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Abstract: We aimed to increase the processing area of the roll-to-roll (R2R) nanoimprint lithography
(NIL) process for high productivity, using a long roller. It is common for a long roller to have bending
deformation, geometric errors and misalignment. This causes the non-uniformity of contact pressure
between the rollers, which leads to defects such as non-uniform patterning. The non-uniformity of
the contact pressure of the conventional R2R NIL system was investigated through finite element (FE)
analysis and experiments in the conventional system. To solve the problem, a new large-area R2R
NIL uniform pressing system with five multi-backup rollers was proposed and manufactured instead
of the conventional system. As a preliminary experiment, the possibility of uniform contact pressure
was confirmed by using only the pressure at both ends and one backup roller in the center. A more
even contact pressure was achieved by using all five backup rollers and applying an appropriate
pushing force to each backup roller. Machine learning techniques were applied to find the optimal
combination of the pushing forces. In the conventional pressing process, it was confirmed that
pressure deviation of the contact area occurred at a level of 44%; when the improved system was
applied, pressure deviation dropped to 5%.

Keywords: roller bending; contact pressure; roll-to-roll process; nanoimprint lithography; high pro-
ductivity

1. Introduction

Nanoimprint lithography (NIL), which was introduced by Chou in 1995, has been
regarded as a promising technology with outstanding advantages. Based on the mechan-
ical deformation of a curable resist, NIL is a fabrication method in which a substrate is
coated and a desired pattern is pressed into the coating to replicate an inverse pattern [1].
Because it makes it possible to easily replicate patterns using molds with fine patterns,
NIL technology is highly applicable to the manufacturing process of functional optical
devices, semiconductors or display devices; it can reproduce not only micro-scale patterns
but also nano-scale patterns. Recently, the fabrication of a pattern with a size of 10 nm or
less by applying a nanoimprint process has been announced [2,3]. Because it has potential
to pattern on a large area by the application of a step-and-repeat process, NIL is considered
a next-generation patterning process that can replace photolithography [3–6].

When NIL was first introduced, an imprinted pattern was fabricated by pressing a
flat mold with the pattern onto a flat substrate. However, with this method it is difficult to
increase the pattern area, so it is difficult to improve productivity. To improve productivity,
a new process with a long imprinting (pressing) roller with the pattern has been proposed.
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The roller pushes a master roller and a flexible substrate passes between the two rollers.
When the substrate passes, the pattern is imprinted continuously. The process is called roll-
to-roll (R2R) imprinting [7–11]. This process has the advantage of improving productivity,
but has a disadvantage of contact pressure non-uniformity.

In general, the imprinting roller is brought close to the fixed pattern roller, and force
is applied to both ends of this roller to generate imprinting pressure. Conventional R2R
NIL systems inevitably cause the bending of the rollers in the pressing process, even if
the roller’s axial length is relatively short. When a roller deforms, it is difficult to make
a uniform pattern in the NIL process. In general, R2R NIL requires a high imprinting
pressure to minimize the residual layer thickness and allow the resin to completely fill the
pattern in the mold [12]. The residual layer thickness becomes an important characteristic
of an imprint pattern that requires a subsequent process such as etching, and if the residual
layer thickness is not uniform, the following etching profile is not uniform. As a result,
the non-uniform residual film thickness causes yield loss and cost increase [13,14]. The
precision of complex nano-sized patterns is demanding, and it is difficult to fill molds with
resin, especially for patterns with high aspect ratios without high imprinting pressure [12].

Aarts et al. studied pressure distribution in the nip between rubber-covered rollers in
a paper transport system. A mathematical model and simulation tools were implemented
to determine the effects of axial pressure variation and transverse bending on the pressure
distribution. Numerical results showed that the bending of the roller caused significant non-
uniformity in pressure distribution [15]. Attempts to increase the imprinting pressure in the
conventional R2R imprint system caused a larger bending deformation of the imprinting
roller and uneven pressure along the roller, resulting in pattern defects and non-uniform
residual layer thickness. To solve this problem, it is necessary to improve the conventional
R2R NIL system imprinting module.

