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Abstract: Roll-to-roll ultraviolet (R2R-UV) imprinting is a low-cost and high-throughput method
that includes the manufacturing of large-area functional films. However, the quality of the final
product is obstructed by the bubble entrapment during the imprinting process. In this study,
a multi-phase volume of fluid (VOF) numerical model was used to remove bubble entrapment during
the R2R imprinting process, which covered all parameters. This new modified numerical model with
open-channel boundary conditions was based on the single zone that contains the direct contact of
UV resin with the imprinting mold during the filling process. In addition, this model simulated
the UV resin filling into microcavities at the preceding and succeeding ends of the imprinting mold.
Different patterns of imprinting mold were considered to enhance the fidelity of R2R-UV imprinting
for the comprehensive analysis. The experimental results validated through numerical simulations
revealed that the bubble entrapment can be controlled by varying various parameters such as speed
of the imprinting system, viscosity, contact angles, and pattern shape. The proposed model may be
useful for a continuous bubble-free R2R imprinting process in industrial applications that includes
flexible displays and micro/nano-optics.

Keywords: micro/nano patterns; roll-to-roll imprinting; multi-phase flow; web speed; microcavities;
ultraviolet resin; coating; lithography

1. Introduction

The nano-patterning techniques for nano-imprint lithography (NIL) have attracted many research
groups due to its practical implication on an industrial scale. Ahn et al. [1] were the pioneers who
introduced roll-to-roll ultraviolet nano-imprint lithography (R2R-UV-NIL) by replicating lenticular
lens patterns on polyethylene terephthalate (PET) substrate. R2R-UV-NIL is one of the most promising
technologies that fabricate low-cost, high-throughput, and large-area micro/nano features on functional
films. R2R-UV-NIL is a process-based batch NIL used to replicate nano/micro-scale patterns from a
surface of the patterned mold to a large area of the flexible or rigid substrate. Due to wide applications
of R2R-UV-NIL in several fields, it has been studied broadly by numerous researchers working in the
area of electronic devices [2], polarizers [3], transistors [4], and solar cells [5], etc. On the commercial
scale, productivity in the development of flat display panels [6], biotechnological applications [7],
and optoelectronic devices [8] is yet to meet with standards. High fidelity and productivity in NIL
represent the complete filling of resin in nano/microcavities or exact replication of imprint patterns
from the imprinting mold on a PET or polydimethylsiloxane (PDMS) substrate.

Due to the complex setup and fluid flow into the microcavities, R2R-UV-NIL is rarely studied
by the research community. The mathematical models are the comprehensive way to explore the
R2R-UV-NIL process. Numerous researchers [9–13] studied the R2R system through different numerical
models and they suggested varied solutions to achieve high fidelity during the imprinting process.
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Jain et al. [9] derived a mathematical model for droplet dispensing of UV resin on the substrate.
For imprint material, they used the Maxwell model due to the material’s viscoelastic nature and
discussed different processing parameters such as the merging of droplets on the substrate, the peeling
off of the resist layer, the exposure time, and the pressure profile of the imprint layer by using lubrication
theory [14,15]. Ye et al. [12,13] categorized numerical models for bubble entrapment with regular
bubbles and irregular bubbles during the R2R imprinting process. They discussed the point that the
resin’s viscosity, contact angles, and aspect ratios play a great role in the quality of the final product.
They also discussed the fact that, by varying the imprint velocity beyond a certain value for a particular
experimental setup, bubble entrapment occurs. They suggested that low aspect ratio, low viscosity,
and small contact angle are the key parameters for complete filling of resin into the microcavities.
Song et al. [11] employed a coupled Eulerian-Lagrangian algorithm and considered the effect of solid
backing film and UV resin flow during R2R imprinting. They conducted numerical simulations for UV
resin filling into rectangular patterns at different PET web speeds without considering the air into their
model. The implication of air in R2R-UV-NIL cannot be ignored at the industrial level. Peng et al. [10]
used two-phase fluid flow by considering the air in their three-dimensional numerical model and
discussed the resin flow behavior in pyramid-shaped microcavities. They also considered the effect of
processing parameters like viscosity, pressure, inlet speed, and pyramidal structure direction. All of the
above discussed numerical studies only consider the small part of the imprinting system, which is most
similar to plate-to-plate imprinting and cannot define the whole physics of the problem. Most recently,
Zhou et al. [16] used a two-phase flow model and discussed UV resin filling into the microcavities
only at the preceding end of the imprinting mold. In their numerical model, they used a two-body
system with an interface between the mold region and outer region. However, UV resin filling at both
(preceding and succeeding) ends of the imprinting mold is yet to be addressed by considering the
whole physics of the problem through numerical simulations.

