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Abstract

Roller imprinting is one of the most effective methods to fabricate polymeric plate components with nanostructures on the
surface. In this study, a gas-bag roller is employed to increase the contact area and ensure conformity of contact between
the roller mold and the substrate. The gas-bag roller has a seamless polydimethylsiloxane (PDMS) roller mold with a nano-
pillar array. Most of the replicated patterns are not continuous because of roller mold with seams, therefore, the seamless
roller mold was produced by PDMS and used to imprint the patterns in this research. Micro/nano-structures were fabricated
by casting into the micro/nano-pores of the anodic aluminum oxide (AAQO) roller. The micro/nano-pores in the AAO roller
are made by a two-step anodization process from a circular aluminum tube of 99.9% purity. An UV-based imprinting
facility integrating a gas-bag roller and PDMS roller mold were designed and implemented to replicate nanostructures on
the surface of the polycarbonate (PC) continuously. The antireflection and the hydrophobic effects of the fabricated PC film
were verified. The reflection drops from 14.7% in the bare PC film to 2% in the PC film, and the contact angle increases

from 77.5° in the bare PC film to 124.1° in the PC film with nanostructures.

1 Introduction

Nanostructured thin films have been widely used in
applications such as bio-sensing (Bantz et al. 2011), self-
cleaning (Chuang et al. 2013) and anti-reflective compo-
nents (Paivanranta et al. 2008). Most commercial nanos-
tructures have been fabricated on the surface of polymeric
films or plates by injection molding (Matschuk and Larsen
2013) or hot embossing (Wen et al. 2011) from an elec-
troplated mold. Injection molding has difficulty manufac-
turing surface-structured large thin plates, due to the large
flow resistance and induced residual stress. On the other
hand, hot embossing replication has problems such as non-
uniform pressure, long heating and cooling cycle times. To
reduce the embossing pressure and heating/cooling time,
UV resin imprinting technology was developed (Park et al.
2009; Ahn et al. 2006, 2007; Lee et al. 2006; Ahn and Guo
2009; Wu and Yang 2010). For fabricating nanostructures
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on polymeric substrates (plates or films), the nano-im-
printing process has drawn great attention (Tan et al. 1998;
Maikeld 2008).

In recent years, there has been an increasing interest in
the study of superhydrophobic surfaces, due to their
potential applications in, for example, self-cleaning,
nanofluidics, and electrowetting (Fei et al. 2008; Guldin
et al. 2013; Nanayakkara et al. 2010). The possibility of
making high-contact-angle, rough surfaces from low-con-
tact-angle materials has recently been suggested and
demonstrated. How to fabricate a high-contact-angle
structure with an efficiency method become a trend and
challenge. Generally, The Gibbs energy of a drop on a
rough surface depends on two independent variables: the
extent of penetration into the roughness valleys and the
geometric apparent contact angle of the drop. These two
variables must be considered simultaneously when deter-
mining the minimum in the Gibbs energy, that is, the
equilibrium state (Marmur 2008). Therefore, the geometry
and roughness of the surface could change the hydropho-
bicity critically.

Continuous roller imprinting is developed especially for
mass production for replicating surface micro/nano struc-
tures at rapid speed and low-cost. There are two aspects of
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challenges: the roller mold and the contact between the
roller mold and substrate. Roll to roll imprinting is mostly
used for the surface patterning of large, thin sheets, i.e.
ceaseless products, which are often also produced by
continuous processes such as extrusion and drawing, e.g. of
foils and fibers. The roller mold is usually prepared by
wrapping the electroplated nickel sheet on the roller (Gale
1997). However, there’s a disadvantage of the roll to roll
imprinting process, which is the mold wrapped on the roller
may have seams. The stability of the mold and the exis-
tence of the seam are of constant concern. Most roller
molds may have this problem due to the process of making
the master mold occurs by plate to plate imprinting first,
then wrapping it on the roller. This process will make
seams which allow some pattern imprinting failure during
the roll to roll imprinting (Unno and Taniguchi 2011;
Dumond et al. 2012). Further, the contact between the
roller and the substrate is nearly a line, with only a little
contact area and brief time for replication and UV expo-
sure; this prevents increasing the speed of imprinting (Park
et al. 2009). A belt type mold was proposed to increase the
contact area which can effectively enhance the speed of the
roller, but the imprinting pressure is not uniform because
the contact relies only on the belt tension between two
rollers and the normal stress under two rollers (Ahn and
Guo 2009). The PDMS belt mold with micro dots was
wrapped into a gas-bag roller in UV imprinting (Wu and
Yang 2010) to improve the contact and enhance the
imprinting pressure uniformity. However, the stability and
the endurance of the belt PDMS mold are suspected.

