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Abstract This paper presents how to make a design of a
roll-to-roll gravure offset printing system and how to control
the printing process for the enhancement of printing location
accuracy. Factors that cause printing errors include impreci-
sion due to printing components, measurement and control,
and printing environment. The suggested concept of design
adapts the stop-and-go web feeding mechanism, which is
able to avoid lag measurement control and coupled control
of speed, tension, and register control. Regarding the control
of the printing process, the effect of a synchronization error
between the stage and blanket rollers on printing precision
was investigated analytically and experimentally. The
change of synchronization during the printing process was
observed and the measure to compensate the synchroniza-
tion error automatically was also examined.
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1 Introduction

Academies and industries recently performed diverse re-
search efforts on the production of electronic or display
elements using printing processes. This is because the print-
ing process has a price competitiveness superior to the
patterning process that relies on the existing technologies
of light exposure or chemical etching. Turning to the ubig-
uitous or high-energy era, in particular, this printing process
can be applied to production of thin film transistors [1-5],
flexible displays [6, 7], radio frequency identification
(RFID) tags [8], touch screen devices [9], and so forth.
Attention is concentrated on the research of printing tech-
nologies using roll-to-roll processes, as these kinds of prod-
ucts require flexibility and mass production method.

Printed electronic elements using roll-to-roll printing pro-
cesses are produced using a roll-to-roll transfer that contin-
uously feeds flexible plastic film as substrates and
conductive, semi-conductive, or insulating materials using
direct patterning processes, including those printing pro-
cesses like gravure [10], gravure offset [11-13], flexo, ink-
jet [14, 15], screen [16], pad printing [17], etc. The gravure,
gravure offset, and flexo printing processes, which are the
most extensively used for roll-to-roll printing, have differ-
ences, as indicated in Table 1.

The gravure printing has merits such as giving the
smallest line width of 30-40 um, realized at a fast printing
speed, but also has limitations such as requiring a high
printing pressure and a 1-5-pm printing thickness, which
is restricted to flexible substrates and is impossible to use on
glass or other hard materials. The flexo printing may pro-
duce a smaller line width of 40 um and has micron-thick
printing but it also has limitations such as that it can hardly
control the printing thickness and it can use ink material
with polarity. Nano imprint lithography can make fine lines
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Table 1 Roll-to-roll compatible

printing processes Gravure offset Gravure Flexo Nano imprint lithography
Minimum feature size > 10 um > 30 um ~40 pm < 100 nm
Printing pressure Medium High Medium Low
Printability on glass (0] X (0] (0]
Ink viscosity (cPs) ~10,000 Several hundreds ~ Several hundreds ~10
Thickness 1-15 pm 1-5 um ~4 um < several hundred nm

of less than 100 nm. However, it still requires the litho-
graphic step and its process time is very slow. The gravure
offset printing is applied to diverse products like liquid
crystal displays, plasma display panels, organic light-
emitting diodes, RFID, solar batteries, and so forth, since
it is advantageous to overlay printing with fine line widths
of 10 um or so on diverse types of substrates at a relatively
lower printing pressure.

In order to precisely fabricate printed electronic devices,
one of the most critical issues is the enhancement of overlay
printing accuracy. Overlay printing accuracy refers to the
degree of how accurately the second pattern can be printed
on a desired location over the first pattern in two-layer
printing. Therefore, if the printing location accuracy is high,
the printing overlay precision can be also high. Printing
location accuracy refers to the degree of how accurately
patterns can be printing on a desired location. Printing
location accuracy may be regarded as being easily attainable
by using precise vision and an actuating system. However, if
the distance between the printed register markers, which is
supposed to be fixed at the same distance of the master
register markers, varies according to the printing process
parameters, then the printing location accuracy also varies at
every point of the printed patterns. More than several tens of
micron accuracy variations may take place due to the im-
precision and change of printing components during the
process, complicated printing machine control, and environ-
mental issues. In this paper, research has been performed on
the concept design and fabrication of the printing equipment
that enables printed patterns to meet precise overlay and on

Table 2 Error factors of overlay printing

the enhancement of printing location accuracy by analyzing
synchronization of the gravure offset printing roller and
stage.