The objective of the current work was to optimize the filling process during R2R imprinting
with a modified numerical model that was based on a single zone with no interface between the
mold and outer regions. This model simulated the direct contact of UV resin with mold during the
imprinting process. In addition, the model simulated UV resin filling into the microcavities at both
ends (i.e., preceding and succeeding) with more accuracy. The optimization of important parameters
such as PET web speed, contact angles, and pattern shape for complete filling was also studied
through the proposed numerical model. Experiments were conducted by considering the optimized
parameters using the numerical model and they resulted in successful imprinted patterns without
bubble entrapment. Experimental results validated the successful imprinted patterns without bubble
entrapment using optimized parameters.

Section 2 presents the numerical model and open-channel boundary conditions. Section 3 presents
the experimental setup regarding the numerical model and results are discussed in Section 4. Finally,
Section 5 concludes this study.

2. Materials and Methods

The R2R-UV imprinting process incorporates the movement of the PET substrate and the rotation
of the imprint mold. The rotational roller speed and translational web speed should be the same as
calculated by u = rθ. To analyze the filling process and the optimization of the imprinting speed,
a fully developed model is needed that involves the whole physics of the problem. Most of the
above researchers used different numerical models, but their models have some limitations, that is,
the flow of resin between two parallel plates and the modelling of a small part of imprinting process
without considering air in the environment. Most recently, researchers used multi-phase numerical
modelling for the analysis of resin filling during the imprinting process for different pattern types on
the imprinting mold with different radii and discussed different processing parameters that play a
vital role during the filling process. Multi-phase modelling is a good technique for the analysis of the
R2R imprinting process based on environmental conditions. It is used to determine the liquid–air
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interfaces and relies on the fact that two interfaces are not overlapping during the simulations. It also
includes implicit the volume of fluid (VOF) technique which is more effective regarding convergence
of the solution. A multi-phase model with open-channel boundary conditions is more effective for
optimizing the R2R system and analyzing the processing parameters.

2.1. Numerical Formulation

We considered a two-dimensional multi-phase model with open-channel moving wall boundary
conditions to simulate the resin flow into the microcavities of the rotating imprint mold. The resin
is considered an incompressible fluid [17,18] to simplify the multi-phase model. The model uses the
volume fraction of the liquid–air phases. The tracking of interfaces between the liquid–air phases is
achieved using Navier–Stokes equations throughout the domain. The multi-phase volume of fluid
(VOF) model [19,20] uses the fixed Eulerian mesh method to define the two-phase flow during the
simulations. The flow field is easier to solve using the multi-phase VOF model compared to other
models because the flow field of two phases has the same velocity. Therefore, it is not essential to
solve the second momentum equation of the multi-phase model. Moreover, phases cannot overlap
or interpenetrate, and their volume fraction is defined at 0 and 1 due to the definition of the VOF
function [19]. This results in a single momentum equation to represent the flow field of two phases.
The vector form of continuity and momentum equations described by the multi-phase VOF model can
be written as follows:

∇.
→
u = 0 (1)

ρ

∂→u∂t
+
→
u .∇

→
u

 = −∇p + η∇2→u +
→

F (2)

η = arηr + aaηa (3)

ρ = arρr + aaρa (4)

