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Abstract This paper presents a novel method for
printing thick silver electrodes with high fidelity using a
rotogravure technique and high-viscosity silver ink.
The widths and thicknesses of the printed electrodes
were investigated with respect to the printing angle and
printing speed. In addition, the use of a low-surface-
energy polyethylene terephthalate substrate was found
to decrease the ink transfer for printing angles of up to
60�, possibly because of the small adhesive force at the
interface between the ink and substrate. We therefore
employed substrates with higher surface energies,
namely polyimide and treated polyimide, to enhance
the ink transfer. A lower printing speed of 0.5 m/min
and high viscosity of 15 PaÆs are required to obtain
better functionality with a lower resistivity. However,
using the proposed method, the fidelities of the printed
patterns were achieved even with a high printing
speed of 10.5 m/min using the high viscosity of 15 PaÆs,
necessitating a subsequent sintering process. There-

fore, the printed pattern was sintered in an oven at
350�C for 10 min. Patterned silver electrodes 1 m in
length, 121 ± 2.2 lm in line width, 6.5 ± 2.2 lm in
average thickness, and with a resultant resistivity of
9 lXÆcm were achieved. The findings of this study
confirm the potential of rotogravure printing for
fabricating thick electrodes with high fidelity for
flexible printed circuit boards with large areas.

Keywords Rotogravure, Thick film, Micropatterns,
Flexible printed circuit boards, Aspect ratio

Introduction

Over the last few years, roll-to-roll (R2R) printing has
been found to offer a promising technology for fabricating
low-cost large-area electronic circuits and devices on
flexible plastic substrates.1 Electronic devices such as
organic light-emitting diodes and thin-film transistors
have critical requirements, including minimum width,2

precise control of the layer-to-layer register error,3 and
appropriate electrical conductivity.4 The thickness of the
printed layer generally determines the conductivity of the
printed pattern. Although a line thickness as little as
50 nm, printed using ink containing silver nanoparticles as
small as 5 nm,may afford sufficient conductivity formany
printed electronics applications,2 a method of printing
thicker patterns with high current-carrying capabilities
remains desirable for a wide range of electronic applica-
tions,5 including solar cells.6 One approach to addressing
this issue is the fabrication of conductive lines with a small
width and larger layer thickness.

Noncontact printing techniques such as electrohy-
drodynamic jet printing have been proposed for the
fabrication of electrode lines with widths of 85 lm and
thicknesses of 17.7 lm through multiple printing
passes.6 However, this strategy is inefficient because
the printing speed is significantly slower compared to
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other R2R printing techniques. Moreover, the multiple
passes may increase the printed line width. For
enhanced efficiency, screen printing has been used to
fabricate a thick pattern with a width of 70 lm and a
thickness of 4–5 lm. Nevertheless, there are limits to
the extent to which screen printing can be integrated in
a R2R manufacturing process.7 In this paper, we
propose a rotogravure printing method for the direct
printing of thick electrodes with high fidelity.

The thickest printed electrode was arguably achieved
byKittilä et al.,8 who developed a silicone-polymer direct
gravure printing process for printing narrow conductor
lines with widths of 40 lm and maximum thicknesses of
30 lm on a low-temperature cofired ceramic substrate.
However, the silicone-polymer printing plate was only
effective in the laboratory setting and not practical for
industrial applications. Hrehorova et al.9 investigated
gravure printing and used conductive inks on a glass
substrate to achieve a nominal line width of 50–500 lm.
They showed that the printed pattern thicknesses and line
width were determined by the printing angle and ink
viscosity. Inourpreviouswork,wereporteda rotogravure
printing process that used silver (Ag) flakes and poly-
imide (PI) substrates withwidths ranging between 30 and
120 lm.10 However, despite the many previous works
that have demonstrated the applicability of gravure
printing to the fabrication of thicker patterns, few have
achieved a thick film with high fidelity, as indicated by a
high aspect ratio (AR), which is the ratio of the printed
pattern’s thickness to its width (AR ‡ 0.1). Moreover,
none of the previous works have considered the effects of
printing parameters such as the printing speed on the
profile of the printedpatterns because their leveling times
were sufficiently fast to achieve very smooth profiles,
which nonetheless resulted in more spreading.

