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Abstract As the market demand for products such as flexible displays, 0T devices, and
healthcare devices increases, attention has been drawn to printed electronics by a roll-to-roll
process that can continuously produce electronic products on flexible substrates using functional
inks. In particular, printed patterns need to be uniform in terms of the line width and thickness,
which requires uniform control of the contact pressure during the roll-to-roll process, in processes
that require ultra-fine pattern printing such as thin-film transistors for flexible displays. Because
the contact pressure is indirectly measured using load cells, the performance of the conventional
contact pressure control method tends to deteriorate due to the occurrence of time-delay and
magnitude errors. Using the transfer function between the actual contact pressure and load cell,
the time-delay is measured and compensated. To achieve contact pressure uniformization, the
individual drive cross-coupled control system with the time-delay compensation is proposed.

1. Introduction

Printed electronics by the roll-to-roll process can be applied to various electronic components
and products, including thin-film transistors (TFTs) for flexible displays, internet of things (loT)
devices, healthcare devices, and radio-frequency identification components [1, 2]. The process
supports large-scale and continuous production, making it particularly suitable for low-cost,
high-speed, and large-scale production. Many technologies for print quality improvement have
been extensively studied to commercialize printed electronics. More recently, some processes
capable of ultra-fine patterning, such as the roll-to-roll reverse offset and the roll-to-roll nanoim-
print, have been highlighted [3, 4]. Control technologies that can improve the print quality in-
clude contact pressure control, web position control, and tension control. The web position error
can be caused by the speed difference between the rotational motion of the roll and the linear
motion of the web, and the tension error can be caused by temperature disturbance during the
drying process [5]. Among these technologies, the contact pressure control can improve the
uniformity of the line width and the thickness for a printed pattern [6].

In our previous paper, we proposed a 2-degree of freedom (DOF) individual drive system that
reduces the non-uniformity of the contact pressure using two servo motors at the two ends of
the impression roll [7, 8]. When the two servo motors apply pressure on the impression roll,
interference at both ends can be compensated, but performance limitations are observed in this
case. We found that uniform control of the contact pressure is constrained by time-delays and
magnitude errors arising from a structural condition, given that the contact pressure is indirectly
measured using a load cell. This paper proposes an individual drive cross-coupled control
(CCC) system with time-delay compensation that achieves contact pressure uniformization.

The proposed roll-to-roll individual drive system is the CCC-based control system by measur-
ing the transfer function between the load cell and the nip that is the actual contact surface of
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the roll. The transfer function, which can be derived by perform-
ing an impact test on the contact surface of the roll, may cause
time-delay. The measured time-delay can be compensated
using the time-delay predictor to minimize the effect of the
time-delay [9]. We performed experiments to verify the pro-
posed individual drive CCC system with time-delay compensa-
tion.

2. Individual drive cross-coupled control
system with time-delay compensation

2.1 System configuration

Figs. 1 and 2 illustrate the roll-to-roll system in which servo
motors apply force on the impression roll, which applies pres-
sure on the plate roll along the linear-motion guide. In general,
the contact pressure can be measured using a pressure-
measuring film or force-sensing resistor. However, when the
roll-to-roll system is in actual printing, continuous measurement
is not possible due to several constraints, such as the area of
the pressure measurement fim and the data transmission of
the force sensing resistor. To resolve this issue, two load cells
are attached at both ends of the impression roll to measure the
pressure, and the actual contact surface and the position
where the pressure is measured are different. Because this is
an indirect method of measuring contact pressure, it is affected
by the time-delay error and offers only limited improvements in
the print quality.

Figs. 1 and 2 show the system configurations of 1-DOF and
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Fig. 1. Roll-to-roll 1-DOF servo drive system.
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Fig. 2. Roll-to-roll 2-DOF servo drive system.

2-DOF roll-to-roll systems. As shown in Fig. 1, the roll-to-roll 1-
DOF system relies on a single servo motor, and the eccentric-
ity caused by the precision errors complicates the uniform con-
trol of the contact pressure. In Fig. 2, the roll-to-roll 2-DOF sys-
tem has two servo motors that ensure more uniformity com-
pared to the 1-DOF system. However, the force applied by the
servo motors influences the force at the other end, and this
must be considered to ensure that the contact pressure is uni-
form.

2.2 Roll shape measurement by repeatable run-
out

The eccentricity caused by manufacturing errors as shown in
Fig. 3 needs to be resolved for contact pressure uniformization.
The eccentricity is estimated using a laser displacement sensor
and a gap sensor at the top of the roll, as shown in Fig. 4, to
divide the rotational axis of the impression roll and plate roll into
25 points to measure repeatable run-out. The repeatable run-
out, which may occur due to assembly errors and/or precision
errors in roll manufacturing, is a kind of periodic vibration error
caused by the roll rotation. Then, to measure the time-delay
value, the impact test is performed at the nip close to the R-
axis.