→
u =

arρr
→
u r + aaρa

→
u r

arρr + aaρa
(5)

ar + aa = 1 (6)

where the constants a, η, ρ, u, p, and F represent the volume fraction, viscosity, density, speed, pressure,
and body force of the UV resin and air interfaces, respectively, and the subscripts a and r denote
the resin and air interfaces. Furthermore, ∇ is the operator that represents the partial derivatives of
spatial and temporal dimensions. Since we are interested in a time-dependent solution of the problem,
the continuity Equation (1) may therefore be expressed as follows:

ρ

(
∂
∂t

+∇.
→
u
)
= 0 (7)

The continuity Equation (7) is responsible for the tracking of mass transfer between resin–air
interfaces and may be written as follows:(

∂
∂t

+∇.
→
u
)
= mar −mra (8)

For the resin and air interface, Equation (8) may be written as follows:(
∂
∂t
(arρr) +∇.

(
arρr

→
u r

))
= ρr(mar −mra) (9)
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and (
∂
∂t
(aaρa) +∇.

(
aaρa

→
u a

))
= ρa(mar −mra) (10)

Equations (9) and (10) represents how much mass is transferred from the resin to air interface and
how much mass is transferred from the air to resin interface.

A Eulerian-based VOF model also includes the effects of surface tension between UV resin and air
interfaces. Together with the surface tension effect, the wall adhesion technique is also used in the
VOF model to specify the contact angles between the phases, web, UV resin, and roller, respectively.
The volume force and the corresponding unit normal’s force to the free surface may be expressed as in
the model as follows:

k̂r = ∇ · n̂r (11)

n̂r =
∇ar

|∇ar|
(12)

Fv = σra
2(arρr + aaρa)k̂∇ar

(ρr + aa)
(13)

where k̂r, n̂r, σra, and Fv represent the curvature of the free-surface, unit normal, surface tension for the
resin–air phases, and volume force, respectively.

Considering the VOF model with open-channel boundary conditions involves the free flow surface
above the resin with gravitational and inertial effects (i.e., air above the resin). The Froude number can
be used to express the gravitational and inertial effects, and it is the ratio between inertial force and
hydrostatic pressure of the flowing fluid. It can be mathematically expressed as follows:

Fr =
U
√

gy
(14)

where Fr, U, g, and y represent the Froude number, velocity magnitude of the flowing fluid, gravity,
and length scale, respectively. The length scale y is the distance of the flowing field of UV resin to
the free surface level (air). In our case, U <

√
gy so that turbulence travels equally in the UV resin

phase. In this numerical model, the direct contact of UV resin with the imprinting mold is analyzed
by using the VOF model with open-channel boundary conditions. This model more realistically
analyzed the filling process into the microcavities. The numerical simulations were conducted using
the computationally fluid dynamic software ANSYS-Fluent (16.0) [21] for a comprehensive summary
of the filling process during roll-to-roll UV-imprinting process.