The rotogravure printing process has attracted much
attention as a potentially low-cost method for fabri-
cating printed electronics such as radio frequency
identification tags,11 sensors,12 thin-film transistors,13

and flexible displays.14 This is because rotogravure
overcomes the drawbacks of other R2R printing
methods such as offset gravure and flexography,
including the deformation of the engraved cylin-
der.15,16 The rotogravure printing system consists of
the driven engraved cylinder, an impression roller, and
a doctor blade. A plastic substrate is stretched under an
operating tension and moved through the entire
system, including the engraved cylinder and impression
roller. The printing roll is engraved to impress the
desired patterns on the substrate. The ink is applied to
the entire surface of the engraved cylinder, and the
excess ink on the nonimage area is removed by the
doctor blade. The remaining ink inside the engraved
cell is subsequently brought into contact with the
substrate. As the engraved cell separates from the
substrate, the ink is split to produce filaments at the
impression exit, PExit, with the filament rupture form-
ing the print pattern on the substrate. Figure 1a shows
a schematic of the general rotogravure printing pro-
cess, which can be divided into four phases: (i) inking

phase at the ink supplier, (ii) doctoring phase at the
doctor blade, (iii) printing phase in the contact area,
and (iv) setting phase after the release of the ink from
the cell. A detailed description of this process is
available in the literature,17 and a detailed view of the
contact point is provided in Fig. 1b.

In the present study, we fabricated a thick Ag
electrode for a flexible printed circuit board using
rotogravure printing and high-viscosity inks. We ini-
tially investigated the effects of the viscosity, printing
speed, and printing angles on the line width and
thickness of the printed pattern. The effects of printing
speed and ink viscosity on the resistivity of printed
patterns was evaluated as well. We also experimented
with various substrates to increase the amount of ink
transfer. The optimal conditions thus identified were
then used to print a thick electrode and its electrical
resistance was measured along a length of 1 m.

Methods and materials

The experiments were performed on a commercial
gravure printing machine (Sung An Machinery Co.,
Korea) in a class 1000 cleanroom environment (23�C
and 50% relative humidity). The engraved cylinder was
manufactured by Hyoungje Optics Co., Korea; it was
made of steel, plated with copper, engraved with a
laser, and finally plated with chromium. The groove-
type engraved patterns were fabricated with a line
width of 91.1 ± 0.5 lm and a nominal depth of 45 lm,
as shown in Fig. 2a. The engraved pattern was
designed in CAD as shown in Fig. 2b. This CAD
model was used to fabricate the given pattern on the
engraved cylinder. The image of the engraved pattern
is located on the cylinder in line with the printing
direction, as shown in Fig. 2b. To measure the thick-
ness and line width of the printed pattern, the three
points in the area defined as P1 were used. The area
defined as P2 was designed to measure the function-
ality of the pattern in terms of its resistance and
resistivity. Figure 2c magnifies Fig. 2b in the area of
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Fig. 1: Schematic representation of roll-to-roll gravure
printing: (a) overall configuration and (b) detailed view of
the contact point
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P1, showing the three points used to present the images
of the printed patterns at the three printing angles.
Finally, Fig. 2d shows a typical printed pattern pro-
duced by rotogravure printing on a PI substrate.

The selected substrates were a polyethylene tereph-
thalate (PET) film (SH34, SK, Korea) with a width of
300 mm and caliper of 0.1 mm, and PI and surface-
treated PI films with widths of 300 mm and calipers of
0.025 mm. The surface energies of the substrates were
characterized by the static sessile drop method using
distilled water. The contact angles (h) were averaged
over ten different measurements. For a given surface
tension of water (cH2O ¼ 72 dyn=cm at 25�C), the
surface energy of the substrate (csub) can be estimated
using Newton’s iterative method to solve the equation
of state with an empirical constant, b = 0.0001247 (m/
mN)2, as shown in equation (1)18:

cos h ¼ �1þ 2

ffiffiffiffiffiffiffiffiffiffi

csub
cH2O

r

e�bðcsub�cH2O
Þ: ð1Þ

The printing machine was operated with an impres-
sion pressure of 0.5 MPa and the doctor blade pressure
of 3 MPa, and was supplied with flake-type Ag ink
(Fine Paste Co., Korea) that contained epoxy (FPE-
137) as a binder (8%) and 1.9–2.2 lm silver flakes with
a solid content of 60 wt%. Three versions of the ink,
with viscosities of approximately 5, 10, and 15 PaÆs,
respectively, were prepared by diluting the unadulter-
ated ink, with a viscosity of 60 PaÆs, with diethylene
glycol dibutyl ether solvent. Table 1 summarizes the
properties of the ink and the substrates used in this
study. The rheological measurement was done at a
shear rate of 50 rev/min, as measured by a rheometer
(HAKKE Rheoscopes). Before reaching the dryer, the

