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Abstract Roll-to-roll large-format coating and UV
embossing processes aim to revolutionise the manufactur-
ing of functional films, with the ability to process a large-
area at one time, resulting in high throughput and cost
reduction. In this article, we present the experimental
results obtained during the process development for roll-to-
roll large-format coating and UV embossing. We have
investigated key areas of the processes with the aim of
improving them in the long term through the understanding
of the key factors associated with them and their effects on
the processes. The areas investigated are the UV-curable
liquid resin, the roll-to-roll film substrate, the coating
process and quality, and the UV embossing process and
quality. The emphasis is placed on the investigation of the
coating process and quality. The results show that the roll-
to-roll coating and embossing processes are capable of
producing micro-scale structures and functional devices
over a large area at one time. They are complex processes
with many factors playing important roles.

1 Introduction
For the fabrication of structures on the micro to nano scale,

continuous development of photolithography could lead to
significant cost increases, while scanning beam lithography
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requires many hours to pattern a small area such as 1 cm?
(Gates et al. 2005). Using conventional fabrication tech-
niques to manufacture nano scale features will eventually
lead to massive cost increases and low throughput levels
(Sotomayor Torres et al. 2003). Therefore, new techniques
must be developed to meet the increasing demand and
lower the manufacture cost so as to make the products
more commercially viable (Gates et al. 2005).

New techniques based on moulding and embossing,
have emerged as promising alternatives, and nanoimprint
lithography, an embossing-based technique, is such a
promising technique for low cost, high throughput and high
resolution patterning (Ahn and Guo 2008, 2009; Chou et al.
1995; Guo 2004, 2007; Schift 2008; Zhong et al. 2010). To
make embossing-based techniques commercially viable,
their throughput levels must be increased. Planar emboss-
ing processes have limitations, and utilising flat moulds is
inappropriate for large area pattern fabrication, as the cost
of large-scale flat moulds is very high and there are uni-
formity and releasing problems in large-scale flat moulding
processes (Ahn et al. 2006).

Roll-to-roll embossing applies the continuous roll-to-
roll process in order to drastically increase the patterning
speed and thus increase throughput. There is much on-
going research to develop roll-to-roll embossing and
increase its range of applications (Ahn and Guo 2008,
2009; Kololuoma et al. 2004; Krebs 2009; Mikel4 et al.
2007; Nagato et al. 2010; Velten et al. 2008; Yeo et al.
2010). By fulfilling the aims of lower cost and higher
throughput, roll-to-roll embossing is targeted to be a
commercially viable method for fabricating of micro and
nano scale structures.

Slot die coating is a method whereby a ribbon of coating
fluid flows between the coating device and the coated
surface, and was first invented by Beguin (1954) for
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manufacturing of photographic film to overcome many
disadvantages and limitations of other coating methods
such as dipping, applicator roll, and doctor blade. A slot die
coating system consists of five main components: slot die,
slot die positioner, backup roller, fluid delivery system, and
substrate (Lippert 2006; Miller 2009). The advantages of
slot die coating include increased production speeds, good
coat weight control, cross-web distribution control, and
improved waste management (Cohen 1992; Miller 2009).
This work focuses on the investigations of the key fac-
tors associated with the slot die coating process. Various
experiments were carried out using a prototyped roll-to-roll
large-format-coating and UV embossing machine to
investigate the liquid photosensitive resin, the film sub-
strate, the coating process, and the UV embossing process.

2 Experiments

We target to develop roll-to-roll large-area ultraviolet (UV)
embossing processes for fabricating micro features on
flexible plastic films. Critical challenges in such processes
include precision coating of UV-curable liquid resin and
curing the resin for micro-structuring at a low temperature
and a low pressure. The prototyped roll-to-roll large-for-
mat-coating and embossing machine used in this work is
shown in Fig. 1. The components are arranged into two

main modules based on their functions. They are a web
handling module, and a coating and embossing module.

The coating and embossing module is located at the
centre of the machine and contains all the components
required for the photosensitive resin coating on the flexible
film substrate, the embossing, and the curing through UV
light exposure. The key components in this model include a
slot die coater, an embossing roller, and a UV lamp. The
system can process 500-mm web-width flexible films, and
the coating width of the slot die is 250 mm. By using
different flexible moulds, various structures can be fabri-
cated by roll-to-roll UV embossing.

