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Reverse-offset roll-to-plate printing has become increasingly popular in the
printing industry because of the ease with which the printing process can be
manipulated to achieve a high-resolution pattern with line widths as narrow
as 5 um with precision and accuracy. The printing procedure involves three
stages, and a roller is required to transfer ink from each stage. The substrates
used throughout this experiment were chosen by measuring their contact
angles (0) and using them in accordance with the sequence: 0 (Stage 1) >0
(roller) >0 (Stage 2) and 0 (Stage 3). An ultraviolet (UV) light-emitting diode
(LED)-curable ink was used during the printing process; however, the pristine
solution of this ink was unsuitable for printing a final pattern on the substrate
because of its viscosity. Diluting the solution of the UV LED-curable ink with
40% CH3OH resulted in reduced viscosity. The original solution had a vis-
cosity of approximately 40.7 cP whereas that of the diluted solution was
approximately 25 cP. The two solutions behaved as non-Newtonian, dilatant,
shear-thickening fluids. The UV LED-curable ink solutions, both dilute and
non-dilute, were successfully printed by use of an inkjet printer and three-

dimensional printing methods.

Key words: Reverse-offset printing, roll to plate, RO-R2P, contact angle,

viscosity, UV LED

INTRODUCTION

Electronic printing technology has become highly
important because if its variety of applications in
solar cells, and for radio-frequency identification
tags and display technology.! The most common
non-contact printing methods include gravure offset
printing, flexographic printing, screen printing, and
reverse-offset printing,>® The precision and accu-
racy of each of these techniques, in terms of line
width, line edge straightness, thickness, and thick-
ness deviation, varies. Although many non-contact
printing processes are capable of transferring
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high-quality images on to flexible substrates,
reverse-offset can result in the highest-resolution
printing of patterns with line widths as narrow as
5 ym, with small thickness deviations.” However,
these specifications are only possible when ideal
printing conditions are met.

The main factors affecting the quality of the
reverse-offset printing are the rheological properties
of the ink and its interfacial relationship with the
substrates involved in the process.®'° In reverse-
offset printing, the ink is coated on to an initial
substrate and the roller must transfer the ink
between several stages before the process is com-
plete. When the roller has a continuous layer of ink
it has to roll over a cliché containing the negative of
the desired pattern. The interfacial energy between
the cliché and the ink must be higher than that
between the roller and the ink for the pattern to be
formed. Therefore, the wetting properties of the ink
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on the substrate determine whether the ink is suc-
cessfully transferred.

The smaller the contact angle between the droplet
and the substrate, the more well spread the droplet;
the larger the contact angle the more spherical-
shaped the droplet, which does not allow the liquid
to be uniformly spread.'™'? A liquid vapor interfa-
cial energy that has a smaller contact angle shows
that the adhesive forces are stronger than the
cohesive forces between the molecules, which allows
the molecules to spread on the substrate rather
than sticking to each other. In the reverse-offset
printing process, the contact angle between stages
and the roller must be optimized to aid the ink-
transfer process.

Printing inks usually behave as non-Newtonian
fluids, mainly because of their novel components
and the interaction between these in the ink. This
behavior presents a challenge in printing, because
non-Newtonian fluids are defined by the ratio of
shear stress (1) to shear rate (y). As the shear rate (y)
is varied, the viscosity of the fluid will change. In
non-contact printing methods, for example reverse
offset, the viscoelastic behavior becomes an impor-
tant aspect of the ink-transfer process. Although
numerous studies have characterized the effects of
the viscoelastic properties of ink in non-contact
printing, such studies have focused mainly on gra-
vure offset or roll-to-plate.*'®'* Thorough research
is needed on the printability of non-Newtonian flu-
ids by reverse offset to further the development of
the method. Figure 1 depicts the behavior of New-
tonian and non-Newtonian fluids.