(a) (b) (c)

(d)
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α

Printing
direction

  cross
direction

Fig. 2: Designed and printed micropatterns: (a) image and profile of the engraved cell on the engraved cylinder; (b) CAD
image indicating the thickness measurement area (P1) and the resistance measurement length (P2); (c) magnified image at
P1; and (d) pattern produced by rotogravure printing on a PI substrate

Table 1: Substrate and ink properties

Description Parameter Unit Value

PET substrate Width mm 300
Thickness lm 100
Surface energy dyn/cm 42.6

PI substrate Width mm 300
Thickness lm 25
Surface energy dyn/cm 47.2

Treated PI substrate Width mm 300
Thickness lm 25
Surface energy dyn/cm 50.2

Ag ink Viscosity PaÆs 60
Binder wt% 8
Solid content wt% 60
Flake size lm 1.9–2.2
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printed patterns had to travel the 1-m distance between
the impression and the dryer (Limp) at room temper-
ature. The printed pattern was cured on the PET and
PI substrates in a 5-m-long oven (Loven) at 80 and
150�C, respectively. The effects of the printing speed
on the pattern fidelity, line width, and thickness were
investigated by varying the printing speed between 0.5
and 10.5 m/min. As a result, the traveling time (ttravel)
and the curing time (tcure) could be estimated, as
presented in Table 2. During the setting phase, the ink
film was leveled on the substrate over time. The
leveling time (tleveling) can be calculated as follows19:

tleveling ¼
3

16p4
link
cink

k4

h3
: ð2Þ

In equation (2), link, h, and k are the ink viscosity,
printed pattern thickness before drying, and filament
fluctuation period, respectively. For a given link and
cink, the leveling time is proportional to k4/h3.

The quality of the printed patterns was observed
through an optical microscope (ECLIPSE LV100ND,
Nikkon, Japan) positioned at P1, shown in Fig. 2b. The
printability was defined as the ratio of the real printed
area to the designed printed area

Printability ¼ 1� AVoid

AGroove

� �

� 100: ð3Þ

In equation (3), AVoid and AGroove denote the void
area of the printed pattern and the top-view area of the
engraved cell, respectively.

The thickness of the printed pattern was profiled
using a surface profiler (NV 2000, Nano System,
Korea). The three-dimensional data on the printed
patterns was postprocessed using the OriginPro soft-
ware. A magnetic tape was used to fix the sample to
prevent undulation of the flexible substrate during the
measurement process. For each printing trial, five
samples were collected. The various locations of the
measurement points in the area P1 are shown in
Fig. 2c. The printing angle a was defined as the angle
between the directions perpendicular to and in line
with the printing direction. The electrical resistance
(R) of the printed pattern was also measured under the
optimal conditions using the two-point probe method
by Probershoping. The measurement was done over
Lp = 1 m, as indicated by P2 in Figs. 2b and 2d. The
resistivity (q) was defined by

q ¼ R
wP � tP
LP

; ð4Þ

where wp and tp are the line width and thickness of the
printed pattern, respectively.

Results and discussion

As noted in the previous section, the ink was trans-
ferred to the substrate to form the pattern in the
contact area. The formation of the two sides of the
printed pattern edge is attributed to several mecha-
nisms, including PExit and PEnter, which are shown in
Fig. 1b. PExit is located at the exiting side of the printed
edge, at the points where the ink film exits the
impression roller. The formation of PExit is a function
of the ink viscosity and printing speed in the printing
phase defined by the split pattern,20,21 as well as in the
doctoring phase such as the drag-out tail, streaks along
the printing direction.22 PEnter is located at the entering
side of the printed edge and is formed as the substrate
is brought into contact with the ink and moves through
the impression roller. Accordingly, the formation of
PEnter is a function of the relative speeds of the
substrate and engraved cylinder. When the relative
speeds of the substrate and engraved cylinder are the
same, slippage will not occur, resulting in perfect print
registration. When the engraved cylinder moves faster
than the substrate, the ink is dragged forward along
PEnter. When the substrate moves faster than the
engraved cylinder, the ink is dragged backward along
PExit.