Anodic aluminum oxide (AAQ) is used to cast a PDMS
soft mold. AAO is a low cost mold, which is easy to pro-
duce. It is produced by the anodization of aluminum, which
is an electro-chemical process that changes the surface
chemistry of the metal, via oxidation, to produce an anodic
oxide layer. During this process a self-organized, highly
ordered array of cylindrical shaped pores can be produced
with controllable pore diameters, periodicity and density
distribution (Poinern et al. 2011). When high purity alu-
minum is anodized in an acidic electrolyte, a porous alu-
mina membrane with uniformly parallel pores and straight
walls is formed (Hwang et al. 2002). This enables the AAO
membranes to be used as templates in various nanotech-
nology applications without the need for expensive litho-
graphical techniques.

In this study, an effective, fast, and low-cost method to
fabricate a seamless circular PDMS mold with nanostruc-
tures is proposed and developed. The PDMS soft mold is
cast from the AAO roller template. In addition, a gas-bag
roller-assisted UV imprinting facility is designed and
implemented, to facilitate the circular seamless PDMS
mold for replicating nanostructures continuously without
defects on the surface of the PC film. The gas-bag roller
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can increase the contact area and ensure the conformity of
contact between the mold and the substrate. Nanostructures
are successfully fabricated on PC film, which shows anti-
reflection and hydrophobic effects.

2 Experiment setup
2.1 Fabrication of circular AAO master mold

An aluminum pipe with purity of 99.9% (Ultimate Mate-
rials Technology Co., Ping Tung, Taiwan) is used as the
substrate for anodization. The outer and inner diameters are
66 mm and 60 mm respectively, and the length is 50 mm.
To ensure only the inner wall of the pipe is immersed in the
electrolyte, the outer surface of the pipe was isolated with
the water-proof tape. The aluminum pipe is used as the
anode, while a carbon tube is used as the cathode. The
electrolyte is 0.1 M phosphoric acid solution in the first
anodization. The anodization voltage is 180 V and the
process time is 5 h. Following the first anodization, the
anodic alumina layer on the substrate is removed using
1.22 M phosphoric acid at 32 °C. The second anodization
is then carried out with the same parameters as in the first
anodization. The process time is 3 h. Finally, the aluminum
pipe is placed in 1.22 M phosphoric acid to widen the pores
for 15 min. The SEM micro-photos at four different loca-
tions, as shown in Fig. 1, demonstrate their angle
independency.

The pore formation, interaction between Al film and
electrolyte result in the development of penetration paths
from the external Al film surface. Since mobile AI** ions
are lost to the electrolyte without forming solid metal, and
there are no mechanisms to compensate for the internal
penetration path, the porous anodic film is formed.

According to some previous papers (Poinern et al. 2011;
Thompson 1997), various purities cause different unifor-
mity of pores. The use of high purity Al foil allows the
formation of periodical pores at a large-scale. In this work,
the Al tube with a purity of 99.9% is employed, which can
create structure on its surface. The purity of Al material is
99.9% with other elements, such as Si, Cu, Mg and Zn
elements. These elements will self-organize micro/nano
patterns and structure on the Al’s surface during the pro-
cess of making AAO.

2.2 Fabrication of seamless PDMS circular mold
with micro/nano-structures

PDMS (Sylgare 184, Dow Corning, Midland, MI, USA)
casting is employed to fabricate the micro/nano structures
directly from the circular AAO master mold. There are two
steps in this process, as shown in Fig. 2.
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Fig. 1 a Four locations on aluminum tube and SEM images of the
micro/nano-pores circular AAO mold in four consecutive locations
90° apart. b 0°, ¢ 90°, d 180°, e 270°; SEM images of the micro/nano-
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Fig. 2 Schematic drawings showing the steps of casting the manu-
facturing of the seamless nano-structured circular PDMS mold from
the inner wall of an AAO tube. a AAO master mold. b The first step
of casting (using less-viscous PDMS). ¢ The second step of casting.
d Circular PDMS mold

