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Abstract A hybrid process including roll-to-roll (R2R) gra-
vure printing, via-hole printing, and electroless plating was
investigated for the creation of a double-side flexible printed
circuit board (FPCB). A R2R gravure process with an Ag seed
layer that includes front- and back-side printing with a poly-
imide film at the center was investigated. The gravure-printed
Ag pattern was laser drilled for high accuracy. A via hole was
filled with a low-viscosity Ag ink using the drop-casting
method. In addition, an electroless Cu plating process was
performed to increase the conductivity of the printed circuit.
The interconnection performance was confirmed from the re-
sistance values obtained using a feed-through test and micro-
scopic images. To evaluate the reliability of the FPCB, a cyclic
bending motion test was performed; stable electrical perfor-
mance was observed even after 400,000 cycles. The results
obtained in this study suggest that the proposed hybrid process
for double-side FPCBs is viable for a mass production system.
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1 Introduction

Printed electronics has been spotlighted as an eco-friendly,
cost-effective, and scalable technology. Unlike batch-
processed applications based on chemical etching, printed
electronics use a multilayer printing method in which each
layer is successively deposited on a substrate. Examples of
such devices include capacitors, thin-film transistors (TFTs),
organic photovoltaics (OPVs), and organic light-emitting di-
odes (OLEDs). Recent studies have focused on developing
processes to improve the scale (minimization), performance,
and surface morphologies of multilayer printed devices [1–3].

Thus far, studies have investigated printed applications that
use various printing techniques. Printing techniques have ad-
vantages and disadvantages in the mass productivity, resolu-
tion, and accessibility of their patterning, which is related to
the process, properties of ink, and substrates. Inkjet printing
[4–7], screen printing [8–10], and slot die coating [11–14]
were adopted as process methods according to the require-
ments of the target device. However, these techniques have
limitations in their large-area printing capabilities, fine-line
pattering, and flexibility of patterning, respectively.

A promising alternative is gravure printing, on which we
focused in this study. Gravure printing techniques are used for
many applications such as TFTs, OPVs, OLEDs, and radio-
frequency identification (RFID) tags [15–18]. Gravure print-
ing methods can produce printed electronic devices with high
processing speeds and permit various pattern designs, fine
lines, and large-area printing. Gravure printing is also appro-
priate for roll-to-roll (R2R) continuous systems, a next-
generation process in the printed electronics industry. In gra-
vure printing processes with R2R systems, it is necessary to
consider the mechanical (operating tension and speed) and
chemical (viscosity and surface tension of ink) parameters that
affect factors such as the thickness and roughness of the
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printed pattern [19]. Researchers have already investigated
these issues, and a mathematical model has been developed
to predict the surface profile using statistical analysis [20]. The
optimal process parameters for factors such as ink viscosity
and printing speed have also been investigated [15]. Recently,
studies have investigated stable and unstable regions of sev-
eral parameters in R2R gravure printing. Furthermore, to min-
imize the printing scale and improve important process param-
eters, guidelines have been suggested for optimizing the R2R
gravure printing process [21, 22].

Most of the abovementioned existing processes use a se-
quential deposition method called multilayer printing. Tradi-
tional mass-produced integrated circuits (IC) consist of single-
or a double-side flexible printed circuit boards (FPCBs) based
on multilayer printing. As shown in Fig. 1, FPCBs can be
categorized as one-side FPCBs containing several conductive
layers, with a dielectric layer between one side of the substrate
(Fig. 1a) and an individual conductive layer on each side of
substrate, interconnected by a via hole (also called a through
hole) (Fig. 1b).

Double-side-type FPCBs such as the one depicted in
Fig. 1b are most frequently fabricated by the screen and inkjet
printing methods. As mentioned above, double-side printed
patterns include a via hole to electrically connect the front
and the back layers; this is an important technology for not
only double-side printing but also interconnection techniques
for finished products [10, 23–26]. Various printing methods
can be used depending on the layer characteristics. Such sys-
tems are called hybrid processes, and integration of the

printing methods is necessary to maximize the efficiency of
the products [27, 28]. Furthermore, it is necessary to adopt the
Cu plating process to improve the electrical performance of a
FPCB in the presence of Ag material limitations [29, 30].

