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Abstract
We propose a novel packaging method for preparing thin polyimide (PI) multichannel
microelectrodes. The electrodes were connected simply by making a via-hole at the
interconnection pad of a thin PI electrode, and a nickel (Ni) ring was constructed by
electroplating through the via-hole to permit stable soldering with strong adhesion to the
electrode and the printed circuit board. The electroplating conditions were optimized for the
construction of a well-organized Ni ring. The electrical properties of the packaged electrode
were evaluated by fabricating and packaging a 40-channel thin PI electrode. Animal
experiments were performed using the packaged electrode for high-resolution recording of
somatosensory evoked potential from the skull of a rat. The in vivo and in vitro tests
demonstrated that the packaged PI electrode may be used broadly for the continuous
measurement of bio-signals or for neural prosthetics.

S Online supplementary data available from stacks.iop.org/JMM/22/115017/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The interception and recording of electrical impulses from
biological tissues or the stimulation of nerve systems with high
spatio-temporal resolution is a hot issue in neuroprosthetic
research. A central goal is to restore or assist in the recovery
of lost sensory or motor function via man–machine interfaced
robotics [1–3]. In living creatures, neurons are polarized by
the membrane transport proteins, and the electric signals (e.g.
electroencephalography (EEG) or evoked potentials) from
the brain are generated by the intricately networked neurons
and they provide important information of brain activity.
The measurement of the electric signal from the networked
neurons with minimal noise and fine spatiotemporal resolution

is critical in diagnosis and the brain–computer interface. For
this purpose, the development and packaging of multiple
microelectrode arrays (MMEAs) and recording of populated
neural activity as precisely as possible are highly required. To
date, several micro-sized multichannel electrodes have been
developed, including electrodes penetrated to targeted regions
and contact the cortical cortex or skull. Polyimide (PI) has been
mostly used as a substrate due to its excellent thermal stability,
high chemical resistance and ability to form thin and flexible
films that can be patterned using photolithography processes
[4–6]. Although the PI MMEA technology has progressed
rapidly, the practical applications of these electrodes are
limited by their packaging technologies, particularly with
respect to system interconnections. The thickness of a PI
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Figure 1. Schematic diagram of the 40-channel microelectrode’s fabrication process via photolithography. (a) The interconnection pad was
electroplated with nickel and gold. (b) The sacrificial layer deposition. (c) The PI layer (first layer) patterning. (d) The metal layers (second
layer) deposition and the second (Ti/Au) layers patterning. (e) The PI layer (third layer) patterning. ( f ) Separation of the PI electrode.
(g) The interconnection pads were electroplated with nickel. (h) A gold layer was electroplated.

electrode is about 10 μm; it is, therefore, challenging
to develop mechanically stable simple packaging methods.
Besides, it is still challenging to maintain stable connection
for the neurophysiological experiment using small and free-
moving animals due to difficulty in fixation of a connector
without mechanical failure. To date, several materials and
methods have been reported as a useful connecting method of
MMEA [5–7], including soldering paste [8], conductive epoxy
adhesives [9, 10] or zero-insertion-force (ZIF) connectors
[11, 12]. Although these packaging technologies are useful
and ingenious, they still have limitations in practical use due
to high costs, high degree of skill or labor-intensiveness, and
the reliability and robustness of packaging technology is still
challenging. Recently, we developed an anisotropic conductive
film (ACF)-based adhesion method for use in preparing
MMEAs [13]. The bonding process is parallel, simple, rapid
and easy; however, high temperatures and pressures, which
must be applied directly to the thin metal pattern on PI for a
few tens of seconds [14], can occasionally damage the thin
film electrode.

In this paper, we develop a stable, highly yieldable,
solderable and cost-effective packaging method for thin
flexible MMEAs. Simple connections were implemented by
making via-holes at the interconnection pad between the thin
PI electrodes with a soldering process. The electroplated Ni
ring through the via-hole was constructed to achieve stable
soldering and strong adhesion of the electrode to the printed
circuit board (PCB). The electroplating conditions for the well-
organized Ni ring were optimized, and the electrical properties

of the packaged electrode were evaluated. A 40-channel thin
PI electrode was fabricated and packaged using the proposed
method, and we evaluated this packaged electrode for use
in high-resolution recording of neural signals from the skull
of a rat.

