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Abstract

Roll-to-roll printed electronics is a fabrication technology for electrical devices using functional ink and flexible material
films. When the printing pressure is not uniform between the two rolls in the roll-to-roll process, the printing quality
degrades, which makes commercialization of printed electronics difficult. In this study, we constructed a system in which
both ends of the impression roll are driven individually, unlike the conventional printing pressure control system, for
accurate printing pressure measurement. However, in the actual process, since the printing pressure cannot be measured in
real time in the nip, which is the contact surface between one roll and the other roll, a load cell is installed at both ends of
the impression roll to measure the printing pressure. This measurement limit causes a measurement delay. To compensate
for the measurement delay, we measure the printing pressure and perform a frequency analysis of the measured printing
pressure to calculate the correct measurement delay value. Then we calculate the measurement delay using the frequency
response function and use a time delay predictor to compensate for the calculated measurement delay. However, even if the
measurement delay is compensated for, there is a printing pressure error due to repeatable run-out (RRO). To eliminate the
residual error after compensating for the measurement delay, we perform a frequency analysis of the printing pressure after
compensating for the measurement delay. We then apply adaptive feedforward control to uniformize the printing pressure

additionally.

1 Introduction

Printed electronics is a technology for the fabrication of
electronic devices using functional ink and flexible films.
Among various technologies, the roll-to-roll printed elec-
tronics process is a next-generation process that enables
mass production at low cost and can be applied to various
electronic devices, such as RFID tags, display panels, and
solar cells (Khan et al. 2014). However, for commercial-
ization, there is a need to develop a technology to enhance
the printing quality, namely, to mitigate the low precision
and reliability compared to silicon-based devices. Methods
to improve the printing quality include web tension control,
position control, and printing pressure control. Among
these methods, printing pressure control affects the line-
width and conductive layer thickness: when the printing
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pressure between the two rolls is not uniform, the linewidth
and conductive layer thickness are affected as shown in
Fig. 1, which degrades the printing quality (Choi et al.
2015). Factors that induce printing pressure nonuniformity
include roll machining accuracy, differences in roll relative
speed, and roll runout (RRO) due to roll eccentricity.
Among these, RRO due to roll eccentricity is affected by
the roll inter-axial distance. Figure 2 shows the change in
inter-axial distance of an impression roll and plate roll
(L1,Ly) and the resulting change in the printing pressure.
As the Fig. 2 reveals, there is a close relationship between
the printing pressure and the roll inter-axial distance. A
previous study predicted the change in the inter-axial dis-
tance of rolls caused by RRO and minimized the printing
pressure change by determining the initial conditions that
minimized the change in the roll inter-axial distance (Kim
et al. 2018). In addition, the conventional printing pressure
control system has a structure in which the ends of the
impression roll are dependent on each other, and movement
of one side affects the movement of the other side and
applies the printing pressure.
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Fig. 1 Printing quality
according to printing pressure
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Fig. 2 Change in inter-axial distance of rolls caused by roll run-out and change in printing pressure

In this study, we constructed a system in which the two
ends of the impression roll are driven individually, unlike
the conventional printing pressure control system, for
accurate printing pressure measurement. However, in the
actual process, since the printing pressure cannot be mea-
sured in real time in the nip, which is the contact surface
between one roll and the other roll, a load cell is installed at
both ends of the impression roll to measure the printing
pressure. This measurement limit causes a measurement
delay. To compensate for the measurement delay, we
measure the printing pressure and perform a frequency
analysis of the measured printing pressure to calculate the
correct measurement delay value. To determine the rela-
tionship between the force generated in the nip and the load
cell signal, an impact test is performed to obtain the fre-
quency response function. Then we calculate the mea-
surement delay using the frequency response function and
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use a time delay predictor to compensate for the calculated
measurement delay. However, even if the measurement
delay is compensated for, there is a printing pressure error
due to RRO. To eliminate the residual error after com-
pensating for the measurement delay, we measure the RRO
of the roll under the initial conditions, which minimizes the
change of the inter-axis distance of the roll performed in
our previous study. We also perform a frequency analysis
of the printing pressure after compensating for the mea-
surement delay. When there are periodic errors such as
RRO, adaptive feedforward control is more effective than
feedback control, so adaptive feedforward control is
applied to make the printing pressure uniform (Oh et al.
2007).
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2 Roll-to-roll printing pressure control
system

Printed electronics can be classified into contact type and
non-contact type. Contact printing includes gravure print-
ing, flexo printing, screen printing, and offset printing. The
printing method we use is gravure printing. Roll-to-roll
gravure printing is a technique that uses impression rolls to
conduct ink from a plate roll to a flexible material for
printing. In conventional printing pressure systems, the
movement of one side of the roll affects the movement of
the other side. To avoid this condition, we designed a
printing pressure control system with individual movement
of the two ends of the impression roll. Unlike the con-
ventional gravure printing system, our system operates
individually as shown in Fig. 3. Figure 4 shows that two
servo motors and a construction operate individually due to
the bearing between the impression roll and the linear
motion guide (Oh et al. 2016).