2.2. Geometry and Open-Channel Boundary Conditions

To analyze the filling process in R2R-UV imprinting, different models were studied by considering
the flow of UV resin in a straight channel as shown in Figure 1a. However, these models have
limitations because they did not include the whole physics of the problem. The filling process of UV
resin in roll-to-roll imprinting is shown in Figure 1b. One of the major problems of the bubble defect is
the contact of the UV resin with the imprint mold. If the contact angles are not set in the appropriate
range, the bubble defects continuously appear in the imprinting process. When UV resin touches
the imprint mold during the imprint process, some backflow of the UV resin occurs before applying
the nip force. If backflow does not fill the pervious cavities, then bubble entrapment prevails during
the imprinting process. Thus, contact angles set in the appropriate range make the optimization of
the R2R-UV imprinting process possible. A two-dimensional model with open-channel boundary
conditions was constructed to optimize the filling process into the microcavities. The schematic of the
R2R-UV imprinting model is shown in Figure 2, which includes the movement of the PET web from
left to right with the help of a supported roller together with the rotation of the imprint mold. Note that
the rotational movement of the roller is set in the same manner as the linear movement of the PET
web to ensure the system’s mechanical accuracy. A complete simulation model of rectangular patterns
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with a tapering angle of 5◦ with open-channel boundary conditions is shown in Figure 3. The resin
enters from the left (inlet) and moves toward the imprint roller aided by the movement of the PET
web. The PET web is considered as a stretched wall above the backup roller and set as a moving wall
boundary condition. In this model, we analyzed more realistically the UV resin filling by direct contact
of the resin with the imprint mold. The computational domain is considered as a single body in which
the imprint roller is considered as a rotating wall boundary condition. The imprint roller wall consists
of different types of rectangular and V-shape micropatterns moving at a specific rotational speed
during UV imprinting. The rotation of the imprint roller wall is updated with time relative to the other
wall’s motion. The open-channel VOF model divides the air and resin phases in the computational
domain. The resin thickness above the PET web and the velocity of the resin are also defined in the
computational domain of the open-channel VOF model. Additionally, pressure boundary conditions
are set as atmospheric at the inlet and outlet of the domain to analyze the filling process under the
environmental conditions. The simulation parameters for different simulations are defined in Table 1.
The parameters include the height and width, inlet velocity, thickness, viscosity, density of the UV resin
and contact angles. The contact angle between UV resin and the PET web is defined as θP, and the
contact angle between UV resin and the imprinting mold is defined as θR.
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Table 1. Numerical simulation parameters.

Variables Values

Cavity height (H) 30–40 µm
Cavity width (W) 40–50 µm

Density 1220–1470 kg/cm3

Viscosity 0.1–0.45 Pas
Contact angle θR 15◦–20◦

Contact angle θP 50◦–70◦

PET web speed 20–60 mm/s
UV resin initial thickness 70–100 µm

3. Experimental Setup

The R2R-UV imprinting system is shown in Figure 4a. The experimental system consists of different
modules other than the imprinting module. These modules provide support for the imprinting module
to conduct the imprinting process properly. The device contains seven modules, namely, unwinding
module, tension module, dispensing module, coating module, imprinting module, adjusting module,
and rewinding module. The unwinding module supplies the PET film without coating. The thickness
of the PET film (Kolon polyester film, Daegu, Korea) used as a substrate was 125 µm. The tension
module is responsible for creating tension at the two ends of the PET film so that the film moves
properly into the imprinting process. The dispensing module consists of a resin cylinder that can
possibly evacuate the bubbles from the resin and drop-casting unit [15]. The adjusting module adjusts
the wrap angle between the stamp roller and the PET substrate.

The main module of the device is the imprinting module that consists of a supported roller with
a diameter of 80 mm, a stamp roller with a diameter of 250 mm having a rectangular pattern with a
tapering angle 5◦ and a UV light underneath the rollers that cures the resin. The magnified view of the
imprinting process is shown in Figure 4b.

The height and width of the line patterns were 40 and 50 µm, respectively. In the imprinting
module, the imprinting force was applied between the stamp roller and the supported roller to fill the
resin into the microcavities and, after filling, the UV- light cured and solidified the resin. The rewinding
module pulled back the imprinted pattern onto the PET substrate. Further, these patterns were
analyzed by scanning electron microscopy (SEM, SNE-3200M, SEC Co., Ltd., Suwon, Gyeonggi, Korea)
to check the pattern shape and size on the PET substrate. During the experiments, the resin was
dispensed by drop-casting unit evenly onto the PET web film and this method made the coating more
uniform than the original coating method (roll coating method). The UV light was a light-emitting
diode (LICHTZEN, Gunpo, Korea) used to cure the resin under the imprinted module. The UV lamp
threw the light at the focus point with an intensity of 800 mW/cm2 and cured the resin at a wavelength
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of 365 ± 5 nm. The resin used in the experiments was produced by Minuta Technology Co., Ltd.
(MINS-311R, Osan, Korea; viscosity: 0.1 Pas at 25 ◦C).
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4. Results and Discussion

R2R-UV imprint model simulations for optimal filling depend on different parameters such as
contact angles, pattern shape, speed of the filling, aspect ratios, and viscosity. To optimize the filling
process, different simulations were performed in this study considering different parameters; also,
in addition, the experiments were conducted considering the numerical simulations. A complete
setup was studied during the numerical simulations. An imprint mold with rectangular patterns and
rectangular patterns with a tapering angle and V-shape patterns with different aspect ratios (i.e., 0.75,
0.8) were thoroughly studied with this numerical model.