23

It is believed that the substrate establishes the stick
and slip zones as a function of the shear traction
induced by the Hertzian contact stress of the impres-
sion roller and engraved cylinder.24,25 In the stick zone,
two conditions have to be fulfilled: (i) the rate of
change of the strain on the substrate in the printing
direction in the impression roller has to be zero; (ii) the
friction forces cannot exceed the limiting value obeying
Amontons’s law.25 Therefore, the slip area is a function
of (i) substrate properties including thickness, Young
modulus, and Poisson ratio; (ii) friction coefficient; and
(iii) impression pressure, including impression force,
rubber layer (thickness, Shore A), and contacting time
(printing speed). Because the engraved cylinder was
driven by a motor with a gear ratio of 30:1, the gear
chatter-induced-slippage could be ignored.

Table 2: Traveling time and curing time of printed pattern

Printing speed (m/min) Limp (m) ttravel (s) Loven (m) tcure (s)

0.5 1 120 5 600
5.5 1 10.9 5 54.5
10.5 1 5.7 5 28.6
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Figure 3 shows the microscopic images and 3D
profiles of the printed patterns for ink with a viscosity
of 5 PaÆs and three printing speeds of 0.5, 5.5, and
10.5 m/min, respectively. All of the printed lines were
observed to have moved in the printing direction over
the same offset distance, thus producing a periodic
rectangular residual ink mark on the entering side of
the printed edges, PEnter in Fig. 1b. This caused the ink
to spread into the gaps as shown in Fig. 3a. A similar
observation was made in a previous study for a very
slow printing speed.26 However, this spread can be
mitigated by using a more viscous ink. Several expla-
nations have been offered for this phenomenon: more
viscous inks have a greater resistance to flow caused by
the squeeze film action9,27; during the printing phase,
the ink is doctored more faithfully at the edges of the
line22; and more viscous inks exhibit greater inertia
(higher density), which tends to limit spreading in the
setting phase when the ink is leveled on substrate.28

This is confirmed by comparing Figs. 3, 4, and 5, which
show that the 5-PaÆs ink spread more than the 10- and
15-PaÆs inks. Furthermore, a more viscous ink was
found to ensure greater fidelity to the printed pattern,
as can be observed from Figs. 3, 4, and 5. These results
are in good agreement with those of our previous
work.27 The line widths were also found to decrease
with increasing viscosity, as shown in Fig. 6a.

As can be seen from Figs. 3, 4, and 5, the width and
fidelity of the lines can be improved by increasing the
printing speed. There was a significant reduction in the
line width when the speed was increased from 0.5 to
5.5 m/min, and a more moderate reduction in the line
width when the speed was further increased to 10.5 m/
min. This observation is mainly attributed to the
slipping behavior in the impression section, as dis-
cussed previously. The increase in the printing speed
caused a decrease in the contact time. Furthermore,
because of the viscoelastic characteristic of polymers
like PET,29 the rate of change of the strain on the
substrate in the printing direction in the impression
roller could be neglected as the contact time became
smaller. Therefore, the no-slip condition of the impres-
sion roller could be established when the printing
speed reached the critical value. As the printing speed
reached 5.5 m/min, the printed patterns did not show
any defect at PEnter, thereby indicating a no-slip
condition. From these results, we could claim that the
critical value of the printing speed was smaller than
5.5 m/min in this study.

We believe that the smaller line widths obtained at
high printing speeds of 5.5–10.5 m/min can be ex-
plained by the mechanism of the ink spread on the
substrate in the printing phase. The spread is inhibited
with increasing printing speed because of the reduced

(a) (b) (c)

(d) (e) (f)

0.5 m/min 5.5 m/min 10.5 m/min

0.00

0 0 01.25 mm 1.25 mm 1.25 mm

2.94 5.88 8.81 11.75

μm μm μm

0.00 2.48 4.96 7.43 9.91 0.00 2.58 5.16 7.74 10.32

Fig. 3: Optical images (a–c) and 3D profiles (d–f) of silver line patterns printed by rotogravure printing using a printing
angle of 15� on a PET substrate, ink with a viscosity of 5 PaÆs, and printing speeds of 0.5, 5.5, and 10.5 m/min, respectively.
The dashed and continuous lines indicate the directions perpendicular to and in line with the printing direction,
respectively. The yellow bars along the printed lines indicate the lengths over which the thickness was profiled. The white
scale bar represents 500 lm (Color figure online)
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dwelling time of the ink and substrate, leading to a
reduced momentum transferred to the ink.27 In addi-
tion, the effect of the printing speed was found to be
most significant for the 5-PaÆs ink, followed by the 10-
PaÆs ink, and then the 15-PaÆs ink, as shown in Fig. 6a.