2 Design and fabrication of equipment for precise
overlay printing

Table 2 shows causes for errors that may take place in
overlay printing. The table can be classified into errors
caused by imprecision and a change of printing machine
components during the printing process, by limitation of
measurement and control, and by environmental effect.

Among printing components, the precision of engraved
gravure master is one of the most influential factors. Since
every machine has inherent errors and the engraved gravure
master is made using a machine with inherent errors, impre-
cision is inevitable. For the quality enhancement of the
engraved gravure master, it is more advantageous to adapt
a flat type than a roll type since various pattern sizes and
types of the engraved gravure master making can be pre-
cisely obtained.

During the gravure offset printing process, the printing
components with soft or flexible properties, such as an
offset blanket, a flexible substrate, and ink, can alter or
deform, changing into materials with slightly different prop-
erties, which can affect overlay printing accuracy. These soft
or flexible materials should be maintained within a tolerable
range. As the printing process is being repeated, the amount
of absorbed solvent continuously increases and overlay

Error factors

Design concept

Imprecision due to printing components

Deformation of flexible substrate
Property change of offset blanket
Rheological change of ink

Measurement and control

Lagged measurement location
Coupled speed/tension/register controls

Synchronization of rollers and stage

Environment

Engraving error of gravure master

Limit of vision measurement

Temperature and humidity control

Flat gravure plate

Reduction of tension

Absorption control and compensation
Encapsulation of ink

CCD camera with high resolution

Direct measurement

Decouple by adaption of stop-and-go control
Precise synchronization control by analysis

Constant temperature and humidity facility

@ Springer



Int J Adv Manuf Technol (2013) 68:1147-1153

1149

printing accuracy worsens. This will be discussed in detail
in another chapter. Since flexible substrates can be stretched
by pulling it and creating tension, and it is advantageous to
find a means to reduce or remove tension during the process.
In many cases, significant variations in the usual printing
quality are attributable to changes in ink conditions. The
change of ink is due to the evaporation of ink solvent during
the process. Ink must also be maintained in consistent con-
ditions by encapsulation. For this, an ink cup style blade is
used to maintain a consistent ink condition.

Regarding measurement and control, there are several
critical issues that affect overlay printing accuracy. The
precision of measurement restricts the precision of control.
If a charge-coupled devices (CCD) camera with several
micron pixel sizes, which is used for obtaining the location
of a typical register marker, is equipped with a printing
system, the worse precision of the pixel size is achieved
through its control process. In roll-to-roll printing on con-
tinuously supplied substrates, the measurement location of
the register marker is placed apart from the printing location,
requiring complicated lag control. This means that the past-
printed overlay data are used for the current register control.
If the measuring location coincides with the printing loca-
tion, it makes the register control use the current data and
results in more precision. In addition, there are several
control systems that are coupled together: speed control,
tension control, and register control. These controls affect
each other all at once in a combined manner. For example, if
the speed changes, it affects the tension and register. There-
fore, instead of the continuous web feeding mechanism, we
adapted stop-and-go web feeding mechanism that is suitable
for avoiding lag measurement control and the coupled con-
trols of speed, tension, and the register control. The stop-
and-go mechanism is one of the roll-to-roll web feeding
mechanisms. The stop-and-go web control method provides
a flexible substrate onto a printing stage by the roll-to-roll
web feeding apparatus and then stops moving the web until
the printing is over. During the printing step, the CCD
camera detects the register markers and the printing stage
moves for a more precise alignment by using current overlay
data. After the printing step, the flexible web goes by again.
In this stop-and-go mechanism, the tension and speed of
web area zeros and the register control can be carried out
more accurately and easily, since it uses current overlay data
and is independent from other controls.

In contact ink transfer printing methods in which the
gravure offset printing is included, the two parts in which
ink is engaged should have relative movement only in the
departing direction. For example, if ink is transferred from a
stage to a roll, the moving velocity of the stage and the line
velocity of the roll should have same value. This synchro-
nization has an effect on the overlay printing accuracy. If the
synchronization error is 1 %, then overlay printing error is

1 %, theoretically. Precise synchronization can be achieved
by precise motor-stage actuation, precise parts fabrication,
and a synchronization process control.

In addition, plates and substrates are deformed by
changes in ambient temperature. Ambient humidity changes
cause changes in printing conditions, including variations in
the ink viscosity. Therefore, a constant temperature and
humidity facility is required for the manufacture of the
printed electric devices.