In the present work, the hybrid printing and interconnection
processes were introduced. These processes include the print-
ing and plating processes. In the section about printing, a R2R
gravure printing process was used to fabricate the double-side
printed Ag seed layer. The hole was made by laser drilling,
and the via hole was made with Ag ink by the drop-casting
method using micropipettes. In the section that addresses plat-
ing, an electroless Cu plating method was used to enhance the
electrical performance. The printability and functionality of
the fabricated double-side FPCB was confirmed through mi-
croscopic and electrical measurements. The final product ob-
tained through this experiment was verified, via a reliability
test, to have high stability. This experiment was conducted
using a large-scale R2R system using double-side seed layer
printing that can check the required properties during mass
production. Furthermore, via-hole printing and the Cu electro-
less plating process could be extended to the R2R process
level and utilized in various electronic applications as a pre-
liminary study.

2 Materials and method

2.1 Experimental setup

The R2R gravure printing system (Sung An Machinery Co.,
Korea) in Fig. 2a consists of unwinding, infeeding,
preheating, printing (direct gravure), drying (hot air), lateral
guiding, outfeeding, cooling, and rewinding sections. This
R2R system had a maximum operating speed of 50 m/min
and an operating tension limit of 200 N. The register control
unit is divided into machine directional (MD) and cross-
machine directional (CMD) alignments. The MD register
was manually controlled using a roll-phase controller (Bosch
Rexroth Co., Germany), and the CMD register was main-
tained in a specific position using a lateral web guider (FIFE
Co., USA).

The substrate and printing materials used are presented in
Table 1. Polyimide (PI) has been widely adopted in FPCB
processes and was used as the substrate owing to its excellent
thermal robustness compared to polyethylene terephthalate
(PET) film. With thermally stable PI film, a high-
temperature curing condition can be adopted to achieve high
conductivity. In R2R gravure printing, doctoring defects,
which often occur when using Ag nanoparticle ink, signifi-
cantly affect the device performance. For that reason, Ag flake
gravure paste (purchased from Fine Paste Co.), which has a
large particle size, was used as the conductive layer to prevent
doctoring defects [22]. In addition, Ag nanoparticle ink

Fig. 1 Design of double-side FPCB attainable in printed electronics: a
two conductive layers with dielectric layer between on one side of PI film
and b individual conductive layer on each side of PI film with through
hole
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(Advanced Nano Products Co., Korea) was used for the filling
process (via hole) for the laser-drilled holes.

The process conditions for the R2R printing and via-hole
filling are shown in Table 2. In the R2R gravure printing
process, the operating speed was selected by considering the
minimum drying time and drying chamber length for the
printed pattern. In addition, the operating tension was set to
a low value to prevent wrinkles and air entrainment. Nip pres-
sure and doctoring pressure are critical parameters that affect
the printability (ink transfer) of the gravure pattern. In detail,

the nip and doctoring pressure determine the filling, setting,
and printing phase on the gravure cell to the substrate. The
optimized value of pressure was selected by the experimental
procedure followed in previous work [31, 22]. After finishing
the gravure printing process, the wound filmwas sampled by a
slitting process and was laser-drilled at the interconnection
point. The drilled hole was filled with Ag ink. After ink filling
was achieved using micropipettes, infrared (IR) was used to
dry the via hole. The Cu plating process has been adopted
industrially for the fabrication of FPCBs. During this plating

Fig. 2 FPCB fabrication process
using an R2R gravure printing
system: a industrial-scale R2R
gravure printing module,
b schematic diagram of the R2R
system used in this study, and
c cross-sectional view of the
FPCB at each position in b
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step, the Ag double-side printed circuit is covered with a Cu
layer. In the plating process, each step can experience defects
such as delamination, bubbles, and nonuniformity. The
mixing ratio of plating materials and plating times should be
optimized to improve the plating quality. The plating process
consists of several steps, and the optimized conditions are
listed in Table 3.

The thickness, surface morphology, and functionality of the
printed patterns were characterized with an interferometer
(NV-2000, Nano System Co., Korea) and atomic force micro-
scope (AFM, XE-1000, PSIA Co., Korea), optical microscope
(HVM0850D, E-flex Co., Korea), and digital multimeter
(Fluke Co., USA), respectively. Moreover, scanning electron
microscope (SEM) images and energy-dispersive spectrosco-
py (EDS) data were obtained by using a field emission SEM
(S-4800, Hitachi, Japan).

The FPCB was subjected to a cyclic bending test to evalu-
ate its reliability. The endpoint of the sample was fixed, and a
Cu tape was attached to it to measure the resistance in real
time by using SourceMeter (Kiethley, Tektronix Co., USA).
The bending cycles had radii of 5 and 12 mm on the near coil
pattern and via hole, respectively. The number of cycles was
determined depending on the final product [32–36]. In this
case, up to 400,000 cycles were performed to confirm the
mechanical stability of the FPCB.