In addition, other causes have been reported for non-uniformity such as the de-
formation of the flexible material (skin) covering the roller, the roundness error of the
roller and misalignment between the two rollers [16]. Pressure non-uniformity due to the
bending deformation of the roller is generally symmetrical about the center, but pressure
non-uniformity due to the above-described problem shows asymmetrical characteristics.

In this study, we try to minimize contact pressure non-uniformity in the conventional
R2R NIL process with concentrated pushing force. To this end, we propose a system
in which the pushing forces are distributed by several backup rollers to the imprinting
roller. Additionally, the optimal combination of pushing forces is found using a machine
learning technique.

2. R2R NIL Pressing System
2.1. Conventional Pressing System

For increased productivity, when applying the R2R pressing process, the axial length
of the imprinting roller must be long for large-area NIL. To make conformal contact
with the pattern roller on a wide substrate, a large force is applied to both ends of the
imprinting roller.

As shown in Figure 1a, the imprinting module of the conventional R2R NIL system
includes a master roller made of steel and an imprinting metal roller coated with rubber
skin. Typically, a patterned flexible mold is wound on and adhered to the master roller
and the substrate is passed between the two rollers during the process. After the resin
is deposited on the substrate, the mold pattern on the master roller is duplicated on the
resin-coated substrate by the application of a force to external force points F1 and F2 of the
imprinting. The two forces generate the contact pressure between the substrate and the
pattern roller. At this time, bending deformation of the imprinting roller occurs, which
causes non-uniform pressure distribution on the contact area. This can be predicted through
simple static modeling, as shown in Figure 1b.
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Figure 1. Conventional R2R NIL pressing process: (a) Imprinting module of conventional R2R NIL system; (b) Free body
diagram of conventional R2R NIL pressing process.

Roller bending deformation is usually the largest contributor to nip pressure variations
across the width. As seen in Figure 2, all end-loaded rollers will deflect and bow away
from the nip, which causes pinching at the ends. Indeed, non-uniformity is caused on the
metal roller’s nips. Even with only about the outer 10–20% of the ends in contact, there
will be a gap in the center. Rubber coating on the imprinting roller can help even out the
nip load variation; however, the tendency is still there [16].
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Figure 2. (a) Roller bending deformation of imprinting roller when pushing against master roller; the master roller’s
deformation is ignored, and the imprinting roller has rubber skin. (b) The curve of the compressive measure for rubber.

As shown in Figure 2b, stress–strain characteristics for rubber are mainly divided into
three different regions. First, there is a linear deformation region where the stress linearly
increases with the increase in strain. Second, a plateau region occurs, indicating that the
stress remains constant despite the change in strain. Third, there is a densification region
where the stress dramatically increases as the strain increases [17]. As shown in Figure 2a,
the area at both ends of the rubber layer (skin) is densified due to the bending deformation
of the roller. It can be seen that in this densification region, the pressure distribution in the
contact area increases dramatically due to the high compressive elastic modulus of rubber.

Calculating the imprinting roller (rubber–steel composite) bending deformation and
the contact pressure variation and the flexural properties is difficult [18–21]. Therefore,
numerical solutions such as finite element modeling (FEM) analysis were used to analyze
the mechanical behavior of composites [16,22].

Using the static structural analysis of ANSYS (analysis system) 2019 R3, FEM analysis
was performed, as shown in Figure 3a, to check the non-uniform pressure distribution
at the contact area between the master roller and the imprinting roller due to bending
deformation during the pressing process. The specifications of the imprinting roller and
the master roller used in the analysis are the same as the conventional system (PNT, R2R
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NIL system) specifications used in the industry. For efficient and accurate analysis, the
global mesh was generated with coarse size, and the area of interest where the contact
occurred was generated with the element size set to fine size. The area of interest was
generated as a hexahedral element with the mesh size set to 2 mm. It can be confirmed
from Figure 3b that when pressing both ends of the imprinting roller with a total force of
4000 N, the ends of the contact area showed a high pressure and the center of the roller
showed a low pressure. Generally, the material properties in the FE analysis are assumed to
be elastic and the conditions are ideal; however, the physical properties of the rubber skin
were not accurate and the conditions are not ideal. Therefore, verification was conducted
through an actual experiment.
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Figure 3. Pressure distribution along roller during simulation (FEM): (a) Imprinting module of conventional R2R NIL used
in simulation (FEM); (b) Distributed pressure on the contact area.