2. Materials and method

2.1. Design and fabrication of the polyimide electrode

Figure 1(a) illustrates a schematic diagram showing a
40-channel microelectrode fabricated using photolithography
techniques. The interconnection pad was electroplated
with nickel and gold. PI (Durimide 7505TM, Fuji-film
Electronic materials) was used as a substrate material and
provided excellent physical and electrical properties [15, 16].
Figure 1(b) shows a schematic diagram of the PI electrode
preparation process. Titanium (Ti) (30 nm) and gold (Au)
(50 nm) were deposited as sacrificial layers on the Si
wafer using an e-beam evaporator. The first PI layer was
spin-coated (1500 rpm) on the sacrificial layer and was
soft-baked on a 100 ◦C hotplate for 3 min. The via-hole of
the soft-baked first PI layer was fabricated by exposure to UV
light (length: 365 nm, energy: 110 mJ cm−2) through a mask,
followed by developing and rinsing processes. The first metal
layer (Ti/Au = 30/100 nm thickness) was deposited using an
e-beam evaporator, and the recording sites, interconnection
pads and interconnection lines were patterned following
reported wet metal etching processes [17]. Onto the metal
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Figure 2. A schematic diagram of the nickel (a) and gold electroplating baths (b). (c) A cross-sectional schematic diagram showing a bare
gold, electroplated nickel and the electroplated gold structure.

patterns, the second PI layer was spin-coated, followed by
soft-baking to passivate the metal line. The recording sites
and interconnection pads (figure 1(e)) were exposed by a wet
PI etching process, and then hard-baked. The completed PI
electrode was released from the sacrificial layer by dissolving
the Au and Ti sacrificial layers using a 0.9% NaCl2 solution
for 3 min at an applied potential of 3 V at room temperature
(figure 1( f )) [18].

The interconnection pads were electroplated with nickel
and gold (figures 1(g) and (h)). The bypass line was used to
electroplate the interconnection pads. The bypass line played
a key role in applying the current to the interconnection
pads during the electroplating process without significantly
damaging the recording sites.

2.2. Electroplating of the interconnection pads

To achieve easy adhesion between the electrode and the PCB
connector, we electroplated the connecting pad. A schematic
diagram showing the nickel and gold electroplating baths is
presented in figures 2(a) and (b). The titanium (Ti) basket
containing a nickel source was used as the anode. The PI
electrode was fixed on the glass plate using Kapton tape,
and the Cu-tape was bonded to the bypass line with the
silver paste to apply a constant current (Keithley 2400). A
jacketed beaker was used as the bath, and the temperature
of the electroplating solution (figure 2(a)) was controlled
using a chiller. The chemical compositions of the nickel and
gold electroplating solutions are summarized in table 1. All
chemicals were purchased from SAMCHUN Chemical, and
potassium gold cyanide was purchased from ShinPoong Metal.

Prior to electroplating, the fixed PI electrode on the glass
was exposed to oxygen (O2) plasma (FEMTO Science, CUTE)
for 5 min. The surfaces of the plasma-treated interconnection
pads were activated with a mixture of PdCl2 (0.1 g), 30% HCl
(0.15 mL) and distilled water (100 mL) [21]. Subsequently,

Table 1. Proportions of nickel and gold in the electroplating solution
[19, 20].

Nickel electroplating solution Gold electroplating solution

Nickel sulfate 300 g L−1 Citric acid 80 g L−1

Nickel chloride 57 g L−1 Potassium citrate 80 g L−1

Boric acid 57 g L−1 Potassium gold cyanide 30 g L−1

Bath temp. 70 ◦C Bath temp. 80 ◦C
pH 7–8 pH 7

Table 2. Nickel electroplating conditions.

Electroplating time Current density
(min) (A cm−2)

10
20 0.25 A cm−2 0.5 A cm−2 1.0 A cm−2

30

the interconnection pads of the PI electrode were dipped in
the nickel electroplating solution for 10, 20 or 30 min, and
currents of densities 0.25, 0.5 or 1.0 A cm−2 were applied,
respectively. The Ni electroplating conditions are summarized
in detail in table 2. After Ni electroplating, the interconnection
pads were electroplated with a gold thin layer (figure 2(b)).
After completion of the electroplating process, the bypass line
was incised with a sharp razor.