The first step is to fabricate the AAO micro/nano-
structures by filling the nano-poles with a less-viscous
PDMS solution, which is prepared by mixing the 5.4 M
toluene into the PDMS solution (weight ratio of the base
agent and the curing agent 10:1). Heating is then applied to
evaporate the toluene and cure the PDMS. This process is
repeated until the inner surface of the aluminum pipe is
covered with PDMS. The next step is the casting of a
normal PDMS solution until a final thickness of 3 mm is
reached. The circular PDMS ring is cured at room

(h)

pores circular PDMS mold in four consecutive locations 90° apart.
f 0° g 90°, h 180°, i 270°

temperature for 24 h. A circular PDMS ring (60 mm OD
and 54 mm ID) with nano-pillar arrays can be obtained. It
will be supported by a gas-bag roller, as explained in the
following section.

2.3 Gas-bag roller-assisted UV imprinting facility

A gas-bag roller-assisted UV imprinting facility is designed
and constructed for the experiments involving fabrication
nanostructures onto polymeric substrates. As shown in
Fig. 3, the facility consists of a gas-bag roller, two pneu-
matic cylinders, a moving platform and a UV lamp. The
gas-bag roller is prepared by wrapping and sealing a silicon
tube around an aluminum dumbbell-shaped roller, as
shown in Fig. 4. The gas-roller is inflated to a specific gas

Pneumatic Cylinder

Gasbag roller

Moving platform UV lamp

Fig. 3 Photograph showing the gas-bag roller-assisted UV-based
imprinting facility
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Fig. 4 Engineering drawing
showing the components of the
gas-bag roller
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pressure, which is supplied by an air compressor and reg-
ulated by a pressure valve. The gas-bag roller expands and
sustains the circular PDMS mold with the AAO nanos-
tructures. The gas-bag roller can exert pressure over a
certain contact area, not a line. The two pneumatic cylin-
ders apply external pressure on the shaft of the gas-bag
roller. The moving platform is driven by a lead screw and a
motor. The operating procedure is shown in Fig. 5. The
power of the UV lamp (UV-A365, Philips, Amsterdam,
The Netherlands) is 400 W/cm?”. The wavelength range of
the UV light is 365—410 nm. The experimental process is
shown in Fig. 6.

Gasbag \

' . Glass substrate
PC film UV resin
y y

t T
\O/ *— UV light source

Moving platform

(a

Roller rotating

direction (

Platform moving direction

Fig. 5 Schematic showing the gas-bag UV curing process a preparation,
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3 Results and discussion

3.1 Comparison of the contact area and pressure
uniformity using the gas-bag roller and rigid
roller

Pressure sensitive films (PSF, 4LW, Fuji, Japan) are
employed to measure the contact lengths in systems using
the gas-bag roller and rigid roller. At a static condition,
under specific pressure applied on the two ends of the roller
shaft, as shown in Fig. 5, the red spots on the imprinted
PSFs show the contact lengths with the gas-bag roller and
rigid roller. Under the same outer gas pressure (0.5 kgf/

Press
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Fig. 6 Measurement of the static contact area with the aid of pressure
sensitive film using a gas-bag roller and b rigid roller

cm?), the contact length is 15 mm with the gas-bag roller,
as shown in Fig. 7. With the gas-bag roller, the contact
length increases with the outer pressure; the contact length

" W »

& & & <

% & > oo

% e .9

0.8 " B® ‘( f =
Gh" B " b E

O
12 13 14 9 10 14

(@) (b)

Fig. 7 The measured static contact areas in systems using a gas-bag
roller and b rigid roller

is not affected by the applied pressure with the rigid roller.
A longer contact length implies more time for the UV resin
(UV3215-B, Chem-Mat Technologies Co., CA, USA) to
fill the cavities.

The pressure uniformity in systems using the two dif-
ferent rollers is compared as well. Under the same outer
gas pressure (0.5 kgf/cm?), with the platform moving at the
same speed, as shown in Fig. 8, the red spots are more
uniform with the gas-bag roller than with rigid roller. This
proves the gas-bag roller provides stable and uniform
imprinting pressure.