From the measurements, the maximum run-out values are
13.9 um for the impression roll and 10.7 pm for the plate roll.
Figs. 5 and 6 present the repeatable run-out components of the
impression roll and plate roll. The phase difference in the con-
tact surface of the roll for 25 points in the direction of the rota-
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Fig. 3. Eccentricity due to manufacturing errors.
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Fig. 5. Repeatable run-out of the impression roll.
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Fig. 6. Repeatable run-out of the plate roll.
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Fig. 7. Contact force measured by the load cell.

tional axis is confirmed, and assembly and precision errors can
be estimated.

2.3 Time-delay measurement

The contact force measured by the load cell is given in Fig. 7.

Because the contact force is indirectly measured, there is a
high probability of time-delay errors, which affects the uniform-
ity of the contact pressure [10]. Accurate time-delay values are
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Fig. 8. Spectral density function of load cell signal.
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Fig. 9. Frequency response function between load cell (L) and nip (R): (a)
magnitude; (b) phase.

generally able to be estimated by means of a frequency analy-
sis or by cross-correlation of the load cell signal. The contact
force expressed in the form of the spectral density function is
shown in Fig. 8. According to the rotational frequency of a roll
of about 0.67 Hz, the frequency band of interest with a rela-
tively large magnitude is 1 Hz or less.

To determine the relationship between the indirectly meas-
ured force by the load cell and the actual pressure applied to
the roll, some impacts were applied at the nip close to the L-
axis and the R-axis of the impression roll. Based on the rela-
tionship, four time-delays were measured between the two nips,
which were close to the L-axis and the R-axis, the two load
cells which are the load cell (L) and the load cell (R). Two fre-
quency response functions are shown in Figs. 9 and 10, which
were acquired by repeating the test ten times.

According to the Fourier transform, the time-delay is given by
the gradient of the phase, as expressed in Eq. (1). The time-
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Fig. 10. Frequency response function, between load cell (R) and nip (R): (a)
magnitude; (b) phase.

delay was measured by analyzing the phase, as shown in Figs.
9(b) and 10(b). Here, 1 is the rotational frequency of the roll,
7 is the time-delay value, and ¢( /) is the phase of the rota-
tional frequency. We obtained a phase graph from the fre-
quency response function and calculated the gradient, Vf , of
the phase graph in a linear interval of 0 Hz to 0.25 Hz. Accord-
ing to the phase measured from the nip close to the L-axis, the
gradient was 0.578, and the time-delay was 91.99 ms. From
the nip close to the R-axis, the gradient was 0.243, and the
time-delay was 38.74 ms.

F[x(t - T)] = Tx(t —7)e’"dt
- (1)

= [x(t)e " dt = X (jw)e " = X (jw)e "

o(f)="2mcf=Vf-f>1=-Vf/27. @)

2.4 Time-delay compensation

To compensate for the measurement time-delay, we em-
ployed the time-delay predictor proposed by Smith. The time-
delay predictor uses feedback signals separated from the time-
delay part and magnitude part of the transfer function. Fig. 11
shows the time-delay compensator designed with a 1-DOF
single-input and single-output (SISO) system to exclude the
effect of the time-delay. As a typical controller, we used a PID
controller for pole assignment, where 'Ref means the desired
contact pressure to be uniformly controlled. The model of ‘mo-
tor' was a Yaskawa SGM7A servo motor.

However, a multiple-input and multiple-output (MIMO) sys-
tem had to be considered in our 2-DOF roll-to-roll system. As
shown in Fig. 12, we proposed the individual drive CCC system
with time-delay compensation for uniformizing contact pressure
by applying the time-delay compensator to the MIMO system.

Sensor

Fig. 11. Time-delay compensation in SISO control system.
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Fig. 12. Individual drive cross-coupled control system with time-delay com-
pensation.

3. Contact pressure estimation model

Improving print quality is limited when using the method of
measuring the contact pressure by attaching a load cell onto
both ends of the impression roll, as a time-delay occurs due to
the characteristics of the structure. The relationship between
the impression roll and the plate roll was modeled as a state-
space equation in consideration of the actual contact pressure,
the force measured by the load cell, and relative displacement
between the impression roll and plate roll.

As shown in Fig. 13, the roll-to-roll model considering the con-
tact pressure behaves similarly to the half-car model with regard
to describing the relationship between the impression roll and
the plate roll while servo motors are acting on the impression roll
[11]. The equation of motion in the perpendicular direction is
expressed as Eq. (7), and the equation of motion for the pitch
moment is Eq. (8). Substituting the constraint equations from
Egs. (3)-(6) into Egs. (7) and (8) leads to Egs. (9) and (10). The
state-space equations Egs. (11) and (12) are subsequently
derived and are then expressed in matrix form, as given by Egs.
(18)-(25). Eq. (15) shows the relative displacement between the
impression roll and plate roll, Eq. (16) shows the contact pres-
sure between the impression roll and plate roll, and Eq. (17)
shows the force measured by the load cell.