Figure 1 shows a working principle of the equipment
designed considering the above design method. Figure la
is a schematic diagram that shows stop-and-go web feeding.
At stage b, an ink cup filled with ink before the printing
process is shown. At stage c, the ink cup performs ink
doctoring by moving to the engraved pattern part. At stage
d, the blanket roller moves to the pickup start position to
pick up the ink and the blanket roller lowers vertically. At
stage e, the ink filled inside the pattern is picked off while
the blanket roller and X-axis move under the condition of
the synchronization actuation. At stage f, the blanket roller
with picked off ink rises vertically. At stage g, the blanket

b
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Fig. 1 Working principle of the plate-to-plate gravure offset printing
system: a stop-and-go web releasing process; b doctoring process; ¢
finishing the doctoring process; d starting the off-process; e off-pro-
cess; f finishing the off-process; g starting the set-process; h finishing
the set-process
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roller with picked off ink lowers vertically to set the ink on
the substrate media that is being printed on. At this time, the
substrate alignment is complete by recognizing register
markers. At stage h, the blanket roller rises after finishing
setting the ink.

Figure 2 shows the schematic diagram and picture of the
roll-to-roll gravure offset printing equipment that is
designed to carry out the working principle delineated in
this chapter. By using this roll-to-roll gravure offset printing
system, experiments on how precisely it can print where it
was intended were carried out. Table 3 shows the printing
process conditions. A silver paste ink with 20,000-cPs vis-
cosity was used and the blanket material was an 85-mm-
wide polydimethylsiloxane (PDMS) whose specific charac-
teristics are described under the reference literature [12].
The roller has a 50-mm radius. It is wound with a 1.30-
mm-thick under-blanket and a 0.65-mm PDMS blanket on
top of the under-blanket. The same register markers were
printed over 20 times. The locations of the printed register
markers, which have a cross shape, were measured by two
CCD cameras. The first one was fixed on the blanket roller
for capturing patterns that were transferred to the blanket
roller after the off-process and the other was fixed on the
stage for capturing patterns, which were finally printed on
the substrate after the set-process. The printing location
accuracy can be stated by the moving degree of locations
of the printed register markers.

a
[ Plastic film ]{ Furnace |
VA Winder ] Load cell
O Offset roller

Gravure Elate

Doctor blade

[ Camera |

g g [ Stage |
AC motor

!2
ATEARRRRARRRRRRRNNRNNY

Fig. 2 Roll-to-plate gravure offset printing equipment: a schematic
diagram; b picture
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Table 3 Conditions of

the printing process Off speed 50 mmy/s
Set speed 50 mm/s
Off pressure force 16 kgf
Set pressure force 16 kgf
Printing number 10th
Blanket width 85 mm

According to the experiments by using this machine, the
printing location accuracy of this roll-to-roll printing system
was measured at two directions: machine direction (MD)
which is same with printing direction; and cross direction
(CD) which is vertical with printing direction. Table 4
shows the experimental results. The error measured after
the set-process can be regarded as the final printing location
accuracy of this machine. This roll-to-roll gravure offset
printing system has average printing location errors of 4.
2 pum in the machine direction and 2.3 um in the cross
direction, respectively. The maximum printing location er-
rors were 9.0 um in the machine direction and 5.9 um in the
cross direction, respectively.

3 Synchronization for enhancement of printing location
accuracy

Figure 3 shows a schematic diagram of the driving synchro-
nization between a flat gravure plate and a blanket roller. In
this figure, synchronization means that the rotational linear
velocity of the blanket roller at the contact point has the
same value with the moving speed of the flat gravure plate.
Ideally, if the radius of the blanket roller is fixed, the angular
speed of the blanket roller can be calculated to have the
same speed with the flat gravure plate. If synchronization is
done precisely, when the flat gravure plate is driven by a
distance, L, and the blanket roller with the representative
radius, R,, rotates by the angle of the circumference length,
then / should be same with the distance L.