3.2 Effect of imprinting conditions
on the fabrication of micro/nanostructures
using gas-bag rollers

The two main parameters in gas-bag rolling imprinting are
the inner gas pressure and outer gas pressure. The inner gas
pressure determines the elasticity of the roller, while the
outer gas pressure determines the applied force on the two
ends of the roller shaft. The proper range for the inner gas
pressure is found to be 0.7-1.1 kgf/cm? and the outer gas
pressure is 0.3-0.6 kgf/cm”. The operational window for
fabrication of the nanostructure is shown in Fig. 9. If the
inner gas pressure is too small, the gas-bag roller will not
be able to sustain the PDMS mold, resulting in sliding
between the mold and the gas-bag roller. If the inner gas
pressure is too high, not only the roller becomes rigid, but
also the circular PDMS mold will be distorted, and even
broken. When the outer gas pressure is lower than 0.3 kgf/
crnz, only the microstructures, but not the nano-pores, are
replicated. Since the pressure is too low to force the filling
of the nano-sized cavity, when the outer pressure is higher
than 0.6 kgf/cm?, the friction prevents the platform from
moving smoothly. Besides, a high pressure may deform or
even distort the PDMS mold.

With the inner gas pressure of 0.8 kgf/cm?, outer gas
pressure of 0.5 kgf/cm?, and platform moving speed of
0.145 mm/s, micro/nano structures are fabricated on the
PC film (Lexan8010, GE, CT, USA) with a thickness of
178 um and dimensions of 35 mm width and 230 mm
length. Figure 10 shows the nano-structure can be com-
pletely fabricated on the PC film. This proves using
seamless PDMS mold sustained with the gas-bag roller,
AAO nanostructures can be fabricated on polymeric films.

3.3 The anti-reflective and hydrophobic
properties of the fabricated PC film
with micro/nano structures

The reflectance of a PC film coated with UV resin and a PC

film with micro/nano-structures are measured at a wave-
length between 300-800 nm. As shown in Fig. 11, the
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Fig. 9 The operational window of the gas-bag roller-assisted UV-
based PDMS roller imprinting for successful fabrication of AAO
micro/nano-structures

reflectance of the PC film coated with UV resin is in the
range of 6-26%, averaging 17.74%. The average reflec-
tance of the PC film is 2.03% with micro/nano-structures
fabricated with an inner gas pressure of 0.8 kgf/cm? and
outer gas pressure of 0.5 kgf/cm”. Figure 12 shows the
anti-reflection film under the fluorescent light. Under the
same circumstances, the bare PC film has strong reflection.
On the contrary, the PC film with an AAO nanostructure is
almost free of reflection and is highly transparent.

The hydrophobicity of the PC film with micro/nano-
structures is shown in Fig. 13. The contact angle of the
bare PC film is 77.5°. With micro/nano-structures, the
contact angle increases. The contact angles measured in the
PC films with micro/nano-structures are fabricated with the
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Fig. 10 AAO micro/nano-structures on the fabricated PC film

same inner gas pressure of 0.8 kgf/cm?, but with different
outer gas pressures. Since the high outer pressure provides
high imprinting pressure, which drives the UV resin deeper
into the nano pores, the hydrophobicity improves as the
outer pressure increases. A contact angle as high as 124.5°
is reached.

4 Conclusion

In this study, an UV rolling fabrication system of poly-
meric film with micro/nano-structures using gas-bag-sus-
tained seamless PDMS mold is reported. The seamless
PDMS roller mold is cast from the inner wall of an AAO
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Fig. 12 Anti-reflection effects as viewed under fluorescent light (left:
through a PC film with fabricated AAO micro/nano-structures; right:
through a bare PC film)
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Fig. 13 The contact angles on PC films with AAO micro/nano-
structures fabricated with different outer gas pressures

tube with a two-step anodization process. Further, the
PDMS roller mold without seams made the imprinted
pattern more successful with no defects on it. The system
shows significant improvement in enlarged contact length
and uniform pressure between the mold and the substrate,
as verified with pressure sensitive film. Successful fabri-
cations of AAO micro/nano-structures on polycarbonate
films were achieved. The substantial enhancements in anti-
refraction and hydrophobicity in such films have been
evaluated. These results show the great potential of the gas-
bag roller-sustained seamless PDMS roller mold UV-based
rolling imprinting for rapid mass production of micro,
nano, and micro/nano-structures.
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