It is evident that the size and distribution of the split
pattern formed immediately after the impression exit
are functions of the ink viscosity and printing
speed.20,21 The filaments were formed from the split
patterns, and ruptured by the rotation of the printing
roller. The filaments recoiled onto the substrate and
created a thick nonuniform printed pattern, which was
leveled over time by the surface tension and gravita-
tional forces.30 The leveling time is a function of the
ink viscosity, print thickness, and surface tension of the
ink, as shown in equation (2). Furthermore, the printed
pattern was continuously exposed to hot air during the
curing process, and this rapidly increased the ink
viscosity. As soon as the solvent evaporated completely
into the hot air, the leveling process ceased. This was
because of the high surface roughness of the printed
pattern when the leveling time extended beyond the
solvent evaporation time.

Figures 3, 4, and 5 also show the effect of the
printing speed and ink viscosity on the profile of the
printed pattern. The ink with the lowest viscosity of
5 PaÆs formed the smoothest surface, as indicated by

the fewer peaks, followed by the 10- and 15-PaÆs inks,
respectively, as shown in Fig. 6c. Furthermore, the
average thicknesses of the printed patterns were found
to increase with increasing ink viscosity. This is mainly
attributed to the cross-sectional slump of the printed
patterns on both sides due to gravity, resulting in
reduced thickness and increased line width, as shown in
Fig. 6b. This corroborates the leveling effect of the ink
viscosity on the printed pattern, as discussed earlier.
Similar results have been previously obtained.9,28

An increase in the printing speed increased the
formation of the split pattern, decreased the curing
time required for the complete evaporation of the
solvent, and simultaneously decreased the traveling
time, as shown in Table 2. In addition, the increase in
speed also increased the elongation strain rate on the
film at the rear end of the impression roller (PExit), and
this influenced the film splitting, leading to an altered
morphology of the printed patterns.31 Therefore, a
higher speed increased the number of peaks for all the
inks of differing viscosities, as can be observed from
Figs. 3, 4, 5, and 6c. However, for a printing speed of
0.5 m/min, the number of peaks for the low ink
viscosity of 5 PaÆs was higher than those for the other
two ink viscosities of 10 and 15 PaÆs, contrary to
previous reports. As the ink viscosity increased, the
surface roughness of the printed pattern increased.31,32

(d)

0

0.00 3.65 7.29 10.94 14.58 0.00 3.23 6.47 9.70 12.94 0.00 3.15 6.29 9.44 12.58

μmμm μm

1.25 mm 0 1.25 mm 0 1.25 mm

(e) (f)

(a) (c)0.5 m/min 5.5 m/min 10.5 m/min(b)

Fig. 4: Optical images (a–c) and 3D profiles (d–f) of silver line patterns printed by rotogravure printing using a printing
angle of 15� on a PET substrate, ink with a viscosity of 10 PaÆs, and printing speeds of 0.5, 5.5, and 10.5 m/min, respectively.
The dashed and continuous lines indicate the directions perpendicular to and in line with the printing direction,
respectively. The yellow bars along the printed lines indicate the lengths over which the thickness was profiled. The white
scale bar represents 500 lm (Color figure online)
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This could be due to the slipping behavior of the
substrate in the contact area for a low printing speed of
0.5 m/min, as discussed earlier and illustrated in
Figs. 3d, 4d, and 5d. The slippage of the substrate
causes the distortion of the printed pattern geometry
shown in the optical images and 3D profiles, resulting
in the abovementioned anomaly.