UV LED-curable ink has a variety of benefits, for
example superior product quality, successful curing
within seconds by use of UV radiation, weathering-
resistant protective coating, safe handling of coating
materials, and reduced cycle times, which increase
production capacitg and facilitate use of heat-sen-
sitive substrates.'® Because of the benefits of UV
LED-curable ink, the printing industry has adopted
this ink and its coating procedures, because they
emit little or no volatile organic compounds (VOC),
e.g. solvents, they do not dry during the printing

process, and the curing equipment occupies much
less space than conventional thermal drying con-
veyors.'® Research has revealed that UV LED-cur-
able ink as a coating protects against extreme
temperatures and weather conditions; the materials
themselves are environmental friendly, resistant to
mechanical impact, low cost, and have the desired
optical characteristics. Crosslinking of new particles
in the solutions has led to the development of new
polymer ink compositions for printed coatings on
packaging with enhanced and durable barrier per-
formance and other improved characteristics, for
example desired mechanical strength and optical
properties, believed to be of benefit for different
packaging applications.'”

In this study the rheological and wetting proper-
ties of a UV-curable ink were characterized to
determine its suitability for reverse-offset printing.
UV-curable ink was selected because, in comparison
with other inks used for printing, for example
flexographic ink, the market is expected to grow at
3% per annum, and the market for UV LED-curable
ink is growing at 17% per annum.'® A new approach
to predicting the printability of an ink by reverse
offset has been tested for a variety of substrates. It
was concluded that even if contact angle require-
ments are met, the viscoelastic behavior of the ink
is also extremely important to the accuracy of
patterns.

EXPERIMENTAL
Viscosity Measurement

Viscosity was measured by use of a Brookfield
LVDV-1 Prime viscometer with an SC4-DIN-82
spindle. A liquid of known viscosity (60 cP, 9 mL)
was used to check machine accuracy and precision.
With the viscometer used at a speed of 6.283 radians
per second, the viscosity read 58.6 cP. For mea-
surement of the unknown viscosity of pristine UV
LED-curable ink, 9 mLL was used. When the vis-
cometer was used at a speed of 5.236 radians per
second the viscosity reading was 40.7 cP. When the
pristine UV LED-curable ink was diluted with 40%

(b)

Shear Stress (1)

Newtonian Fluid

Viscosity (n)

Pseudoplastics

Plastics

Shear Rate (y)

Shear Rate (y)

Fig. 1. Graphs of the behavior of Newtonian and non-Newtonian fluids: (a) shear stress as a function of shear rate; (b) viscosity as a function of

shear rate.
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methanol the viscosity was 25 cP at a speed of 5.236
radians per second.

Contact Angle Measurement

The contact angle between the UV LED-curable
ink in the two solutions and nine different materials
(M1, M2, M3, M4, M8, glass cliché, PET, kapton PV
9101 (polyimide, DuPont), kapton PV 9102 (polyimide,
DuPont)) was measured by use of a Rame-Hart
model 250 Std G/T goniometer with DROPimage
Advanced software. The contact angle was mea-
sured by use of the drop method, by use of a micro
syringe; reported results for the contact angle are
mean values based from three replicate experi-
ments. Each droplet of liquid was 10 ul.

Reverse-offset printing

A schematic diagram of the reverse-offset print-
ing process is shown in Fig. 2. The system has one
roller, and printing is performed using three stages:
the off process, the patterning process, and the set
process. In the coating process, the UV LED poly-
mer ink is spin coated by use of an Alibaba model
ACE-200 instrument: 18 s at 628.318 radians per
second was used for the pristine solution and for
18 s at 104.720 radians per second for the diluted
solution. This is followed by the off process, which
transfers ink from Stage 1 to the roller. The roller is
then coated with the UV LED polymer ink and
transfers the ink on to the embossed parts of the
cliché, leaving the negative of the desired pattern on
the roller; this is the patterning process. The ink left
on the roller is transferred to the final substrate in
the set process. During this process, the pressure
and speed are maintained at 0.10 N and approxi-
mately 2 cm/s, respectively.

