicated wrinkles (pre-strain: 40%; discharge time: 8 min)
had respective wavelengths of 510 nm and 2.3 mm (Fig. 5b). The
bi-layered wrinkled topographies also varied with the intersec-
tion angle. For instance, when the additional wrinkles with the
wavelength of 1.6 mm (pre-strain: 20%; discharge time: 4 min)
superimposed on top of the replicated wrinkles with the wave-
length of 1.8 mm (prestrain: 20%; discharge time: 4 min) at 45�,
isolated islands were observed (Fig. 5c).
3.3. Wrinkles on microfabricated wavy structures

Although microstructures with rectangular cross sections are
commonly used for demonstrating combined micro/nano-
structures,15,47,48 patterning of continuous nanowrinkled struc-
tures on existing microstructures is still challenging.49,50 This is
due to the fact that there is a vast difference of strain magnitude
between the top surface of the microstructures and the base
Fig. 5 AFMmicrographs of bi-layered wrinkled topographies: (a) lr : la
z 2.2 : 1 at 90� intersection angle; (b) lr : la z 4.5 : 1 at 90� inter-
section angle; and (c) lr : la z 1.1 : 1 at 45� intersection angle.

59126 | RSC Adv., 2014, 4, 59122–59129
substrate. Due to the sharp thickness change, the elastic energy
upon pre-straining is mainly stored in the base substrate and at
the root area of the microstructures, leading to very small
magnitude of strain on the top surface. In this study, a PDMS
substrate with an array of wavy microstructures (height: 8 mm;
width: 28 mm; pitch: 50 mm) was chosen as the elastic substrate
for wrinkle generation (Fig. 6). The wavy geometries ensured
that a continuous strain prole upon pre-straining and there-
fore a continuous wrinkled pattern on the sloped top surface.
The results showed that continuous wrinkles occurred in the
entire area exposed to the corona discharge, both on the wavy
microstructures and on the base substrate. In the samples
where the wrinkles were parallel to the wavy microstructures
(Fig. 7a and b), the wrinkle wavelength on the wavy micro-
structures was slightly greater than that on the base substrate.
As seen in the gure, there were 13 wrinkles on both the base
substrate and the wavy structure. Since the wavy structure had a
longer tracing length due to the curved shape, its average
wrinkle wavelength was greater. This wavelength difference
indicated that the top surface of the wavy structure may expe-
rience a slightly lower magnitude of pre-strain than that of the
base substrate due to the thickness difference. In the samples
where the wrinkles were perpendicular to the wavy micro-
structures (Fig. 7c and d), no substantial wavelength difference
was observed between the top surface of the wavy structures and
the base substrate, as evidenced by the line-scanning
measurements. This was attributed to the uniform strain eld
in the entire top surface of the sample upon uni-axial stretching
along the longitudinal axis of the wavy structures.
3.4. Wrinkled area and the wavelength uniformity

Different from previous surface wrinkling technologies where
the entire top surface was stiffened by placing the samples in an
ionized environment, or covered by an additional layer, the
corona discharge induced oxidation is a local effect. In partic-
ular, the corona discharge ionizes air and produces reactive
oxygen species only in the vicinity zone surrounding the dis-
charging tip. In this study, the distance between the discharging
tip and the PDMS surface was determined as 5 mm through a
trial-and-error experiment. Larger distances substantially
increased the time needed for wrinkle formation; while smaller
distances led to surface cracking and damage.

The results showed that wrinkles were observed only in a
circular region that directly faced the discharging tip. No
Fig. 6 SEM micrograph of the PDMS substrate with wavy micro-
structures. The inset gives a magnified view.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Geometric characterization of wrinkles on the wavy micro-
structures. In (a) & (b) nanowrinkles were parallel to the wavy micro-
structures; and in (c) & (d) nanowrinkles were orthogonal to the wavy
microstructures. (a) & (c) showed the wrinkles on the base substrate,
while (b) & (d) show the wrinkles on the slope surfaces of the wavy
microstructures. The right column shows line-scanning data corre-
sponding to the AFM micrographs on the left.