Figure 5 shows the filling process into rectangular microcavities at different time-steps. Figure 5a
shows the UV resin flow field and the air above the UV resin at time t = 0 s. When the imprint mold
starts to rotate, the PET web delivers the resin into the microcavities at the same time. At a specific
rotational velocity of the imprint mold, the air starts to escape into the microcavities, which are filled
by UV resin. The UV resin flows into the microcavities from the two ends of the imprinting mold,
called the preceding end and the succeeding end. When UV resin starts to fill the microcavities,
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some backflow of UV resin occurs at the preceding end of the imprint mold. The UV resin filling at
the succeeding end is shown in magnified view in Figure 5b–d. At time t = 0.1 s, UV resin fills the
first microcavity and leaves the microcavity with incomplete filling as shown in Figure 5b. Over time,
UV resin fills the first microcavity completely and starts filling the second microcavity at t = 0.5 s,
as shown in Figure 5c. The second microcavity is completely filled with UV resin at time t = 1 s,
as shown in Figure 5d. In Figure 5b–d, it can be seen at the preceding end that the backflow of UV
resin does not fill the rectangular microcavities, which can cause bubble defects at any stage of the
imprinting process. In our numerical model, the microcavities on the imprint mold change their
reference position with respect to time, so these bubble defects can be ignored, but at any stage of the
imprinting process these bubble defects may affect the quality of the final product. Therefore, we tried
to resolve this issue by using a tapering angle for the rectangular microcavities.
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Figure 5. UV resin incomplete backflow into the rectangular microcavities at different times: (a) t = 0 s,
(b) t = 0.1 s, (c) t = 0.5 s, and (d) t = 1 s, at a PET web speed of 24.2 mm/s. The magnified view of
complete filling on the other end of the roller at respective times (θR = 15◦, θP = 60◦).

Figure 6 shows the filling process into rectangular microcavities with a tapering angle of 5◦ at
different time-steps. Figure 6a shows the UV resin flow field at time t = 0 s. Figure 6b–d represents the
UV resin filling into microcavities at the preceding and succeeding ends of the imprint mold at time
t = 0.1 s, t = 0.5 s, and t = 1 s, respectively. It can be seen that UV resin fills the microcavities successfully
at the preceding and succeeding ends. The contact angles and PET web speed for rectangular patterns,
with a tapering angle of 5◦, were kept the same as for the rectangular pattern’s simulations as displayed
in Figure 5. The suitable contact angles measured for the filling process are θR = 15◦ and θP = 60◦,
where θR and θP represent the contact angle of resin to the imprint roller and the contact angle of
resin to the PET web, respectively. The contact angle between the resin and imprint roller is very
important during the filling process in numerical simulations and its values differ with respect to
pattern shape; therefore, we keep both contact angles within a feasible range to obtain the complete
filling into microcavities. It is also noted that the contact angle between the resin and the roller should
be in a specific range to optimize the filling process rather than the contact angle between the resin
and the PET web. The PET web speed noted in this study for successful filling into microcavities is
24.2 mm/s.
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Figure 6. UV resin complete filling into the rectangular microcavities with a tapering angle of 5◦ at two
ends of the roller mold at different times: (a) t = 0 s, (b) t = 0.1 s, (c) t = 0.5 s, and (d) t= 1 s, at a PET
web speed of 24.2 mm/s (θR = 15◦, θP = 60◦).