Figure 2(c) shows a cross-sectional schematic diagram
of the electroplated structure. Initially, the gold layer was
patterned by e-beam evaporator deposition and wet etching
to prepare a seed layer for the electroplating process. During
the Ni electroplating, a thick Ni layer grew rapidly through
the seed layer of the PI electrode, and the doughnut shape
of the Ni structure was created on either side of the via-holes
by the over-growth of Ni. Finally, a thin gold (2 μm) layer was
electroplated to enhance the wettability of the solder.
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(a)
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Figure 3. The illustrated optical images show the arrayed PI electrode fabricated via-hole using photolithographic processes. (a) The
fabrication process was successful. (b) The magnified optical image of the electroplated nickel ring shows the front-side view. (c) The optic
image shows the formation of a Ni ring at the backside view.

2.3. Characterization of the electrical properties

The packaging method was evaluated by measuring the
resistance changes at the interconnection pad using a digital
multimeter (Agilent 34401A, Agilent Technologies, USA).
The electrochemical impedance spectroscopy (EIS) of the
completely packaged PI electrodes was measured using a
potentiostat with a commercial software package (Gamry
Instruments, EIS300TM). A solution of 1 M phosphate buffered
saline (PBS, pH = 7.4) was used as the electrolyte solution
at room temperature. The Ag/AgCl electrode was used as a
reference electrode, and a coiled platinum wire was used as a
counter electrode. The ac sinusoidal signal with 10 mV root-
mean-square amplitude and a frequency range from 1 Hz to
100 kHz was used as the input signal.

2.4. Animal tests

As a demonstration of the connection method, 32-channel
evoked potential signals were recorded simultaneously from
the skull of a rat. For the surgery, deep anesthesia was
induced by injection of a 20% diluted urethane solution
(1.5 g kg−1, i.p., Sigma-Aldrich Co.). The animal was mounted
on a stereotaxic apparatus, and the middle scalp was incised
about 3 cm. The periosteum was removed using cotton swaps
without damaging the surrounding tissues. The PI electrode
was positioned from AP = −2.5 to 6.5 (AP: anterior posterior).
The gold screw electrode with a diameter of 2 mm was placed
on AP = 1.5, L = 7.5 for the reference electrode (figures 8(a)
and (b)), and the ground electrode was placed at the tail.
For electrical stimulation, the bipolar electrodes were fixed
at the left hind paw with an inter-electrode distance of 10 mm.
The positive current pulses of 4 mA were applied with pulse
wave (stimuli time 100 ms, resting time 5 s) for 30 s as

shown in figure 8(c). The somatosensory evoked potential
(SEP) was recorded (sampling rate: 512 Hz) from the skull
using fabricated PI electrodes with an LXE3232-RF amplifier
(LAXTHA, Inc., Korea) and the measured data were analyzed
using Matlab.

3. Results and discussion

3.1. Design and fabrication of the polyimide electrode

Figure 3(a) illustrates the arrayed PI electrodes fabricated
using photolithographic processes. The fabrication process
was successful. The thickness of the PI electrode was 10 μm,
and the diameters of each interconnection pad and via-hole
were 760 and 400 μm, respectively. Figure 3(b) shows a
magnified image of the electroplated Ni from a top view, and
the thicker electroplated ring structures were observed as the
current density increased. As predicted in the electroplating
scheme shown in figure 2(c), the electroplated Ni ring grew
along the seed layer on the interconnection pads. Although the
seed layer was not deposited on the surface of the via-hole and
on the backside of the PI electrode, the electroplated Ni ring
on the backside of the PI electrode formed by the over-growth
of Ni. The electroplating time played a key role in tuning this
overgrowth. Figure 3(c) shows the formation of a Ni ring at the
backside of the PI electrode as a function of the electroplating
time. Such over-growth enabled the Ni ring to be firmly fixed
onto the via-hole and firmly bonded to the PCB using even a
manual soldering iron.