In addition, the coil-printed and interconnected FPCB was
demonstrated as an RFID antenna device. A function genera-
tor (8116A, Hewlett-Packard, USA) and oscilloscope

(DS1052E, RIGOL Co., USA) were used to measure the res-
onance frequency of the circuit.

2.2 Double-side printing

A novel printing logic was used to produce a double-side
FPCB with R2R gravure printing, as shown in Fig. 2 [37].
Traditional R2R gravure printing processes include a se-
quence of multiple layers added from the substrate to the top
layer with conductive and dielectric materials, as shown in
Fig. 1a. By contrast, the proposed technique uses a double-
side gravure printing process after the first layer is printed, as
shown in Fig. 2b, c. PI film is transported from the unwinder
to the first printing section (step 1), the first layer is printed
(step 2), and then, the printed pattern is passed through the
drying section and transported to the second printing module.
Back-side printing is performed in the second printing section
using direct gravure printing in alignment with the first printed
pattern (step 3). Register control is a key issue in step 3; the
MD register control is adjusted using the manual phase control
of the second printing roller, and the CMD register is con-
trolled using a lateral guide system. Double-side printed Ag
seed patterns are then passed through the drying section and
are finally rewound in the rewinding section (step 4).

2.3 Laser drilling and interconnection

Figure 3 shows the drilling and interconnection process. To
begin the laser drilling and interconnection of the board
halves, a slitting process for the double-side, printed wound
roll was conducted, as shown in Fig. 3a. A sheet-type sampled
film was drilled to a specific point using a laser process
(Fig. 3b). Existing screen-printing processes weremainly used
for the filling mechanism that extruded paste from the
squeezed mesh [10]. Another study investigated via drilling
by laser processing and confirmed the via-filling performance
using inkjet printing [24]. Via filling of a 30–60-μm diameter
has been achieved [27]. In this experiment, we used previous
studies of practical applications for the interconnection of the
sampled sheet. The drop method using micropipettes was se-
lected. First, the double-side printed pattern was drilled, and a
drop of low-viscosity Ag ink was applied to the drilled hole. If
the droplet was located at a high position relative to the sub-
strate, a defect would occur as the ink spread out (surface
tension 35–38 dyn/cm), creating a short circuit in the printed
pattern. Therefore, the ink was swept into the drilled hole
naturally. The relevant capillary force is affected by proximal
wall surfaces as well as the ink viscosity, as shown in Fig. 3c.
After Ag ink was dropped, the IR dryer evaporated the solvent
in the via hole, and there could be a scooped surface present
around the hole owing to a coffee stain effect. The rand area
and via hole were formed by the described ink drop process,
and they were interconnected by the two rand patterns (upside

Table 1 Substrate and printing materials

Material Parameter Unit Value

PI film Width mm 300

Thickness μm 25

Ag flake (pattern) Particle size μm 1.93

Viscosity cP 3423

Thixotropy – 4.2

Ag nanoparticle (via hole) Solid contents wt% 30

Viscosity cP 16.8

Surface tension dyn/cm 35–38

Table 2 Process parameters of the printing step

Parameter Unit Value

Operating speed m/min 5

Operating tension N 10

Drying temperature °C 150

Drying time min 2 (pattern), 10 (via hole)

Nip pressure MPa 0.5

Doctor pressure MPa 0.5
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and downside) and the surface of the hole. It is difficult to
form a connection between double-side patterns without rand
patterns. Hence, the ink drop process was performed two

times to ensure that a rand pattern was formed, as shown in
Fig. 3d. Figure 3e shows the additional Cu plating process that
was adopted to reduce the resistance of the printed line. To

Table 3 Electroless Cu plating
process steps and conditions Process step (time) Material Combination

Neutral degreasing (5 min) DI water 95.6 % (956 ml)

Triethanolamine (C6H15NO3) 4.4 % (44 ml)

Hot-water rinse (1 min) DI water 100 % (1 l)

Pre-dip (1 min) DI water 99 % (989 ml)

Sulfuric acid (H2SO4) 1 % (10 ml)

Activator (3 min) DI water 75 % (750 ml)

Palladium sulfate (PdSO4) 25 % (250 ml)

Cleaning (1 min) DI water –

Cu plating (30 min) DI water 85.23 % (852 ml)