3 Measurement delay compensation
through feedback torque control

3.1 Measurement delay compensation

In the actual process, the printing pressure on the nip,
which is the contact surface between the two rolls, cannot
be measured in real time, so we installed load cells on each
end of the impression roll to measure the printing pressure.
This type of measurement results in the measurement
delay. Figure 5b shows the frequency analysis results for
the load cell signal of Fig. 5a, which was used to calculate
the precise measurement delay value. The roll rotation
frequency was in the low frequency range of 0-0.8 Hz,

Fig. 3 Printing pressure control (a)
system: a conventional printing

which is a relatively large frequency range of interest.
Impact testing was also carried out to determine the dif-
ference between the force on the nip and the load cell
signal. The impulse duration at the impact point of the
impression roll was made short and 10 impacts were con-
ducted (Ahn and Jeong 2002). Figure 6 shows the obtained
phase graph of the frequency response function. The delay
in the time domain was the same as the phase with a linear
slope in the frequency domain, as shown in Eq. (1), due to
the nature of the Fourier transform. Thus, the time delay
value could be calculated using the phase component of the
frequency, as shown in Eq. (2). Calculating the slope m for
the linear range of 0-0.5 Hz in the phase graph of Fig. 6
resulted in a slope of 0.497 and there was a time delay of

0.07911.
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3.2 Experiment and experiment results

Figure 7 shows the printing pressure control system to
compensate measurement delay. The time delay predictor
proposed by Smith was used to compensate for the calcu-
lated measurement delay. Figure 8 shows the printing
pressure compensation result using the time delay predic-
tor. For the experiment, the roll rotation speed and load cell
pressure were maintained at 10.47 rad/min and 20 kgf,
respectively. The maximum and minimum printing
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Fig. 4 Performance property of individual printing pressure control system
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Fig. 5 Load cell signal: a measured printing pressure, b frequency analysis of load cell signal

pressures before compensating for the measurement delay ~ 0.3670 to 0.2705 kgf. As shown in Fig. §, the delay com-
were 20.8048 kgf and 18.1028 kgf, respectively. The dif-  pensation was more effective in reducing large errors such
ference of 2.702 kgf decreased to a difference of  as notches.

1.5388 kgf after the delay compensation, with the maxi-

mum and minimum of 20.5871 kgf and 19.0483 kgf,

respectively. The standard deviation of the printing pres-

sure error also decreased by approximately 26% from
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Fig. 6 Frequency response function between load cell and nip of impression roll
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Fig. 7 Printing pressure control to compensate measurement delay

4 Rro compensation through adaptive
feedforward control

4.1 Measurement of repeatable run-out

Even if the measurement delay caused by the measurement
limit is compensated for, there is still a printing pressure
error due to RRO. To eliminate the residual error, the RRO
of the roll should be precisely measured. Since the plate
roll material was steel, a gap sensor was used to measure
the RRO and a laser sensor was used to measure the RRO
for the impression roll made of silicon. The specifications
of the displacement sensors are shown in Table 1. For the
experiment, the roll rotation speed and load cell pressure
were maintained at 10.47 rad/min and 20 kgf, respectively,
and 10 rotations were conducted to calculate the total
average. Figure 9 shows the results obtained with a maxi-
mum plate roll RRO of around 0.015 mm and a maximum

impression roll RRO of around 0.002 mm. The measure-
ment delay was compensated for and the remaining resid-
ual error was confirmed by RRO. Figure 10 shows the
residual error remaining by the RRO. We selected 1x, 2x,
5x, 10x, 13x, 14x, 15x and 16x with an amplitude of
0.06 or more as frequency components to be removed.

4.2 Adaptive feedforward control

Figure 11 shows the adaptive feedforward control system
to reduce residual repeatable error. If a periodic distur-
bance drpo(t), a repeatable runout, can be defined in
trigonometric form as,

drwolt) = 3 DE)sin{on(®) -+ (1))
k=1

P
k=

(xc(k) cos(wo(k)t) + xs(k) sin(wo(k)t))
1

(3)

When the disturbance is determined, the input u, of the
feedforward control can be expressed as Eq. (4).