As also shown in Fig. 1, the web handling module is
located at the two ends of the machine, drives the
flexible film substrate, controls its web-speed, and pro-
vides tension to the film substrate in the coating and
embossing processes. It consists of a de-reeler station
and a reeler station. A raw film roll is installed on a
motorised roller at the de-reeler station, which feeds the
raw film substrate into the coating and embossing
module. After the coating, embossing and curing pro-
cesses are completed, another motorised roller at the
reeler station receives the film substrate containing the
embossed features, and rolls it back into a roll so that it
can be removed later by the machine operator. The web-
speed of the film substrate is determined by the rota-
tional speed of the reeler roller.
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The UV-curable liquid resins (Epoxy Technology—
EPO-TEK® 0OG134 and 0G172) were mixed with different
volume ratios to achieve different viscosities. Two mix-
tures, resin A (mixture of OG134 and OG172 in the ratio of
4:1) and resin B (mixture of OG134 and OG172 in the ratio
of 2:1), were mainly investigated in this work.

Two types of film substrates were also investigated:
untreated PET (polyethylene terephthalate) film, and trea-
ted PET film. The PET film thickness selected is 125 pm.
The “treated PET film” is pre-treated on its both sides with
a primer treatment for promoting adhesion of coated layers.
Thus, this film has a structure of primer, base film and
primer. The film is highly transparent with good ink
adhesion properties.

The viscosity values of the UV-curable liquid resins
were measured using a rotational cylinder type rheometer.
To evaluate the wettability of the UV-curable liquid resins
on the film substrates, the static contact angles of the liquid
resin droplets on the two types of the PET film substrates
were measured. In addition, the static contact angles of
deionised water droplets on the two types of PET film
substrates were also measured.

Several factors of the coating process using the slot die
coater affect the quality of the coating produced. They are
the pneumatic pressure applied to the liquid resin in the
cylindrical reservoir through a vertical plunger, the web-
speed which is the linear speed of the film substrate passing
under the slot die coater, the viscosity of the liquid resin,
and the slot-die-coater height, which is the vertical distance
between the slot die coater’s lip and the film substrate.
They were varied and their effects on the coating quality
were investigated.

The slot die coater shown in Fig. 2 is located in the
coating station of the coating and embossing module. It has
a 250-mm coating lip width with a 0.1-mm slot gap, and
has a simple triangular shaped cavity manifold design. The
slot die coater utilises a shim in between the two halves of
the slot die coater to maintain the 0.1-mm slot gap
throughout the 250-mm coating lip width shown in Fig. 3,

Coating
fluid I

enters
here

Triangular
shaped cavity
manifold

‘\‘\“-_

1 mm Shim

0.1
o Fluid coating

on the film
substrate

Fig. 3 Sectional side view of the slot die coater (drawing not to
scale)

which shows a sectional side view of the flow of the
coating fluid through the slot die coater. It has a flexible lip
design to fine-tune the cross-web distribution of the coating
fluid exiting the slot die. The flexible lip is adjusted using a
series of bolts, which apply pressures to one side of the
flexible lip and allow the user to fine-tune the slot gap.

The coating fluid flows to the slot die coater from a
cylindrical reservoir. A pneumatic pressure is tapped from
the compressed air supply and controlled by an inline air
pressure regulator. The pressure is applied to the coating
fluid via a vertical plunger in the reservoir. The slot-die-
coater height (the vertical distance between the coater’s lip
and the film substrate) is adjusted with the aid of a dial
gauge built into the coater.

The web-speed of the film substrate is determined by the
rotational speed of the reeler roller, which is controlled by
the controller of the roller motor. The web-speed can be
read from a digital LCD, which displays the speed value
obtained from a rotary encoder mounted on the roller that
contacts the film substrate.

In this work, the following experiments were carried
out:

1. The pneumatic pressure applied to the liquid resin
reservoir was varied, and its effect on the coating

Fig. 2 The slot die coater used .
3D view

Side view
Two
halves
Bolts to
adjust the
lip

% NS Coating lip
)
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Flexible polymer
mould sheet

Smooth-surfaced
metallic roller

Fig. 4 A flexible polymer mould mounted on a metal roller

quality was investigated. The web-speed used in this
experiment was 0.5 m/min.

2. At a constant pneumatic pressure applied to the liquid
resin reservoir, the web-speed was varied and its effect
on the coating quality was investigated.

3. Using resins A and B, the above two experiments were
conducted and the effects of the liquid resins with
different viscosity values on the coating quality were
investigated.

4. The slot-die-coater height was varied, with the other
parameters being constant, and its effect on the coating
quality was investigated.

5. Continuous coating was performed for a length of 2 m.
The cross-web and down-web uniformity of the
coating was then measured to evaluate the perfor-
mance of the slot die coater.

The coating thickness uniformity was measured after the
liquid resin coating was cured through UV light exposure
when it passed through the embossing station. The film
substrate was then cut into breadth-wise strips and the
coating thickness values were measured using a digital
micrometer.