Ethylene diamine tetra 2-propanol (C14H32N2O4) 9.9 % (99 ml)

Dipyridyl-sodium [(C5H4N)-(C5H4N)] 0.3 % (3 ml)

Sodium hydroxide (NaOH) 3.7 % (37 ml)

Formaldehyde (CH2O) 0.87 % (8.7 ml)

Cleaning (1 min) DI water –

Fig. 3 Via-hole interconnection
process: a printed double-side
patterns using the R2R gravure
process, b hole formation using
a laser-drilling process, c Ag ink
filling using capillary force,
followed by an infrared drying
process, (d) back-side ink filling
and drying, e Cu plating, and
f testing setup for interconnection
performance
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confirm the electrical performance, an electric current was
applied to both rand areas after the interconnection process
was completed, as shown in Fig. 3f.

3 Result and discussion

R2R gravure-printing processing was conducted using a com-
puter-integrated, large-scale system that included web trans-
port, printing, drying, and winding sections. Figure 4 shows
the PI-film-based continuous printing process and its results.
Figure 4a shows the rewind process of R2R gravure-printed
double-side patterns. The final product of the gravure printing,
consisting of two layers of patterns, is shown in Fig. 4b. Seven
hundred-micrometer coil patterns were printed, for a total
length of 1017.1 m on the front side, with a rectangular bridge
pattern printed on the back side of the PI substrate. Figure 4c
shows the double-side printing performance between PI sub-
strates with precisely adjusted front- and back-side patterns.
As mentioned earlier, register control was the most significant
parameter in this experiment. Register errors caused misalign-
ments in the via-drilling position. The PI film has good ther-
mal stability that works better in controlling the tension of the
web; web fluctuations are less prevalent relative to those in the
case of PET films [38]. However, wrinkle phenomena oc-
curred because of the thin substrate. FIFE guides were used
to control the lateral position, and the operating tension was

set to 10 N to minimize any wrinkling effects. The most ef-
fective advantage of gravure printing is high throughput. The
Ag double-side seed layer of FPCB provides the highest in-
crease in production rate (1–10 m/min printing speed) com-
pared with other printing methods.

Printed patterns were sampled from the sheet using a slit-
ting process for the drilled hole. The hole was drilled using a
laser process, as shown in Fig. 5. The figure shows the printed
front- and back-side views of the pattern; it was confirmed that
the pattern was aligned to the exact position necessary. To
prevent defects at the burned position, a burn was produced
around the hole by the laser-drilling process, as shown in
Fig. 5a, b. This process was needed in addition to the repair
processes. The rand area was printed using an ink drop that
compensated for such damage. The printed front- and back-
side patterns had an average thickness of 1.42 and 1.86 μm at
the A-A and B-B sections in Fig. 5a, b, respectively. The
surface roughness of the Ag printed pattern showed average
values of 520 and 700 nm (average uniformity 30 %) for the
rough surface, and pin holes were observed, as shown in
Fig. 6a, b. To investigate the surface morphology, the viscosity
of Ag flake material should be decreased by tuning the amount
of solvent. However, low-viscosity Ag flake material is not
compatible as a seed layer for Cu plating. In this case, the
printed thickness value is a more critical parameter that should
be considered.

Fig. 4 Double-side printing process using R2R gravure technology: a
photo of the R2R gravure printing system, b image of double-side printed
circuits, and c detailed view of the front side (main circuit) and back side
of the circuit

Fig. 5 Measurement of double-side printed patterns: images of a front
side and b back side with laser-drilled holes on the terminals
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Figure 6 shows the results of the interconnection process.
The laser-drilling performance shows excellent resolution be-
low a 5 % standard deviation from the objective hole size. We
assumed that there were electrical shortages and burrs sur-
rounding the laser-drilled hole. To compensate for the expect-
ed damage, the filling process was carried out not only on the
drilled hole surface but also around the hole-printed rand area.
The clearance of the via filling occurred uniformly after the
drying process. Ag ink drops were applied twice on each side
of the substrate. After via-hole filling, the diameter of the hole
was reduced. Ag ink covered the hole perfectly; however, the
surface uniformity of the hole edges appeared rough. The hole
edge roughness determines the interconnection performance;
therefore, droplet control onto the via hole is a key aspect in
producing a highly conductive circuit. In this experiment, the
drop-casting method is sufficient for a hole diameter of 50 to
500 μm, but to prevent shortage between the adjacent pat-
terns, small-droplet control is needed in the case of a fine-
line pattern and/or narrow gap in the pattern. Inkjet printing
technology could be a reasonable solution in this regard and
may be adopted in further works. In addition, plating process-
es could be a suitable solution to improve the interconnection
quality. Some parametric studies have already reported exam-
ples of interconnection improvements using Cu plating pro-
cesses [39, 40].