Inks

In this study three types of UV LED-curable ink
were used, each supplied by Chokwang Paint. Each
UV LED-curable ink was an acrylate-based solu-
tion, which provides insight into its mechanical
properties, because there are several groups of UV-
curing polymers. The viscosity of the pristine UV
LED-curable ink was approximately 40.7 cP and the
viscosity of the UV ink diluted with 40% methanol
was approximately 25 cP. The LED-UV liquid used
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was an acrylate oligomer containing hydrox-
yeyclohexyl phenyl ketone polyethylene glycol 400-
diacrylate and hydroxypropyl acrylate (Chokwang
Paint)

Cliche

The cliché used for the second stage of the pat-
terning process was made of glass and comprised
four different patterns. In this experiment a glass
cliché with varied pattern sizes ranging from 5 um
to 50 um was used to test the printing process.

Substrates

The different substrates used in these were M1,
M2, M3, M4, M8, glass cliché, PET, kapton PV 9101
(polyimide, DuPont), and kapton PV 9102 (polyim-
ide, DuPont). These flexible, durable, and tempera-
ture-tolerant substrates have set the standard for
long-term reliability and high performance in the
electronics industry. By measuring the contact
angle between the UV LED-curable ink (liquid) and
the substrates (solid), Stage 1, Stage 2, Stage 3, and
the roller can be determined for the reverse-offset
roll-to-plate printing process.

RESULTS AND DISCUSSION
Viscosity

In this work the viscosities of the UV LED-curable
inks were studied. The dilute solution and the pristine
solution were used to determine the optimum viscosity
for the roll to plate printing method. Analysis of the
results from viscosity measurement showed the two
UV inks behaved as dilatant non-Newtonian fluids. A
dilatant (shear thickening) material is one for which
the viscosity increases as shear rate increases; the
properties of a material or fluid are determined by
particle size, particle shape, and particle distribution.
Although no particles were added, the pristine solution
contains unknown additives. The UV LED-curable ink
components are an acrylate oligomer, 1-hydrox-
ycyclohexyl phenyl ketone polyethylene glycol 400-
diacrylate and 2-hydroxypropyl acrylate additive.
Because this additive is present in the pristine
solution and the diluted solution, it caused dilatant
behavior in the UV LED-curable ink. A dilatant fluid
is also known as a shear thickening fluid (STF); this

(a) (b) )

CoanngSubsu'ate

(d)

Ink Substrate

Cliché
\;
\ ‘
® Ink =
| B | - -

Fig. 2. Reverse-offset roll-to-plate printing: (a) coating process, (b) off process, (c) patterning process, and (d) set process.
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behavior is dependent on interparticle forces and as
long as the Van der Waals forces are dominant, the
particles remain in layers acting like a fluid. How-
ever, once a shear force is applied, the particles are
no longer in suspension but have agglomerated,
behaving like a solid.

Figure 3 shows plots of shear stress as a function
of shear rate for the two solutions. As shear rate
increases, shear stress increases. Similar to Fig. 3,
Fig. 4 shows a plot of viscosity as a function of shear
rate for the two solutions. As shear rate increases,
the viscosities of both the pristine and diluted
solution increase.

Contact Angle

The R2P printing process was analyzed to deter-
mine the optimum relationship between contact
angle and substrate at each stage of the printing
process. Equation 1 was developed, in which selec-
tion of printing substrates and inks is standardized
according to contact angle. To develop the optimum
relationship in this experiment, the UV LED poly-
mer ink was transferred from Stage 1 (the off pro-
cess) to Stage 3 (the setting process) consecutively by
use of the roller. Throughout this process, the roller
removed the ink in Stage 1 and made direct contact
in Stage 2 to transfer the UV LED-curable ink on to
the cliché. The embossed parts of the cliché removed
the ink from the roller but left the remaining ink
with its patterns on the substrate of the roller. After
this step, in Stage 3 the remaining UV LED polymer
ink was transferred to the final substrate. From this
information, the contact angles for the cliché and the
final substrate should be smaller than that for the
roller for optimum patterning quality while printing.