In a practical perspective, R, and 6 are entered for the
blanket roller and the distance L is entered for the stage.
If the blanket roller is made from a rigid material into a
perfect circle shape, its R, and 6 values can be obtained
through measurements and calculations. However, when
the blanket roller is made of an elastic material, it is very
difficult to measure the true radius, R,, as it will vary
depending on process conditions such as printing force.
Besides, the blanket roller does not have a perfect circu-
lar shape. The radius is different at every point of the
blanket roller. Therefore, the true radius, R,, means the
average radius at the given process condition, which is
difficult to exactly know. The radius value entered for
rotating the blanket roller would be the representative
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Table 4 Printing location accuracy of the roll-to-roll gravure offset printing system in the MD and CD

(nm) Average Average Maximum Maximum Std. dev. Std. dev. Sample
error (MD) error (CD) error (MD) error (CD) (MD) (CD) number

After off-process 35 2.0 6.3 3.8 32 2.1 20

After set-process 4.2 2.3 9.0 59 5.6 3.0 20

radius, R,, which is different from the true radius, R,,
causing a synchronization error E.

E=1-L=(R —R)0
— (R —R)E= (%‘—1>L (1)
For example, if R.=50.05 mm is entered for a blanket

roller with the true radius of R,=50.00 mm and it is driven
by L=100 mm, then a synchronization error of 100 pum is
caused. It is because the radius error is 0.1 %. This tells us
that this equipment can cause a substantial printing location
even though the stage has a repetition precision under 5 pm
and the roller has an actuating precision of 5 um or less.

4 Experiments and discussions
4.1 Synchronization experiments

Synchronization error can be measured by comparing the
distance between two patterns on a flat gravure plate with
the distance between the two patterns on a substrate that is
printed by the flat gravure plate and the blanket roller. If
synchronization error is zero, then the distance on a flat
gravure plate and printed pattern distance should be same.
In our experiments, the distance between two patterns on
a flat gravure plate was L=42 mm. The R, was set from 50.
50 to 51.10 mm. Figure 4 shows the synchronization error of
the printed patterns. The experimental data shows that the
error is linear to R,. This result fits the Eq. (1) well. By using
the first-order interpolation, the representative radius R,,

Blanket roller

Gravure plate

I
I L

=

Fig. 3 Schematic diagram of gravure offset printing to explain the
synchronization error

Stage

which results in minimal synchronization errors, can be
found out. In this experiment, it was finally set to 51.00 mm.

Even though representative radius R, was finally set
precisely through synchronization experiments, the synchro-
nization precision changes depending on the varying values
of the printing process variables, such as the printing force
and repeated printing numbers. This is because the radius of
the blanket roller changes when the printing force changes.
Repeated printing makes the blanket swell due to the solvent
absorption [11, 12] and this results in the radius changes in
the blanket roller. The effects of the printing force and
repeated printing on synchronization errors will be
discussed based on the experimental data.

4.2 Synchronization error due to printing force variation

If a roll-to-roll printing system uses an elastic roller just
like the system discussed in Chapter 2, the synchroniza-
tion error attributable to variations in printing force de-
rives from the deformation of the blanket roller, which
results in a change in its radius. Even though the radius
change can be predicted through a numerical method [18],
it is not easy to find out the deformation of the blanket
roller due to so many varieties of blanket rollers, such as
materials, radius, thickness, and force. It is advantageous
to explore the correlation between the blanket roller de-
formation and the printing force to identify the require-
ments for a printing system through experiments and
simple analysis based on a practical perspective rather
than numerical interpretation.

100

E + Experimental data i
\2’ 0 Analytic equation
e
& -100
5}
= /
S -200 )
-
&
= -300
£ /
g -400 =«
3
-500 T T T T T
505 50.6 507 508 509 51 511

R, (mm)

Fig. 4 Synchronization error depending on representative radius, R,
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Table 5 Synchronization errors

depending on printing forces Printing force (kgf) 12 16 20
before and after compensation
Average of synchronization error before compensation (pm) 5.7 6.0 20.3
St. dev. of synchronization error before compensation (pm) 4.9 3.8 12.0
Radius compensation (pm) 10 0 —100
Average of synchronization error after compensation (pm) 2.0 6.0 3.8
Std. dev. of synchronization error after compensation (pum) 4.4 3.8 49