An imprint pressing experiment was conducted to confirm the non-uniform pressure
distribution on the contact area, the nip between the master roller and the imprinting
roller, due to bending deformation during the actual pressing process. The experiment
was conducted using a large-area R2R NIL system; the pressure and pressure distribu-
tion at the contact area were measured using a pressure measurement film (PMF, Model
PRESCALE LLLW, Fujifilm, Tokyo, Japan). The experimental equipment and configuration
are shown in Figure 4a. The pressure distribution was measured upon the master roller
after pressing with 200kgf by using each of the pneumatic cylinders installed at both ends
of the imprinting roller.
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Figure 4. Imprinting module of conventional R2R NIL system used in experiments: (a) Setup of pressure measurement film
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The measurement results are shown in Figure 4b. After the pressing process, the
PMF experienced color change. The change was analyzed and then averaged over an area,
1 mm2, to transform to the measured pressure value. Since the actual measured values
contain noise, the measured data were fitted using MATLAB; through this, it was found
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that the measured pressure at both ends of the contact area tends to be higher than the
value at the center. However, the pressure at the central part is low and at both ends the
pressure tends to be high compared to the value in FE analysis. Additionally, the maximum
values of the pressure at the two ends are not the same in the real situation. However, the
tendency of the pressure distribution from the central part toward both ends appears to be
similar to the FE simulation. In Figure 3b, the contact pressure does not have a symmetrical
distribution about the center of the roller. This means that other causes are involved.

Other than the bending, there are three more reasons why non-uniform pressure dis-
tribution exists when pressing the roller. During the pressing process, there are roller skin
deflection, waviness error in the contact area due to roundness error and the straightness
error of the roller and roller misalignment [16]. Other than roller deflection, all factors are
caused during system manufacture. The best way to improve these problems is to improve
the manufacturing process. However, to improve these problems, it is necessary to use
precision machining and a precise assembly process, and thus the cost may be very high.

The waviness error of the roller causes a problem in which contact is not made
uniformly during the pressing process; this can be improved to a certain degree by using
the rubber skin coating on the surface of the imprinting roller. However, the combination of
roller misalignment and roller skin deflection causes non-uniform pressure distribution on
the contact area, and because the roller rotates during the imprinting process, the pressure
distribution changes with the passage of time.

Therefore, there is a limitation to using the conventional roller pressing system to
eliminate contact pressure non-uniformity.

2.2. New Large-Area R2R NIL Uniform Pressing System

The non-uniform pressure distribution caused by the bending deformation of the
roller generated by the concentrated load at both ends can be improved by adding a load to
the center of the roller. Additionally, the non-uniform pressure distribution by the rubber
skin deflection, the waviness error and the misalignment of the rollers can be improved by
dividing the three loads into several and controlling each of the divided loads.

The configuration of the large-area R2R NIL uniform pressing module to reflect this
method is shown in Figure 5a. It has the same specifications of the imprinting roller,
master roller and pressing module as the equipment used in the previous experiment in
Figure 4a. Each backup roller is configured to be driven independently by installing a
servo motor, which is an actuator. The system includes a guide roller made of steel to
prevent deformation and fatigue damage of the rubber skin of the imprinting roller due to
pressing by the backup rollers. All the actuators capable of applying a load include a load
cell sensor that can measure the load value, so that individual load values can be measured
and controlled when pressed. Figure 5b shows a large-area R2R NIL uniform pressing
system that has actually been implemented.

Figure 6 shows the integrated control system. Each actuator that applies a load during
pressing is configured to enable integrated control in the control PC using a servo driver
and motion controller (Model SPiiPlusES, ACS Motion Control, Yokne’am Illit, Israel).
In addition, the pressure value of each load cell sensor and the pressure value of the
pneumatic cylinders are configured to be checked in real time from the control PC through
the I/O module.