P

u,(nTy) = we(n, k) - cos(wo(k)nT,
(nTy) ;(( ) - cos(wo (k)nTs) @

+wy(n, k) - sin(wg (k)nTy))
where p is frequencies component to be rejected. If the
RRO, is known as given Eq. (3), the repeatable error can be

minimized with a proper selection of w,(n, k) and wy(n, k)
at the frequency of w(k). Having the error defined in terms
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Fig. 9 Repeatable run-out of roll: a RRO measurement of plate roll, b RRO measurement of impression roll

of frequency component, an update rule that can minimize

the error should be laid out. Establishment of the Fourier (4 1,6) = we(n,K)

coefficients update rule is straight forward and can be done Wellt 7 4, ) = Wellt,

with Egs. (5) and (6) (Oh et al. 2009). + 20Ag(k)e(n) cos (o (k)nT; + o (k)

(5)
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ws(n+ 1,k) = wy(n, k)
+ 2nAg(k)e(n) sin (a)o(k)nTs + ¢Q(k))

(6)
where 7 is an update constant, ¢ is a residual repeat-
able error, and Ag(k) and ¢, (k) are the magnitude and
phase of sensitivity Q at wo(k), respectively. Q means HLPC
and can be obtained experimentally.

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Frequency[Hz]

4.3 Experiment and experimental results

Figure 12 shows the experimental results of left part of roll
using adaptive feedforward control. For the experiment, the
roll rotation speed and load cell pressure were maintained
at 10.47 rad/min and 20 kgf, respectively.

The maximum and minimum printing pressures were
20.5871 kgf and 19.0483 kgt when the torque control and
delay compensation were performed, and the maximum
and minimum printing pressures were 20.2434 kgf and
19.7443 kgf when the torque control, delay compensation
and RRO compensation were performed. The peak-to-peak
of printing pressure was 1.5388 kgf when the torque con-
trol and delay compensation were performed and
0.4991 kgf when torque control, delay compensation and
RRO compensation were performed. In addition, the
standard deviation of the printing pressure error was
0.2705 kgf when the torque control and the delay com-
pensation were performed, and 0.0757 kgf when the torque
control, delay compensation and RRO compensation were
performed. With a comparison of the results for performing
only the torque control and the results for performing the
torque control, the delay compensation, and the RRO
compensation, we confirmed that the standard deviation of
the printing pressure error was reduced by about 72%.

And residual errors are found even when adaptive
feedforward control is applied. While the printing pressure
control system was individually designed, residual errors
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Fig. 12 Printing pressure comparison between before and after repeatable run-out compensation of left part of roll

Table 1 Sensor specifications

are presumed to have resulted from mechanical interfer-
ence. As a follow-up study, the printing pressure control

Gap sensor Laser sensor . . 8 K
P system will be improved to consider mechanical
Measurement range 0-2 mm 0-3 mm interference.
Resolution 0.5 um 0.02 um Figure 13 shows the printing pressure of the right part of
Model AEC 5505-PU 09 Keyence LK-G5000  the roll. Experimental results in Fig. 13 are similar to the
results in Fig. 12. And we can observe that the printing
pressure errors are greatly reduced in Figs. 12 and 13.
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Fig. 13 Printing pressure comparison between before and after repeatable run-out compensation of right part of roll

@ Springer



Microsystem Technologies (2020) 26:265-273

273

5 Conclusion

We have proposed a combined compensation method for
the measurement delay of the roll-to-roll printing pressure
system by time delay predictor and the residual error by
adaptive feedforward control after compensating for the
measurement delay.

First of all, the measurement delay between the load cell
signal and the force generated in the nip was identified by
the frequency response function excited by the impulse on
the impression roll near the nip. The printing pressure error
of the conventional torque control was reduced by 43
percent in standard deviation, by comparison with the error
of the torque control with the measurement delay com-
pensation. And we additionally applied an adaptive feed-
forward controller for selected frequency components, to
eliminate the residual error after compensating for the
measurement delay.

Therefore, to verify the proposed combined compensa-
tion method, we observed that the printing pressure error of
the conventional torque control was reduced by 72% in
standard deviation from 0.2705 to 0.0757 kgf, by com-
parison with the error of the torque control with the mea-
surement delay compensation and the adaptive feedforward
controller.
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