We quantitatively measured the thickness of the
electroplated Ni rings as a function of the current density and
electroplating time. The thickness of the ring was measured
using a thickness gauge (ABSOLUTE Digimatic Indicator
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Figure 4. The graph represents the quantitative measurements of the
thickness of the electroplated Ni rings as a function of the current
density and electroplating time.

ID-C Series 543, Mitutoyo), and the results are plotted in
figure 4. As predicted, the thickness of the Ni ring increased
with the current density and the electroplating time, and
was more sensitive to the electroplating time than to the
current density. Considering the thickness and shape of the
electroplated ring on the surfaces of the front- and backsides,
0.5 A cm−2 and 30 min electroplating conditions were
most suitable for subsequent applications. The ring structure

prepared under these conditions was closely inspected by SEM
imaging, and the results are shown in figure 5. Figures 5
(a) and (b) present SEM images of the well-grown Ni ring
on the front and back surfaces. The cross-sectional view of
the interconnection pad clearly shows the electroplated ring
structure (figures 5(c) and (d)). As shown in the dotted-red
circle, the thin interconnection pads of the PI layer were caught
by both the front and back rings, which protected the thin PI
layer from thermal damage during the soldering process and
facilitated strong adhesion to the PCB board. The dotted-blue
rectangle indicates the surface of the via-hole, and the over-
growth of Ni across the via-hole is clearly observed.

3.2. Assembly and packaging

After the Ni electroplating process, which formed the Ni ring,
gold was electroplated onto the surface of the electroplated
nickel to improve the wettability of the eutectic solder and
to facilitate penetration of the solder into the via-holes of
both the electrode and the PCB. The thin PI electrode
was bonded to the PCB by aligning the electroplated via-
hole of the electrode with the through-holes of the PCB
(figure 6(a)—top). The aligned PI electrode and PCB were
bonded by soldering (figure 6(a)—bottom). Even the manual
soldering process was easily performed. Figure 6(b) shows
a photograph of a completely packaged PI electrode. The
female connector was used for the connection to the amplifier.
Figure 6(c) shows the interconnection pads of the electrode,
from the front- and backsides, and figure 6(d) shows the

(a)

(c )

(b)

(d )

Figure 5. SEM images of the electroplated nickel ring on the interconnection pad. (a) The front-side surface. (b) The backside surface.
(c) The cross-section of the interconnection pad and nickel ring. (d) Schematic diagram of the electroplated structure and assembly with the
PCB.
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(a) (b)

(c ) (d ) (e )

Figure 6. The plot illustrates the magnitude of impedance (ohm) and phase (degree) of the fully packaged PI electrode and these values
were measured with the electrochemical impedance spectroscopy measurement.

interconnection pads aligned to the PCB, from both sides. The
aligned interconnection pads were soldered using soldering
iron. Figure 6(e) shows the front- and backside views of the
soldered interconnection pads. The melted solder successfully
penetrated both via-holes and bonded to both the electrode
and the PCB. The packaging process for the interconnection
pads yielded an electrical connection success rate of more
than 99%, and damage to the PI electrode during the soldering
process was not observed. The mechanical robustness was
simply tested by manual pulling of the electrode horizontally
until the electrode was broken. Tests of ten samples revealed
that the breakage or disconnection was not observed at
the interconnection pads. These results demonstrate that the
proposed soldering method is sufficiently robust to endure
harsh environments, and it will be useful in devices that must
tolerate a large degree of motion.

3.3. Resistance and electrochemical impedance
measurements

We measured the resistance changes before and after electrical
connection to the PCB. The resistance change rate ((Rafter–
Rbefore)/Rbefore) was approximately 1.3% ± 1.1 and the
average of Rbefore and Rafter is 1.856 ± 0.03 � and 1.860 ±
0.017 �, respectively. This value indicated that the proposed
electrical connection method did not significantly reduce the
electrical conductance. The impedance of the fully packaged
PI electrode was characterized, and the impedance magnitude
(lZl) and phase (degree) are plotted in figure 7. The magnitude
at 100 Hz was 40.8 k� ± 10.3 k� (mean ± SD), and

Figure 7. (a—top) The electroplated via-holes of the electrodes
were aligned to the through-holes of the PCB; (a—bottom) the
aligned PI electrode and PCB were bonded by soldering.
(b) Photograph of a completely packaged PI electrode. (c) The
interconnection pads of the electrode show from the frontside and
backsides. (d) The images indicate the interconnection pads aligned
with the PCB, from both sides. (e) The aligned interconnection pads
were soldered, as shown in the frontside and backside views of the
soldered interconnection pads and the melted solder.