This system was originally designed to eliminate contact pressure non-uniformities in
real time. The non-uniformities caused by the bending deformation of the roller cannot
be controlled by the load concentrated on both ends of the roller alone. Since adding
one pressing roller in the center of the rollers could not solve the problems from roller
skin deformation, waviness error and misalignment of the rollers, more pressing rollers
were arranged. As the roller rotates, the deformation due to the error factors changes
dynamically over time. Controlling this dynamic change is the ultimate goal of this system,
but here we first try to solve the non-uniformity in the static state. The data obtained here
will be used for dynamic control in the future.
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3. Experiment for Uniform Pressure Distribution
3.1. Improving Uniformity Using the Center Roller

It was confirmed by conducting an experiment whether the individual backup roller
applied to the large-area R2R uniform pressing system can affect the pressure distribution
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at the contact area during the actual pressing process. The experimental conditions were
that the sum of the loads applied during pressing was 400 kgf, which is the sum of the load
applied by the pneumatic cylinder installed at both ends of the imprinting roller and the
load applied by the servo motor of the backup roller. The experiment was conducted using
only one backup roller in the center of the roller span under the condition that the total
sum of the loads did not change.

Figure 7 shows the results of the uniform pressure test using the backup roller.
Figure 7a shows the result of applying loads of 170 kgf to both ends of the imprinting roller
and 60 kgf to the center backup roller. In Figure 7b, 140 kgf was applied to both ends of
the imprinting roller, and 120 kgf was applied to the center backup roller; in Figure 7c,
100 kgf was applied to both ends of the imprinting roller, and 200 kgf was applied to the
center backup roller. It can be seen that the center backup roller can improve the pressure
distribution uniformity on the contact area when it is actually pressed.
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It can be seen from Table 1 that, for various reasons such as skin deflection, waviness
error and misalignment of the roller, it is difficult to press and obtain uniform pressure on
the contact area with only the one center backup roller. As shown in Figure 5, even when
a backup roller is installed in the center of the roller and pressure is applied, asymmetric
non-uniform pressure distribution occurs in the contact area. This is caused by other
factors such as the deformation of the roller skin, waviness error, misalignment of the
rollers, etc. In consideration of this, the proposed system has five backup rollers and two
actuators at both ends for an individual pressing mechanism in which more backup rollers
are driven systematically. Because of the more number of rollers, numerous roller pressing
force combinations exist for uniform pressure distribution. Since it would take a lot of
time to test this large number of cases only by experiment, we intend to use machine
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learning techniques to derive the optimal uniform pressing conditions based on the results
of pressing experiments.

Table 1. Maximum and minimum pressure values and non-uniformity with only the center roller.

Pressure Value (a) (b) (c)

Min (MPa) 1.36 1.19 1.24
Max (MPa) 1.96 1.72 1.65

Uniformity
(

Max−Min
Min

)
44% 44% 33%

3.2. Improving Uniformity Using Multiple Rollers and Machine Learning

The most commonly used machine learning algorithms automate the decision-making
process by creating generalized models based on known examples. This approach is
called supervised learning: it provides inputs and expected outputs to the algorithm, and
the algorithm finds a way to produce the desired output from the given inputs. This
type of learned algorithm can produce an appropriate output from an arbitrary input. In
supervised learning, there are processes of classification and regression. Classification is
the prediction of one from several predefined, possible class labels. Regression predicts a
continuous number. It is easy to distinguish between regression and classification problems
based on whether the output has continuity or not [23].

In the large-area R2R uniform pressing system, the load value applied by the actuators
during the pressing process was set as an input value and the pressure distribution value at
the contact area was set as an output value. Regression analysis was performed assuming
that the output values have continuity. The output value of the input value without the
experimental result was predicted through the regression analysis supervised learning of
the input value obtained by a relatively small number of experiments.

For this, the sensor for measuring the pressure distribution on the contact area was
replaced with an electronic pressure measurement sensor (Model 5555, Tekscan), which can
be analyzed in real time. The electronic pressure measurement sensor is shown in Figure 8a;
this sensor uses the same measurement principle as the strain gage. The experiment was
set up as shown in Figure 8b; three sensors were connected to measure the entire area of
contact between the master roller and the imprint roller. In addition, the un-measured area
between the connected sensors was predicted and measured using an interpolation method.
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(b) Setup of electronic pressure measurement sensors on large-area R2R uniform pressing system.