Fig. 8 Characterization of the wrinkled area and wavelength unifor-
mity: (a) the area of regionwith discernible wrinkled structures with the
discharge time of 0.5, 1, 2, 4 and 8 min. The pre-strain is 40% and the
tip-surface distance is 5 mm; and (b) the wrinkle wavelength change
within the wrinkled area. The pre-strain is 40% and the discharge time
is 8 min.
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wrinkled structures were discernible beyond the region. With
the xed tip-surface distance of 5 mm, the average area of the
region exhibiting discernible wrinkled structures was depen-
dent on the discharging time. With 40% pre-strain, the average
area ranged from 4.9 mm2 at 0.5 min to 113 mm2 at 8 min
(Fig. 8a).

Within the wrinkled region, the wrinkle geometries varied by
location. The wrinkle wavelength reached the maximal at the
center and gradually reduced as the distance from the center
increased. Fig. 8b showed the lengthwise wavelength distribu-
tion on a sample with the pre-strain of 40% and the discharge
time of 8 min. The wavelength decreased from about 2.59 mm in
the discharge center to about 1.1 mm at the distance of 4.25 mm
from the center.

The gradient wrinkle wavelength was due to the spatial
distribution of reactive oxygen species. Since a point elec-
trode was used to produce corona discharge, the electric eld
weakened as the distance from the electrode increased,
which caused a heterogeneous distribution of reactive
species with the highest concentration in the very vicinity of
the electrode and the lowest concentration in the outer
edge of the corona.51,52 Such heterogeneous concentration
caused thickness variation of the silica thin lm, i.e. the
silica layer at in the center of the discharged region was the
thickest and became thinner in the peripheral areas.
According to eqn (2), a gradient wrinkle wavelength was
expected.

For the samples with the average wrinkle wavelength of
2.59 mm in the discharged center, the wavelength gradient
This journal is © The Royal Society of Chemistry 2014
was measured as 0.39 mm mm�1. This gradient is acceptable
for applications where the area of interest is fairly small. As
an example, for a circular area in the discharged center with
500 mm in diameter, the wavelength change is 0.0975 mm (or
3.76%). For applications where wrinkles with more uniform
wavelength are needed in a relatively large area, several
possible routes can be performed to improve the wavelength
uniformity. First, an array of point electrodes, a wire elec-
trode or a planar electrode can be used to generate a relatively
uniform electrical eld and thus homogenous concentration
of reactive species within the area of interest. It is noted that
the planar electrodes with small curvatures generally require
a higher electrical eld to induce the discharge. The tip-
surface distance needs adjustment accordingly. Alterna-
tively, the tip electrode can be mounted on a motorized stage
and sweep over the area of interest back and forth while
keeping a constant tip-surface distance. The wavelength
uniformity can also be enhanced by placing a dielectric mask
on top of the sample, which exposes the central area and
shields the peripheral area, similar as in other surface
wrinkling studies.53–56 The strategy for enhancing the wave-
length uniformity in a larger area is a focus of our future
research.
RSC Adv., 2014, 4, 59122–59129 | 59127
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4. Conclusions

A benchtop wrinkling process using corona discharge is
systematically examined. Single-layered wrinkled topographies
with the wavelength from a couple of hundred nm to several
microns were created by discharge induced surface oxidation of
pre-strained PDMS substrates. The process can be accom-
plished in minutes in a general wet laboratory without the need
of clean room environment or facilities for deposition or surface
coating. Pre-straining can be applied and held by commonly
used tensile test apparatus while the surface of interest is
subject to discharge. The process can be combined with soli-
thographic and/or photolithographic processes for creating bi-
layered wrinkled structures or continuous wrinkled topogra-
phies on microfabricated wavy structures. The changes of
geometries of the wrinkled structures with the operational
parameters and the pre-strain orientations were elaborated. It is
recognized that the benchtop surface wrinkling process is
limited by the small effective wrinkled area and the poor
wavelength uniformity, although it can be improved by
changing the electrode geometries, using motorized electrodes,
or with the help of a shielding mask.
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