0 (Stage 1) > 0 (Roll) > 6 (Stage 2), 0 (Stage 3) (1)

Figure 5a shows results for contact angles between
the pristine, 40.7 cP, and diluted solution, 25 cP, of
the UV LED-curable ink and its different substrates.
From this figure, M4 had the largest contact angle
with the UV LED-curable ink (6 = 52.1°) whereas
PET had the lowest contact angle (0 = 20.5°).
According to Eq. 1, M4 substrate was used in the
coating process and is set on Stage 1 for the off pro-
cess. M8, M1, and M3 substrates are chosen for use on
the roller which is the mechanism of transfer of the
reverse-offset roll-to-plate printing process. The
glass cliché is placed on Stage 2 where the patterning
process occurs. M2, kapton PV 9101, kapton PV 9102,
and PET substrates are all used on Stage 3 in the
setting process, because of their their small contact
angles. Similarly to the process used for choosing the
optimal substrates for the pristine solution, the di-
luted solution, Fig. 5b shows the substrates with the
highest potential for being used as the roller, Stage 1
and Stage 3, while Stage 2 remains constant. From
this figure, the optimum substrates to be used for the
roller are kapton PV 9102 and M8, according to Eq. 1.
The substrates, kapton PV 9101 is most suitable for
Stage 1 and PET is most suitable for Stage 3. Unlike
Fig. 5a, the three substrates with the largest contact
anglesin Fig. 5b were not satisfactory for Stage 1 due
to the solutions viscosity.

The plot in Fig. 6 shows the different contact
angles for the three selected substrates used for the
roller and the six other substrates used for Stage 1,
Stage 2, and Stage 3, for the pristine UV LED-cur-
able ink. Analysis of the information shows that the
larger the contact angle difference between the
substrate used for the roller and the substrates used
for Stage 3, the more accurate and precise the
printing pattern will be in reverse-offset roll-to-
plate printing.

Shear Stress vs. Shear Rate
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Fig. 3. Plot of shear stress as a function of shear rate for a dilatant non-Newtonian fluid.
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Viscosity vs. Shear Rate

Viscosity (Pa*s)

—&— Pristine UV Led Curable Ink
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Shear Rate
Fig. 4. Plot of viscosity as a function of shear rate for a dilatant non-Newtonian fluid.
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Fig. 5. (a) Images and results for contact angles between pristine UV LED-curable ink and nine different substrates; (b) images and data for
contact angle between diluted UV LED-curable ink and eight different substrates.
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Fig. 6. Graphical data for contact angle differences between the
roller and Stage 1, Stage 2, and Stage 3 for the pristine solution.

The plot in Fig. 7 shows the different contact
angles for the two selected substrates used for the
roller and the substrates used for Stage 1 (kapton
PV 9101), Stage 2 (glass cliché), and Stage 3 (PET)

for the dilute solution of the UV LED-curable ink.
Equation 1 indicates that the larger the contact
angle difference for the roller and Stage 3, the more
accurate and precise will be the pattern. At the
beginning of the experiment, the contact angles
were measured for eight possible substrates; how-
ever, as the ink was being spin coated at a speed
628.318 radians per second, it was not uniformly
spread over the surface. Because of the wettability
of the substrates by the UV LED-curable diluted ink
solution, the spin coater was optimized and the
speed reduced to 104.720 radians per second for
18 s. Testing the wettability for each substrates
intended for Stage 1 and the roller showed the
substrates M1, M4, and M3 were not suitable for the
reverse-offset printing process because of the lack of
uniform coating. The substrate with the next high-
est contact angle most suitable for Stage 1 was
kapton PV 9101, because the diluted UV LED-cur-
able ink solution was uniformly spread by spin
coating at a speed of 104.720 radians per second for
18 s. This enabled successful transfer of ink from
Stage 1 to the roller.

Figure 8 shows the patterns resulting from use
of the different substrates (M8, M1, M3) were
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Fig. 7. Graphical data for contact angle differences between the roller and Stage 1, Stage 2, and Stage 3 for the diluted solution.