In this study, we try to make the contact pressure of the rollers uniform under static
conditions. The contact pressure of the master roller is divided into the left (OL), the center
(OC) and the right (OR), and the uniformity is evaluated based on the average value of
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these areas. If the deviation of these values is not large, it is assumed that the uniformity is
secured. To reduce this deviation, the pushing force of the left pneumatic cylinder (IL), the
pushing forces of each backup roller (IC1~IC5) and the pushing force of the right pneumatic
cylinder (IR) should be optimally selected. Therefore, the inputs of supervised learning
were set as IL, IC1~IC5 and IR, and the outputs were set as OL, OC and OR.

If one output continuously changes with respect to one input, it can be determined
that several outputs for several inputs also change continuously. Here, IC3 is selected as
the input and OC is selected as the output. The relationship between them was regression-
analyzed using the random forest method.

The experimental condition is such that the sum of the input pushing forces is 400 kgf,
which is the sum of the forces applied by the pneumatic cylinders installed at both ends of
the imprinting roller and the servo motors of the backup rollers. As shown from the left in
Figure 9, the force at both ends of the imprint roller was set to IL, IR and the load of the
center backup roller was set to IC1, IC2~IC5. The average values of the electronic pressure
measurement sensors were set, from the left, to OL, OC and OR. The test conditions were
400 kgf in total force, and the ratio of the force value of the center backup roller was
increased from 0~44%. In Figure 10, the output value data measured in the center are
expressed in a boxplot. Regression analysis was conducted using the force of the center
backup roller (IC3) and the average value of the center electronic pressure measurement
sensor (OC). Linear regression, decision tree and random forest techniques were applied
as basic regression analysis methods. Since the amount of analysis was not large, there
was no significant difference in efficiency. The random forest technique with the highest
training/test scores and improved reliability was applied. The applied random forest
algorithm is shown in Equation (1). For b = 1 to B (B = 100), draw a bootstrap sample
Z∗ of size N from the training data. Grow a random forest tree Tb to the bootstrapped
data, by recursively repeating the following steps for each terminal node of the tree, until
the minimum node size nmin is reached. As each individual model is built, m variables
are randomly selected from all p variables, and the best variable/split point combination
is chosen. Then, split the node into two daughter nodes [24]. Output the ensemble trees
{Tb}B

1 . To make a prediction at a new point x:

f̂ B
r f (x) =

1
B ∑B

b=1 Tb(x) (1)
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Figure 10. Experimental results for regression analysis; output pressing force from left (OL), central (OC) and right (OR)
sections of roller for the inputs: (a) Left force 200 kgf, right force 200 kgf; (b) Left force 165 kgf, right force 165 kgf and center
force 70 kgf; (c) Left force 148 kgf, right force 148 kgf and center force 104 kgf; (d) Left force 112 kgf, right force 112 kgf and
center force 176 kgf.

The regression analysis algorithm used the random forest algorithm provided by
Scikit-learn, a Python machine learning library. Random forest regression analysis was
performed as shown in Figure 11 to check whether the change in the output value has
continuity according to the change in the input value. The total data volume used for
training is 1520 sets, and the analysis was performed by adjusting the max depth of the
hyper-parameter provided by Scikit-learn. Based on the training data, the random forest
algorithm learned the correlation between the input and the output. As a result of learning,
the average train score was 0.990 and the test score was 0.953. It was confirmed that there
is continuity between them and the learning data followed the actual experimental data
well. Therefore, the output value can be predicted for an input value for which the actual
experiment was not conducted.
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Regression analysis was performed on all input values applied by the pneumatic
actuators at both ends of the imprinting roller and the actuators of the five backup rollers.
Random forest regression analysis was performed for all inputs (IL, IC1~IC5 and IR) and for
all outputs (OL, OC and OR). The results of the performed regression analysis can be used
to find an optimal combination of the input pushing force for the minimum difference of
the output pressing forces. A combination of input values whose output value has a range
of 2 kgf± 5% was found using the for statement. Figure 12 is a box plot showing input
values that can be used to derive an output value having a range of 2 kgf± 5%, which is a
uniform pressure distribution value at the contact area. Table 2 shows the maximum and
minimum values and average values of the derived input values, as shown in Figure 12b.
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Figure 12. Optimal pressing for uniformity using multi regression analysis: (a) Output value with uniform pressing force
(2 kgf± 5%); (b) Input value optimization result of input pushing force.