Table 5 shows the synchronization errors based on di-
verse printing forces, 12, 16, and 20 kgf. It is the mean
values and standard deviations of nine times printing when
the synchronization is set based on 16 kgf and the synchro-
nization radius of the blanket roller is not changed for the
printing forces of 12 and 20 kgf. The results of synchroni-
zation errors due to printing forces of 12, 16, and 20 kgf
were 5.7, 6.0, and 20.3 pm, respectively. The errors around
5-6 um were acceptable since it was around the precision of
the printing machine. However, the error of 20.3 um was
unusual printing location inaccuracy. The compensation of
the representative radius for synchronization was needed.
Table 5 also shows the averages and standard deviations of
printing location accuracy after the compensation of the
representative radius. Only a 0.01-mm radius variation had
to be compensated when the printing force was 12 kgf as
compared with that of 16 kgf. On the contrary, when the
printing force was 20 kgf, the printing location accuracy
greatly improved by compensating the radius variation by
decreasing it by 0.1 mm. After such compensation, the aver-
ages of printing location accuracy were 2.0 and 3.8 um for
the printing forces of 12 and 20 kgf, respectively. According
to F verification, it corresponds to a heteroscedasticity hy-
pothesis. This means that the printing location accuracy has
improved at both or at a single end by a significant degree of
1 % or less.

20
K
'!'}éfl‘h .

—— st experiment
—s=—2nd experiment
3rd experiment

(A ] ; (5\

Synchronization error (pm)

-80 ‘ r :
0 20 40 60 80
Number of printing

Fig. 5 Synchronization error depending on number of repeated
printing
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4.3 Synchronization error due to repeated printing

Figure 5 shows the synchronization error depending on the
number of repeated printing. The experiment was carried
out three times. At the very beginning of the experiment, the
printing location error was almost within machine precision.
However, as the printing experiments were repeated without
any rest between the printings, the printing location errors
were larger. After the 70 continuous usages, the error was as
much as around 60 um. In the gravure offset printing, the
blanket roller, which is usually made of PDMS rubber,
absorbed the solvent of ink gradually [11, 12]. It caused
the blanket roller to swell and enlarged the true radius of the
blanket roller. Therefore, if the representative radius is fixed,
the synchronization error becomes bigger in the minus di-
rection in the Eq. (1). The error of 60 um corresponds to the
radius change of 73 um, which can be calculated from the

Eq. (1).

Measuring the distance between two register markers
on a flat grauvre plate, L

| First synchronizion, R, |
Printing

H " H

Measuring the distance between two printed markers,

Fig. 6 Block diagram for automatic compensation of synchronization
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Although the best way is to prevent the blanket swelling,
in a roll-to-roll printing process, devices are required to be
printed in short periods of time, so swelling is inevitable.
Therefore, the synchronization radius of the blanket roller
should be compensated. Figure 6 shows the automatic com-
pensation algorithm. The synchronization for blanket
change, printing force variation, repeated printing, and so
on, can be compensated by periodically measuring the dis-
tance between two printed register markers and keeping it
same as the original distance on a flat gravure plate by using
the Eq. (1).

5 Conclusion

The overlay printing is crucial in gravure offset printing
for printed electronics while printing location accuracy is
essential for overlay printing. The error factors arising in
roll-to-roll gravure offset printing include imprecision due
to printing components, measurement and control, and the
printing environment. For the purpose of this paper, re-
search was performed on equipment design and fabrication
to remove or minimize such error elements. In order to
avoid lag measurement control and coupled control of
speed, tension, and register control, the stop-and-go web
feeding mechanism was adapted. Finally, the average
printing location errors of 4.2 um in the machine direction
and 2.3 um in the cross direction, respectively, were
obtained. Our research was performed on the effects of
the synchronization between the stage and blanket roller,
which was formulated into a simple equation and was
supported by the experiments. We also paid attention to
the change of synchronization during the printing process.
The synchronization should be compensated surely or
frequently after blanket change, printing force variation,
and repeated printing. It is due to the radius change of the
blanket roller. The automatic compensation algorithm,
which periodically measures the distance between two
printed register markers and keeps it the same width as
the original distance on a flat gravure plate, was suggested.
Consequently, it may be concluded that the suggested
design and process control of roll-to-roll gravure offset
printing could enhance printing location accuracy and
overlay printing accuracy, and it could help to fabricate
printed electronic devices more precisely and accurately.
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