Figure 7 shows the resistivity of the printed pattern
as a function of speed and viscosity for a printing angle
of 30�. The resistivities of the printed patterns
decreased when using higher viscosity ink and lower
printing speed. This is because the amount of Ag solid
is expected to increase with the thicker printed
patterns. In addition, using the higher viscosity ink

leads to a greater thickness of the printed pattern, as
shown in Fig. 6b. This effect of ink viscosity on the
resistivity of the printed pattern is in good agreement
with other studies.33 At such a low printing speed of
0.5 m/min, the resistivity of the printed pattern was
low. This is due mainly to the fact that a tcure of 600 s is
long enough to dry out more solvent from the printed
patterns, compared to other cases with a smaller tcure at
a higher printing speed (see Table 2).

The results presented in the previous section show
that the high-viscosity ink (15 PaÆs) afforded high
fidelity of the printed pattern, represented by the
narrow line width of 132.2 ± 6.7 lm and the high
maximum thickness of 10.92 lm. Accordingly, this ink

(d) (e) (f)

(a) (c)0.5 m/min 5.5 m/min 10.5 m/min(b)

0 1.25 mm 0 1.25 mm
0 1.25 mm

μm

0.00 3.42 6.85 10.27 13.70 0.00 3.52 7.04 10.55 14.07 0.00 3.35 6.71 10.06 13.41

μm μm

Fig. 5: Optical images (a–c) and 3D profiles (d–f) of silver line patterns printed by rotogravure printing using a printing
angle of 15� on a PET substrate, ink with a viscosity of 15 PaÆs, and printing speeds of 0.5, 5.5, and 10.5 m/min, respectively.
The dashed and continuous lines indicate the directions perpendicular to and in line with the printing direction,
respectively. The yellow bars along the printed lines indicate the lengths over which the thickness was profiled. The white
scale bar represents 500 lm (Color figure online)

Table 3: Results of rotogravure compared with screen printing

Printed pattern Line width Thickness Thickness Resistance Resistivity Printed line/Ag bulk
wP (lm) tP (lm) LP (m) R (X) q (lX cm)

Gravure printing 121 6.5 1000 180 9.0 14
Screen printing 100 3 1000 1100a 33.0 21
Screen printing 100 6 1000 883a 53.0 33

Resistivity of Ag bulk is 1.6 lX.cm
a Reference 38
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and a PET substrate were used to investigate the effect
of the printing angle a on the printed pattern and the
printability for a printing speed of 10.5 m/min. Fig-
ures 8g and 8h show the effect of the printing angle on
the line width and thickness profile. It has been
previously reported that the printed line width
increases with a decreasing printing angle.9 However,
the present investigation revealed that the line widths
decreased slightly from 132.2 ± 6.7 to 131.3 ± 5.3 lm
as a was increased from 15� to 30�, and rapidly
decreased to 92.6 ± 32.7 lm when a was further
increased to 60�, as shown in Fig. 8g. Similar behavior
has previously been attributed to the orientation of the
cell’s sidewalls, whereby the decrease in a results in
greater spreading and a larger line width.34 Figure 8h
shows that the thickness of the printed pattern was
independent of a. The decrease in the average thick-
ness of the printed patterns when a = 60� is because
the void area causes greater thickness variation, as
indicated by the higher standard deviation.

Figures 8a–8c compare the optical images of the
printed pattern for a values of 15�, 30�, and 60�. The
printabilities and printed line widths for a = 15� and 30�

seem to be similar and interestingly better than those
for a = 60�. The printability of the gravure printing
method can be attributed to the adhesive force at the
interface between the ink and the substrate. This
interfacial force can increase by increasing either the
interfacial contact area or the work of the adhesive, i.e.,
the surface energy of the substrate.35 The interfacial
contact area (A) is a function of the foot print of the
impression roller (b) and the printing angle (a).27,34,36

Because the length LP of the printed pattern shown in
Fig. 2 is much larger than its foot print (b is approx-
imately 5 mm), the interfacial area can be estimated
using the following equation, derived from Fig. S1 in
Supporting Information:

AIS ¼ wPLP 0� � a � arctanðb=LPÞ
wPðb= sin aÞ arctanðb=LPÞ\a � 90�

�

: ð5Þ

It can be seen from the above equation that AIS

decreases with increasing a, resulting in reduction of
the printability for printing angles of up to 60�. The
effects of a on the thickness and line width are thus
similar, which can also be observed from Figs. 9a and
9b. Because of the good printabilities for printing
angles of 15� and 30�, the corresponding thickness
profiles are almost the same. However, because of the
poorer printability for a printing angle of 60�, the
thickness profile contains some voids (i.e., areas of zero
thickness), as shown in Fig. 8f.