Cover Material for Roller

N 467.29m 100X
—

Substrates — Stage 3
Kapton PV 9102 Kapton PV 9101

PET

467.29um 100X

Fig. 8. Results from use of M8: (a) kapton PV 9101, (b) kapton PV 9102, (c) PET; use of M1: (d) kapton PV 9101, (e) kapton PV 9102, (f) PET,;
use of M3: (g) kapton PV 9101, (h) kapton PV 9102, (i) PET for roller in reverse-offset roll-to-plate printing (100x magnification).

used for the roller and for the final substrates microscope. In Fig. 8a—c the printed pattern is
(kapton PV 9101, kapton PV 9102, and PET), not visible. Although the method of using the
seen at 100x magnification by use of an optical contact angle to set up the reverse-offset print-
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Cover Material for Roller
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Fig. 9. Results from use of (a) kapton PV 9102 and PET, and (b) M8 and PET (100x magnification).

ing process was used, the substrates used in the
setting process, off process, patterning process,
and setting process were unsuitable for printing
a high-quality pattern because of their similarity
to the roller. In other words, the difference
between the contact angles for M4 (Stage 1) and
M8 (roller) was fairly small (A0 =4.67°) so
transfer of ink on to the roller was insufficient,
therefore printing of high-quality patterns did
not occur because of the lack of UV LED-curable
ink on the substrate used for transferring the
ink on to the cliché and from there to the final
substrate.

Figure 8d-f shows the results for the printed
pattern when M1 (0 = 44.6°) was used for the roller.
Similarly, when M8 was used as the roller, the final
substrates were unable to produce a pattern on the
cliché. The contact angle difference between M4
(Stage 1) and M1 (roller) is larger (A0 = 6.61°) than
when M8 was used as the roller, meaning that
transfer of UV LED-curable ink was easier, even
though it is viscous in nature. During the pattern-
ing process (roller and the glass cliché), removal of a
pattern was unsuccessful because of its viscous
properties and the wettability of the two substrates.
This resulted in a printed pattern inconsistent with
the glass cliché.

Figure 8g—i shows the results for the printed
pattern on the final substrate when M3 (0 = 44.6°)
was used as the roller. Although the contact angle
was similar for M1 and M3, the wettability charac-
teristics were different, resulting in a pattern on the
final substrate. Because the contact angle difference
is low (AO = 2.9°), ink transferred from the roller to
the glass cliché adhered much more easily, because
of its physical properties. As the patterning process

was occurring, transfer of ink from the roller to the
embossed parts of the glass cliché was achieved and
the remaining UV LED-curable ink remained on the
roller. In this process, setting occurred and enabled
the remaining ink on the roller to be transferred to
the final substrate. The final patterns on the sub-
strate were not continuous, because of the viscous
nature of the ink, but a lightly lined pattern was
achieved on each of the substrates.

Figure 9 shows the patterns resulting when dif-
ferent substrates (kapton PV 9102 and M8) were
used for the roller and PET was used as the final
substrate for Stage 3, measured at 100x magnifi-
cation by use of an optical microscope. Figure 9a is
the resulting pattern on the PET substrate when
kapton PV 9102 was used for the roller. There are
visible lines which are not continuous and do not
reflect the pattern of the cliché. Figure 9b is the
resulting pattern on the PET substrate when M8
was used for the roller. Similarly to the experiment
with kapton PV 9102, the pattern created when M8
was the roller is insufficient.

CONCLUSION

Throughout the reverse-offset printing process,
transfer of ink from the coating process to the final
setting process is vital. This paper suggests that
optimization of contact angle differences between
the roller and Stage 3, and the viscosity of the ink,
are of extreme importance and will determine the
outcome of the final printed pattern. The UV LED-
curable ink had non-Newtonian dilatant, STF
behavior. This UV LED-curable ink was success-
fully printed by use of Inkjet and 3D printing
technology.
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