Figure 7 shows the microscopic images and SEM images
of the Ag-paste- and Cu-covered surface near with via hole.
The Cu-plated coil pattern and via hole are present with good
interconnection, as shown in Fig. 7a. The cross-sectional SEM
image of section A-A in Fig. 7a indicates that the via wall
consists of Ag–Cu layers and a Cu-covered rand area, as
shown in Fig. 7b. The EDS profile indicates a large amount
of Cu and Ag material on the via wall, as shown in the inset of
Fig. 7b. Before the plating process, Ag flake particles were not
cured perfectly by low-temperature curing, as shown in
Fig. 7c. However, after Cu plating, the Cu particles cover
the Ag flakes and fill the pores [30] between the Ag particles

to afford good conductivity, as shown in Fig. 7d. The Ag flake
pattern presents nonuniform surface distributions relative to
the Cu-covered surface. This is also confirmed by AFM im-
ages as shown in Fig. 8. Figure 8a, b shows the Ag printed
pattern and Cu-plated pattern on the Ag pattern, indicating the
difference between each pattern. The average uniformity
(roughness average: Ra) of each pattern near with edge was
140 and 76 nm, respectively, as shown in Fig. 8c. As a result,
the Cu-covered pattern shows a good uniform surface and
performs well in filling a rough surface with Cu.

The interconnection status and quality were identified by
measuring the resistance of the printed circuit. Figure 9a
shows the measurement method. The double-side printed cir-
cuit shown in Fig. 9a was measured from the start point to the
end point of the coil pattern. The coil pattern had a width of
700 μm, line spacing of 300 μm, and line length of
1017.1 mm. As shown in the inset of Fig. 9a, the measurement
point before the via hole (measurement points 1 to 2) and after
the via hole (measurement points 1 to 3) suggests that the
interconnection performance was sufficient. This was con-
firmed by applying an electric current to the printed board.
Table 4 shows the results of the resistance measurement using
a multimeter. The line resistances (measurement points 1 to 2)
of the 1017.1-mm-long coil pattern with four types of holes
were measured. For 0.05-, 0.1-, 0.3-, and 0.5-mm hole sizes,
there were only minor changes in resistance (10, 21, 14, and
10 Ω, respectively) before and after via filling. The distance
between measurement points 2 and 3 is approximately
21.05 mm. These small differences in resistance indicate a
successful interconnection. This phenomenon is caused by
the filling effect of the capillary force at the surface of the
via hole. This observed effect does not seem to be correlated
with the size of the hole. However, the results verify the
performance of the interconnection for every case. After
Cu plating of this pattern, the resistance rapidly decreased.
Moreover, the difference before and after the via filling is
1–75 mΩ.

Fig. 6 Laser-drilled holes and ink filling bymicropipettes: hole diameter of a 52μm, b 97.6 μm, c 292 μm, and d 494 μm. a1–d1 Images of the Ag-ink-
filled holes
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Fig. 7 aMicroscopic image near
via hole and b cross-sectional
SEM image on A-A , indicating
via wall and rand area (inset: EDS
result on via wall). SEM images
of c top surface of printed pattern
by Ag flake paste and d plated Cu
surface

Fig. 8 Comparison of AFM images of a Ag printed layer and b Cu-
plated layer on Ag layer. c Thickness profile of a and b

Fig. 9 Measurement of electrical resistance: a schematic of circuit (700-
μm width, 300-μm line-spaced coil pattern) that shows measuring points
(inset shows detail of the interconnected circuit between front and back
side patterns) and b reliability test of double-side FPCB: cyclic bending
experimental setup with LED for demonstrating electrical connection
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The final product of the via-filling process was set on a
reliability tester. A voltage was applied for lighting the light-
emitting diode (LED), as shown in Fig. 9b. A mass-produced
FPCB is always subject to cyclic load when it is used for
flexible applications. Therefore, the electrical characteristics
were measured under a cyclic bending motion in real time for
400,000 cycles with a frequency of 1 Hz as listed in Table 5.
Many resistance values were sampled. The average and stan-
dard deviation values ofR/R0 (R: measured resistance in bend-
ing cycles; R0: initial resistance) within the bending cycles are
presented for each of the four sections of bending cycles. To
check the mechanical stability of each part of the device, a
bending test was conducted twice at different positions (near
the coil pattern and the via hole, with a bending radius of 5 and
12 mm, respectively). The bending radius in the via-hole case
was smaller than that in the coil pattern case. The results show
that the FPCB maintained steady electrical properties except
for sampled overshoots (standard deviation). The doctor
blading method, which is a type of screen printing using an
Ag flake pattern, was compared with the fabricated FPCB.
The doctor blading pattern shows a thickness over 10 μm that
causes a high bending stress and an increase in resistance that
was 1.5 times higher before 1000 cycles. It delaminated after