Figure 7 shows the contours for the velocity vector distribution in the flow field of resin–air phases,
the rotational movement of the roller, and the successful filling of backflow into the microcavities.
It can be seen from the velocity vectors that resin flows from the two ends of the imprint roller.
The vortices [22,23] show that resin slows down for some time and waits for the air to escape into the
microcavities and, after escaping, the resin fills the microcavities. Figure 8 shows the incomplete filling
at the rotating mold’s high speed. When UV resin enters into the microcavities at high speed, it leaves
the microcavities with incomplete filling. It can be seen from Figure 8 that the UV resin fails to fill the
cavities from both sides of the imprint mold.
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Figure 8. UV resin incomplete filling into the rectangular microcavities with a tapering angle of 5◦ at
two ends of the roller mold at a PET web speed of 36.3 mm/s and t = 1 s (θR = 15◦, θP = 60◦).

Figure 9 represents the steady filling at different rotation speeds or PET web speeds. Different
numerical simulations were conducted at high speed and it was observed that, above a specific speed,
the UV resin left the microcavities with incomplete filling.
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Figure 9. UV resin filling from uniform to non-uniform at different PET web speeds.

Figure 10 represents the backflow incomplete filling of cavities from time t = 0.02 to 0.3 s at a PET
web speed of 54.5 mm/s. It is evident that the air cannot escape at that speed and that bubbles formed
into the cavities. It can be concluded that air entrapment occurs if the system’s speed increases beyond
a barrier speed.

Figure 11 presents the resin percentage with time at a PET web speed of 24.2 mm/s. UV resin
starts to move into the microcavity at t = 0 s. It can be seen at t = 0.1 s that the resin fills the cavity to
approximately 65%. With a continuous supply of the UV resin with time, this air entrapment starts
decreasing, and it vanishes at t = 0.45 s.
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24.2 mm/s.

Figure 12a–d represents the numerical simulation results for V-shape patterns with an aspect ratio
of 0.75 at different time-steps and considering the previously studied numerical simulation parameters.
The resin fills the V-shape microcavities at the optimal speed discussed in a previous study [16].
These results validate our numerical model based on a single zone with a rotating imprinting wall
as shown in Figure 3. Furthermore, by removing the interface between the outer part and the mold
cavities, resin filling behavior can be observed more realistically. The numerical simulations also show
that, by increasing the tapering angle, the air easily escapes from the microcavities and they fill easily
with resin. Therefore, it is evident that pattern shape is also responsible for cavities filling during the
R2R-UV imprinting process. The V-shape patterns with an aspect ratio of 0.75 have a tapering angle
of 35◦.

Figure 13a shows the filling profiles for rectangular patterns with a tapering angle of 5◦. No bubbles
were found for this type of pattern during the R2R-UV imprinting process. Figure 13b shows the SEM
image of bubble-free imprinted microcavities at a PET web speed of 24.2 mm/s.
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Figure 13. Experimental results: (a) amplifications of the sample profile of the experiment; (b) SEM
image of bubble-free imprinting at a PET web speed of 24.2 mm/s.

5. Conclusions

In this study, a novel approach was used to optimize the R2R imprinting system. The numerical
multi-phase model based on a single zone with open-channel boundary conditions was proposed.
The UV resin filling into a single mold cavity was also analyzed by the proposed numerical model.
Different patterns were considered to validate the technique. The results show that by increasing the
tapering angle, UV resin easily fills the microcavities with a resin–mold contact angle of θR < 20◦.
We also investigated the situation where, at high imprinting speed, backflow of UV resin occurs and
resin does not fill the microcavities toward the succeeding end of the imprinting mold. For a complete
UV resin filling process, the maximum noted web speed is 24.2 mm/s. The proposed model can be
used for optimizing any R2R-UV imprinting system with high accuracy. In summary, these results can
play a significant role in continuous R2R-UV imprinting without defects.

Author Contributions: The formal analysis, conceptualization, and methodology were done by U.T. and
M.A.K. The writing—original draft, software, and investigation was accomplished by U.T. The visualization,
writing—review and editing was completed by M.A.K. This work was supervised and by M.Y.J.
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