The embossing process used a flexible polymer mould,
which was attached on a metal roller as shown in Fig. 4,
via a double side adhesive tape, which is a method often
used in flexo-printing. The mould contained micro-scale
patterns to be embossed onto the resin coating on the film
substrate. The UV lamp was located directly under the
embossing roller. This configuration allows simultaneous
embossing and curing of the liquid resin coating, increasing
the production speed. After embossing, 3D surfaces of the
embossed patterns and their corresponding mould patterns
were generated using a contact profilometer. These 3D
surfaces were then compared to determine the quality and
fidelity of the embossed patterns.
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Fig. 5 The rheology curves of the UV-curable liquid resins

3 Results and discussions

Figure 5 shows the rheology curves of the UV-curable
liquid resins. The curves for all the liquid resins investi-
gated indicate that the viscosity values are relatively con-
stant and independent of the shear rate. The liquid resins
behave as Newtonian fluids whereby their viscosity values
are constant. This means that the liquid resins do not suffer
from shear thickening whereby the viscosity increases with
the shear rate, and do not suffer from shear thinning
whereby the viscosity decreases with the shear rate.

Figure 6 shows a series of images showing the shape
change of the liquid resin droplet over time. The images
were captured with the aid of image capturing and com-
puter software, at various time intervals after the liquid
resin droplet came into contact with the PET film substrate.
In these images, the liquid resin droplet is observed to be
spreading with a corresponding drop of its contact angle as
time increases. More importantly, these images allow the
contact angle of the liquid resin droplet to be measured
accurately at the corresponding time point.

Figure 7 shows the variations of the contact angles, over
time after contact, of resins A and B on the untreated and
treated PET films investigated. Table 1 shows the contact
angle values of deionised water on the untreated and
treated PET films. Figure 7 clearly indicates that the con-
tact angles of resins A and B are functions of time, and
decrease as time increases because of solvent evaporation
during the contact angle experiments.

In addition, there is a difference of the contact angle
behaviours between deionized water and resins on the
untreated and treated PET films investigated. Based on the
contact angle measurements of the liquid resins on the
films (Fig. 7), it can be seen that the untreated PET film
offers slightly better wettability compared to the treated
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Fig. 6 Captured images
showing the shape change of the 0's after
liquid resin droplet over time contact
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Fig. 7 The variations of the contact angles, over time after contact,
of resins A and B on the untreated and treated PET films investigated

PET film, as the corresponding contact angle is slightly
lower. A lower contact angle would indicate higher solid
surface energy and chemical affinity or good wetting. This
is not an expected result as the treated PET film was
expected to offer better adhesion. We believe that the
reason for this is that there probably are some chemical
interactions between the PET films and the resins investi-
gated in this work, which cause this unexpected phenom-
enon. However, there are not chemical interactions
between the PET films and deionized water. Therefore, it
can be seen from Table 1 that the contact angles of
deionised water on the treated PET film are lower than
those on the untreated PET film. This means that the

-_ > >

Table 1 Contact angle values of deionised water on the untreated
and treated PET films investigated

No. Contact angle on
untreated film (°)

Contact angle on
treated film (°)

1 76.31 66.30
2 76.84 66.39
3 71.97 67.30
4 77.45 66.42
5 76.89 67.88
6 76.21 66.25
7 76.02 66.67
8 77.08 66.32
9 77.64 66.19
10 77.07 66.87
Average contact angle (°) 76.95 66.66

treated PET film offers better wettability for deionised
water on it, compared to the untreated PET film.

Considering potential optical applications of the
embossed patterns, the clarity of the PET film to be used is
very important. The untreated PET film has a slightly hazy
appearance, while the treated PET film has excellent
optical transparency. Therefore, the treated PET film was
eventually selected for the experiments carried out for the
investigations of the coating process and the embossing
process in this work.

Figures 8 and 9 show the thickness variations and the
average coating thickness versus web-speed, with a con-
stant pneumatic pressure applied to the liquid resin reser-
voir when resins A and B were used, respectively. The
figures contain the thickness values obtained at different
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Fig. 8 Thickness variations and the average coating thickness versus
web-speed, with a constant pneumatic pressure applied to the liquid
resin reservoir when resin A was used
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Fig. 9 Thickness variations and the average coating thickness versus
web-speed, with a constant pneumatic pressure applied to the liquid
resin reservoir when resin B was used

but constant pneumatic pressures. There is a decrease in the
coating thickness when the web-speed is increased with a
constant pressure applied to the liquid resin reservoir. This
trend is evident in all the experiments carried out using
resins A and B at the pneumatic pressures. The results are
reasonable for slot die coating, as the thickness of the fluid
coating can be controlled by regulating the pneumatic
pressure and the web-speed. The results also suggest that
there is a minimum achievable coating thickness, after
which any increase in the web-speed or decrease in the
pneumatic pressure will not allow for the formation of an
acceptable fluid coating with a lower thickness.