Table 2. Optimized load value of Figure 11b.

Force (Input) Left (IL) Center 1 (IC1) Center 2 (IC2) Center 3 (IC3) Center 4 (IC4) Center 5 (IC5) Right (IR)

Min (kgf) 99.4 58.0 35.7 43.2 40.6 38.4 79.3
Max (kgf) 100.4 60.0 37.3 46.1 41.7 39.4 80.7
Avg (kgf) 100.0 59.0 36.5 44.5 41.3 38.8 79.9

Figure 13 shows the experimental results obtained using the optimal input values
found through the derived regression analysis. It was confirmed that the experimental
result values coincide at a 95% level with the result in the regression analysis learning.
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4. Conclusions

The purpose of this study is to reveal the contact pressure non-uniformity problem of
the conventional R2R NIL system and to propose a system to improve it. Simple modeling,
FEM analysis and experiments were conducted to reveal the problem. In order to improve
the problem, a new pressing system was proposed, and the experiment and optimization
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showed that the contact pressure was equalized. In the optimization process, machine
learning regression analysis was used.

In the conventional R2R NIL system, the pressing process is mainly performed by
applying concentrated loads to both ends of the roller during the pressing process for
imprinting. For high productivity, the axial length of the imprinting roller must be long; the
contact area increases due to the lengthened roller, and a higher pressing force is required.
If the conventional pressing process is applied to a large-area R2R NIL system, the pressure
distribution on the contact area is not uniform during imprinting due to the bending of
the roller. If the rubber skin of the roller is deformed, if there is a waviness error in the
contact area or if rollers are misaligned, this non-uniformity of the contact pressure becomes
severe. In this study, a new roller pressing system, which applies a distributed load to the
entire roller, was applied. The proposed system is different from the method of applying
concentrated loads at both ends, which is the conventional pressing method.

In the conventional R2R NIL pressing process, the bending of the roller is predicted
through mathematical modeling and simulation (FEM). Through actual experiments, it was
confirmed that the conventional R2R NIL system has a non-uniform pressure distribution
at an 85% level during the pressing process on the contact area. In addition, it was checked
that the non-uniformity is not symmetrical, which means the other errors are engaged.

A uniform pressing system was designed and implemented to perform pressing by
individual and distributed load. It was confirmed that the pressure distribution uniformity
of the contact area can be improved to a level of 33% by improving the bending of the
roller via pressing the backup roller, which is the core mechanism of this system. A number
of backup rolls were used to improve the uniformity of the pressure distribution, which
was irregular due to the other errors from skin, waviness error in the contact area and
misalignment. The effect of each backup roller on the pressure distribution of the contact
area was learned and analyzed using regression analysis of supervised learning, a machine
learning technique. Using the results of regression analysis, the optimum force of each
backup roller was found. As a result of testing by applying the derived value, it was
confirmed that the uniformity of the pressure distribution on the contact area can be
improved to a level of 5%.

In this research, to utilize the machine learning technique (regression), the pressure
distribution value at the contact area was divided into three sections and averaged. To more
closely measure the pressure distribution at the actual contact area, the average interval
needed to be divided further. The proposed pressing system is designed to control the
non-uniformity of the contact pressure in real time, but in this study, only the uniformity in
the static state was studied. In the future, to perform compensation control in a dynamic
state, these improvements can be used.

In spite of the limitations of the method, it was confirmed that the non-uniformity
of the pressing process, one of the biggest issues for increased productivity and yield in
large-area R2R NIL, can be improved by applying the system developed in this study. This
method is expected to contribute to productivity and yield improvement of the NIL process.
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