Although Fig. 8i shows that the printability for
a = 60� was the lowest, the narrower line produced
by a larger printing angle is advantageous for achieving
a high AR for a given pattern thickness, as mentioned
earlier. An alternative means of increasing the print-
ability is the use of a substrate with a higher surface
energy.37 Figure 9 compares the optical images of lines
printed on various substrates using a = 60� and a
printing speed of 10.5 m/min. The surface energies for
the three substrates (PET, PI, and treated PI) were
characterized by the contact angle of a sessile drop of
distilled water, as illustrated in the insets in Figs. 9a–9c.
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Fig. 7: Resistances of the printed line patterns for a
printing angle of 30� as a function of ink viscosity and
printing speed
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From Fig. 9d, it can be seen that the printability
increases with increasing surface energy of the sub-
strate. Among the three substrates, the treated PI has
the highest surface energy of 50.2 dyn/cm, and hence
the best printability using the 15-PaÆs ink, a = 60�, and
a printing speed of 10.5 m/min, as shown in Fig. 9c.

The optimal conditions for printing were found to be
a printing speed of 10.5 m/min, ink viscosity of 15 PaÆs,
printing angle of 60�, and treated PI substrate. At this
high printing speed of 10.5 m/min at which tcure = 28.6
s, the resistivity of the printed pattern achieved the
high value shown in Fig. 7. Therefore, a subsequent
sintering process was necessitated, applied only to the
optimal PI substrate. The printed pattern was sintered
in an oven at 350�C for 10 min. The obtained line
width was 121 ± 2.2 lm, and the average thickness was

6.5 ± 2.2 lm. The resistance reached 183.3 ± 1.1 X
along a length of 1 m. We compared these results with
our previous study using the screen printing method,38

in which the printed pattern achieved the resistivity of
9 lXÆcm, approximately 149 Ag bulk. Although the
resistivity of the printed pattern attained a value of
3.61 lXÆcm, which is approximately 29 Ag bulk when
using silver nanoparticle ink,39 the screen printing
method still has limitations, such as the high cost of
silver nanoparticle ink and an unacceptably short
pattern length (LP = 1.4 mm) for large-area flexible
printed circuit boards. The rotogravure results are
much better than those obtained using the conven-
tional screen printing process, as shown in Table 3.
Our work is still more advantageous because of the
following reasons: (i) the lower cost of the flake
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Fig. 8: Optical images (a–c); 3D-profiles (d–f); and line widths, thicknesses, and printabilities (g–i) of the line patterns
printed by rotogravure printing using a printing speed of 10.5 m/min, a PET substrate, an ink with a viscosity of 15 PaÆs, and
printing angles of (a) 15�, (b) 30�, and (c) 60�. The dashed and continuous lines indicate directions perpendicular to and in
line with the printing direction, respectively. The scale bar represents 500 lm
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material used for the ink; and (ii) the larger printed
area for flexible printed circuit boards at the meter
scale. Therefore, this work demonstrates the feasibility
of using rotogravure printing to fabricate printed
electrodes for flexible printed circuit boards, particu-
larly on an industrial scale.

Conclusions

We have investigated the application of rotogravure
printing to the fabrication of silver electrodes on a
plastic substrate for use in flexible printed circuit
boards. Three types of silver inks with differing
viscosities were used, and it was found that a higher
viscosity produced narrower and thicker printed lines.
The printing speed was also observed to significantly
affect the fidelity and profile of the printed patterns. A
printing speed that is too low causes the substrate to
slip relative to the engraved cylinder, resulting in
distortion of the printed pattern. A faster printing
speed leading to a shorter contact time inhibits the
slippage. It was also observed that the printing angle,
which is the angle between the engraved pattern and
the cross printing direction, affected the printability.
The printability could also be enhanced by using a
substrate with a higher surface energy. The resistivity
of the printed pattern is lower when printing at low
speed with high viscosity of ink. While curing require-

ments such as a long curing time and high temperature
could hinder the application of the proposed rotogra-
vure process, roll-to-roll infrared drying and sintering
processes could be a solution to this problem. The
findings of this study confirm the feasibility of using
rotogravure printing for high-throughput fabrication of
large-area flexible printed circuit boards. A detailed
investigation of the slippage phenomenon of the
substrate on the engraved cylinder can be conducted
experimentally and/or with computational simulations
to provide further insight.
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