100 Hz is the biologically relevant frequency for neural activity
[22]. The phase plot indicated that the phase was −81.8◦ ±
4.2◦ at 100 Hz. The impedance magnitude covered a range
similar to that seen in comparisons with other electrodes
[23–25], indicating that the proposed connection method
did not significantly affect the electrode performance. The
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(a) (b) (e)

(c) (d )

Figure 8. (a), (b) The images show the PI electrode placed on the primary somatosensory cortex (S1) of the rat’s skull. (c) The amplitude of
the 4 mA current applied with the pulse wave (stimulus time 100 ms, resting time 5 s). (d) The evoked signals from seven channels on the S1
area. (e) Somatosensory evoked potential was recorded at the primary sensory area of the skull before and after hind paw stimulation.

packaged PI electrode was therefore shown to be useful for
measuring bio-signals, especially, neural signals.

3.4. Animal tests

The proposed connection method was validated by fabricating
a 40-channel PI electrode and packaging it with the PCB,
including the female connector. The electrode was placed on
the skull of a rat, and the evoked potential was measured by
electrical stimulation as shown in figure 8(c). The anatomy
of the rat brain in figure 8(a) presents the location of the
primary somatosensory cortex (S1) on the rat skull. The S1
area is a critical area, the anatomy and synaptic physiology
of which are designed to guide in exploring the environment
[26, 27]. Figure 8(b) shows a PI electrode that was placed
on the skull of a rat. To further confirm the reliability of
neural signal recordings, we evaluated the signal-to-noise
ratio (SNR) of the recorded SEPs. The SNR was defined
as the ratio of powers between SEPs and a baseline neural
activity recorded before the electrical stimulation of the hind
paw. The baseline signals were acquired from 1 s intervals
before the stimulation onset, and their average powers were
evaluated for each electrode. The ‘signal’ interval was defined
as the 250 ms interval from the stimulus onset as the interval

generally included main SEP peaks as shown in figure 8(d).
The SNR value averaged over all channels was 9.52 dB and
the highest SNR among all channel SNRs reached to 16.86 dB,
which is obviously a very high SNR value considering that we
did not apply any ensemble averaging over the test trials. Each
recording electrode measured electrical brain activity response
successfully. The recorded SEP of the right hemisphere
electrical activity indicates that the evoked potentials were
activated by electrical stimulation. Figure 8(e) represents
the topo-plot of evoked potential signals in the resting and
stimulated state and the positive and negative potentials on
the right hemisphere. Commonly, the EEG source is localized
in the middle of the of the peak position arising from the
positive and negative potential. The SEP was generated at
the equivalent source location with an EEG source. The
roughly estimated neural source location coincided well with
the known anatomical location of the primary somatosensory
cortex of hind limb [28]. Consequently, the result involves that
the proposed packaging method approach does not negatively
affect the signal measurement and our system can reliably
record neural signal without significant contamination of the
signal.
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4. Conclusions

The construction of a Ni ring through a via-hole successfully
provided a highly yieldable, stable and cost-effective
packaging procedure. And we designed the bypass line for
electroplating on the interconnection pads to form the Ni
ring of uniform thickness. The packaging method is easy
that the electrical connections between the thin PI electrode
and the PCB were made by manual soldering. The electrical
characterization demonstrated that the solder bonded between
the interconnection pads of the PI electrode and PCB strongly
and the resistance was negligible before and after electrically
connected with the PCB. The in vivo tests demonstrated that
the average channel SNR was 9.52 dB and the packaged PI
electrode could measure the SEP on the rat skull by electrical
stimulation at the hind paw. This packaging method could
be used for the continuous measurement of bio-signals or in
neural prosthetics.
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