L=L,+L, ()
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Table 1. Description of model parameters in Fig. 13.

LL,L L

+[ e +]Fm, +[LL"L’2 + L ]Fmr (1)
L1 Distance from the center of the impression roll to both L1, mL LI mL,
"t | ends Lk L (LLL, Lo
I Distance from the center of the impression roll to the LI, mL, ! LI mL, | "
1222 repeatable run-out measurement point ,
X, X, | Run-outof plate roll X = (CLLMLZ - CL] X, + [_CLLrZ - CL] X,
X X, Run-out of impression roll LI, mL, Ll mlL,
ive di i i LL,L L LL )’ L
X Xo X Relative displacement between the impression roll and L MLLL, _ K X, +| - kLL, kK X,
plate roll L1, mL, LI, mL (12)
Force applied to the impression roll (measured force on
wFo | the load cell) (LL“L'Z +L]F,,,, +( by, L JF
FF Contact pressure between the impression roll and plate LI mL, 2 mL,
rh I :
ro ' . + LL,L, L F+ LL,” L F
m,m, Mass of impression roll and plate roll L1, mL, L1, mL
I Moment of inertia of rotation of impression roll, rotation i=Ax+Bu+Ef (13)
s angle of impression roll y=Cf (14)
¢,k Damping of roll surface, rigidity of roll surface . . r
X = |:Xs/ X, X, X.vr:| (15)
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Fig. 13. Roll-to-roll contact pressure estimation model. LI T L - LI T L
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Xs = (LI‘ZXA[ + L[2XAV) / L (5) i0 0
9: :(Xsr_Xsl)/L (6) A4 = 0 0:| (22)
mX +c(X,+X,)+k(X,+X,) 0 [ LLL, L LLL, i
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-L,F,+L,F, =0 v 0 " ’ [0 "
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Fig. 14. Comparison between before and after time-delay MIMO compen-
sation.

4. Experimental verification of contact pres-
sure uniformization

Because the contact forces from the servo motors interfere
with each other and affect the uniform control of the contact
pressure, we designed the proposed individual drive CCC sys-
tem to compensate for the interference caused by the two
servo motors. Several experiments were conducted to investi-
gate the performance of the time-delay compensator in the
individual drive CCC system. As for the experimental condi-
tions, the driving speed of the roll motor was maintained at
1.67 rpm, and the desired contact force value was set at 20 kgf,
which is the industrial nominal contact force.

Fig. 14 shows the comparison between controlling the con-
tact pressure using the CCC system without time-delay com-
pensation (before) and the CCC system with time-delay com-
pensation (after). The minimum-maximum contact pressure
difference dropped from 0.2165 kgf (for a maximum of 20.1163
kgf and a minimum of 19.8998 kgf) before compensation to
0.0701 kgf (for a maximum of 20.0329 kgf and minimum of
19.9628 kgf) after compensation. The standard deviation of the
contact pressure error was reduced by 67 % from 0.024613 kgf
to 0.00803 kgf, indicating that the contact pressure was be-
coming more uniformed and corrected by the journal office.

5. Conclusions

In this paper, we have proposed an individual drive CCC
system to uniformize contact pressure to enhance the print
quality of the roll-to-roll process for printed electronics. When
the pressure by the servo motor is applied to both ends of the
impression roll, one force affects the other side in the 2-DOF
roll-to-roll system proposed in our previous work. We designed
the proposed individual drive CCC system to compensate for
the influence between the two motors and to improve the con-
trol performance. However, since the contact pressure is indi-
rectly measured using load cells at the end of the impression
roll in the individual drive CCC system, a time-delay occurs

between the actual contact pressure and the load cell. In addi-
tion, the effect of time-delay is more complicated than in an
SISO system because it is a MIMO system composed of 2-
input and 2-output. We measured the time-delay values of four
paths between the actual contact force and the load cell and
performed the time-delay compensation in the MIMO system
using the time-delay predictor. We verified contact pressure
uniformization by the individual drive CCC system with time-
delay compensation through several experiments.

Recently, the roll-to-roll reverse offset technology in printed
electronics processes has been emerging and is being found
suitable for production in various flexible products: not only
flexible and/or large display panels, loT devices, radio-
frequency identification components, and healthcare devices
but also the backplane TFT that matches the characteristics of
the flexibility of the substrate. However, flexible TFTs using the
current level of printing technology has limitations in satisfying
specification requirements because the backplane of LCD and
OLED displays requires high charge mobility [12]. To solve this
limitation, it is necessary to ensure technology for ultra-fine
patterning and for uniformizing printing contact pressure.
Therefore, the proposed individual drive CCC system with time
delay compensation will contribute to the next-generation elec-
tronic device-related market.
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