Figure 10 shows the average coating thickness versus
the pneumatic pressure applied to the liquid resin reservoir.
There is a linear increase in coating thickness of resins A
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Fig. 11 Curves representing the cross-sectional profiles of the
coatings produced at different slot-die-coater heights (resin A,
pressure = 0.2 bar, web-speed = 0.5 m/min)
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Fig. 12 3D view of a coating surface generated with the data
obtained from cross-web and down-web uniformity measurements
(resin A, pressure = 0.1 bar, web-speed = 0.66 m/min)

and B as the pressure applied to the liquid resin reservoir is
increased. This result is also reasonable for slot die coating,
as the thickness of the fluid coating can be controlled by
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Fig. 13 Embossed patterns on the PET film substrate and the protrusive lines on the film
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regulating the pneumatic pressure applied to the liquid
resin reservoir and all the fluid going into the slot die is
applied to the substrate surface without any wastage
(Lippert 2006; Miller 2009).

The curves in Fig. 11 represent the cross-sectional
thickness profiles of the coatings produced at different slot-
die-coater heights. Adjustment of only the slot-die-coater
height had a little effect on the achievable coating thick-
ness. However, when the experiment was carrying out, it
was observed that as the slot-die-coater height was
increased, it took a longer time for cross-web distribution
of the liquid resin to stabilise and form a uniform fluid
coating. When the slot-die-coater height was set at 350 pum,
the time taken for the fluid coating to stabilise was long,
resulting in wastage of the liquid resin. Therefore, the
decision was made not to further increase the height for
testing.

Closer inspection found that the slot die coater lip was
not straight but instead was slightly concaved. This meant
that the edges of the slot die coater were slightly closer to
the substrate compared to the central region. The slot-die-
coater height was inconsistent along the width of the slot
die coater. According to Lippert (Lippert 2006), the face-
to-web gap of the slot-die-coater affects the wiping shear
generated, which is an important factor in the generation of
a good coating. The concave nature of the slot-die-coater
lip would result in a varying wiping shear along the width
of the slot die coater.

Figure 12 is a 3D view of a coating surface generated
with the data obtained from cross-web and down-web
uniformity measurements. The figure shows the cross-web
and down-web uniformity of the resin coating over a
continuous 2-m down-web length of the film substrate.
There was good down-web uniformity and cross-web uni-
formity over the central portion of the coating surface.
There was more variance of the measured coating thickness
at the edges. The edges of the coating surface were thicker
compared to the central portion of the coating.

According to (Chan and Venkatraman 2006; Gutoff and
Cohen 2006a, b), when the edges of a fluid coating are
thinner and contain less fluid amounts, this could result in
an increase in the coating thickness at the edges after
curing, due to the surface tension effect. As the coating is
thinner at the edges, the solvent evaporation is much faster
at the edges of the film, because there are larger surface
areas per unit volume of the fluid near the edges. A solvent
usually has a lower surface tension compared to the resin.
As a larger amount of the solvent evaporates, the edges
start to have a higher surface tension compared to the
central region of the resin, which causes the fluid resin to
be transported from the central region to the edges. When
this happens, the newly formed surface in the central
region would have a lower surface tension due to the
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exposure of the underlying resin which has a higher solvent
concentration. This leads to even more fluid resin trans-
ported from the central region to the surrounding areas due
to the surface tension gradient across the regions.

Figure 13 shows pictures of the embossed patterns on
the PET film substrate and the protrusive lines on the film
obtained via roll-to-roll UV embossing. Resin A was used
and the coating thickness was about 20 um. The embossed
protrusive lines replicated the profiles of the channels
precisely, with the width and pitch of 100 and 500 pm,
respectively. The height of the embossed lines ranged from
11.5 to 12 um, with a fidelity error <5% in the vertical
direction. Patterns of channel/line = 500 um/500 um with
an aspect ratio (height to width) = 0.59 were also achieved
and the fidelity error in the vertical direction was —7.5%.

4 Conclusions

UV-curable resins with different viscosity values have been
investigated for roll-to-roll large-format coating and
embossing, and coating thicknesses ranging from 10 to
130 pm have been achieved using a slot die coater. It has
been found that the pneumatic pressure and the web-speed
are key factors in determining the coating thickness. The
roll-to-roll coating and embossing processes are capable of
producing micro-scale structures and functional devices
over a large area at one time. They are complex processes
with many factors playing important roles. The need to
produce features of micro sizes on a large area with high
fidelity results in even higher demands on the machine and
processes. Therefore, further improvements will have to be
made in order for the roll-to-roll large-format coating and
embossing processes to become commercially viable.
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