2000 cycles. It was proven that gravure printing of a seed layer
was more stable than screen printing the layer because of its
lower thickness and because of the nip and heating process on
various rollers in the R2R system (calendering effect). Fur-
thermore, the LED turned on at the start and the end points
of the bending test. It was verified that the gravure-printed coil
pattern, drop-cast via hole, and copper layer have good
durability.

Additionally, the fabricated FPCB was tested in a 13.56-
MHz RFID antenna application. The resonance frequency of
the FPCB was 14 MHz and was confirmed by a higher value
of peak-to-peak voltage, as shown in Table 6. The theoretical
value of 12 MHz, calculated by equation f=1/[2π×sqrt(LC)],
confirmed the similarity, where f, L, and C represent the reso-
nant frequency, inductance, and capacitance, respectively (in-
ductance of 0.8 μH was measured in the coil pattern, and a
222-pF commercial capacitor was used in the circuit).

4 Conclusions

In this study, we demonstrated a FPCB fabrication process
that included gravure printing, drop-cast printing, and Cu plat-
ing. This was called a hybrid process. We introduced a new
double-side printing logic using an R2R gravure process and
verified its effectiveness.We performed experiments using the
R2R large-scale mass production system and demonstrated
that it could be applied in industry. Double-side printed pat-
terns were fabricated on a PI film, and an Ag conductive paste
was used. A continuously wound roll was sampled using a
slitting procedure, and the sampled sheet was drilled by a
laser. Drilled double-side patterns filled with low-viscosity
Ag ink were used to form an interconnection between the
front- and the back-side patterns. An ink drop method that
used micropipettes for via-hole filling was adopted.

Table 4 Measured line resistance according to the measurement points
for various via-hole diameters

Diameter of via hole (μm) Resistance value (kΩ)

Printed pattern Cu-plated pattern

1 to 2 1 to 3 1 to 2 1 to 3

0.05 1.307 1.317 0.084 0.090

0.1 1.746 1.767 0.023 0.027

0.3 1.722 1.736 0.032 0.039

0.5 1.823 1.833 0.020 0.021

Table 5 Bending test result
of each case Case Number of bending

cycles (section)
Average value
within cycles (R/R0)

Standard deviation
within cycles (R/R0)

Bending on coil pattern 1 to 85,916 1.01 0.07

85,917 to 171,833 1.00 0.02

171,834 to 257,748 1.01 0.04

257,749 to 393,664 1.00 0.01

Bending on via hole 1 to 81,437 1.11 0.37

81,438 to 162,875 1.02 0.10

162,876 to 244,312 1.01 0.03

244,313 to 325,750 1.02 0.13

Doctor blading 1 to 4834 1.35 0.11

4835 to 9668 1.46 0.04

9669 to 14,502 1.38 0.03

14,503 to 19,336 1.39 0.04
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The final coil-patterned product was measured using opti-
cal and electrical devices. The resistance of the interconnected
part showed few differences relative to its properties before
via-filling and Cu plating process. To check for mechanical
stability, a reliability test was conducted using a cyclic motion
tester. The FPCB shows good electrical properties at 400,000
cycles. In addition, the fabricated FPCB was demonstrated as
an RFID antenna. For this demonstration, the FPCB con-
firmed a 14-MHz resonance frequency that was close to the
13.56-MHz standard value. In further studies, we will attempt
to improve the interconnection performance by adopting an
online Cu plating process and inkjet filling that uses
microdroplets. This could be called an online hybrid process.
Moreover, complex structures and commercial target applica-
tions could be attempted using this fabrication logic. By using
this advanced process, after developing a Cu solution material
for the plateless process, we will be able to integrate all future
process improvements and perform R2R gravure printing and
via-filling processes continuously with good electrical
performance.
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