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Virtual electrodes in neuromodulation can provide more delicate stimulation patterns with a limited number of physical electrodes in a confined
area. Many researchers successfully verified the effectiveness of virtual electrodes in clinical trials, using current steering, which modulates
electric fields produced by multi-polar stimulation. Still, it is questioned how these virtual electrodes are really generated in an electrolyte,
especially in two dimensions. In order to answer this question, this work analyses the virtual electrode generation by comparing finite
element analysis and in vitro evaluation of penta-polar stimulation. Penta-polar stimulation was realised using custom-designed integrated
circuits and electrodes with an individual diameter of 450 μm and a centre-to-centre spacing of 800 μm. The customised test setup of
electric field measurement estimated (i) the focused electric fields by the penta-polar stimulation and (ii) the optimum distance from the
electrodes, at which virtual electrodes were most effectively generated. Compared with mono-polar stimulation, the penta-polar stimulation
showed 0.594 and 0.545 times smaller electric field distribution areas, respectively, at a distance from the electrodes of 100 μm.
Furthermore, the virtual electrodes showed the best performance at a distance from the electrodes of 150 μm, while the distance varied
from 13 to 250 μm.
1. Introduction: Neuromodulation, which involves electrical
stimulation to evoke neural activities, has been widely applied to
prostheses restoring impaired neural functions. In neural prostheses,
electrodes are essential components for delivering stimuli to target
neurons. To generate delicate stimulation patterns, these electrodes
have been developed with smaller size and higher density by the
help of breakthroughs in microfabrication [1].

These improvements have helped researchers to stimulate a dense
network of neurons in a confined space, such as in the cochlea, in
the retina, or in the brain cortex [2–5]. However, even if electrodes
become sufficiently small, it is demanding to arrange them to pre-
cisely stimulate individual neurons. Electric crosstalk, the spatial
superposition of electric fields (E-fields), among dense electrodes
leads interactions between simultaneous stimuli and degrades inde-
pendence of every single electrode [6–8]. Hence, adequate spacing
between adjacent electrodes is required, and this causes a limited
number of physical electrodes, which hinders precise stimulation.

Many researchers have proposed stimulation strategies using
virtual electrodes to overcome these limitations [3, 8–10]. Virtual
electrodes are intermediate areas with large magnitudes of
E-fields between physical electrodes. Such virtual electrodes can
be generated by current steering, which is an approach to
combine stimuli supplied from two or more adjacent physical elec-
trodes simultaneously; this approach thereby can modulate the dis-
tribution of E-fields made by multi-polar stimulation as shown in
Fig. 1.

The feasibility and effectiveness of virtual electrodes in vivo
have been verified through clinical trials and animal tests for coch-
lear implants and retinal prostheses, respectively [11, 12]. In these
research studies, virtual electrodes induced additional pitch percep-
tion in adult cochlear implant recipients and effectively altered
neural activation patterns in the visual cortex. Nevertheless, to the
best of our knowledge, there have been no studies on how virtual
electrodes are generated in an electrolyte, according to an amplitude
ratio between the stimuli of two adjacent physical electrodes and a
distance from the physical electrodes. Therefore, in this study, we
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aimed to evaluate the virtual electrode generation in vitro, especial-
ly in two dimensions, where stimulation on the retina or the brain
cortex is closely related. In addition, finite element analysis
(FEA) in the same conditions with this in vitro evaluation was
carried out as well, in order to prove the relationship between
FEA and in vitro evaluation results.

For virtual electrode generation, a configuration of physical elec-
trodes is crucial to spatial E-field distribution. Such a configuration
in two dimensions can have a variety of arrangements including a
grid shape or a honeycomb shape [11, 12]. Among these shapes,
we chose the grid-shaped configuration because it consists of one
centre electrode and four peripheral electrodes, which can be
driven at the same time with lower power than the honeycomb-
shaped configuration using one centre electrode and six peripheral
electrodes; we thus used a penta-polar stimulation strategy with
current steering.

To realise penta-polar stimulation, application-specific integrated
circuits (ASICs) for such stimulation and polymer-based electrodes
arranged in a cross shape, a specific portion of grid shape, were
designed. The effectiveness of penta-polar stimulation on focusing
E-fields was evaluated first through comparison with mono-polar
stimulation. Furthermore, changes of the E-fields were estimated
from both FEA and in vitro evaluation in accordance with an amp-
litude ratio between the stimuli of two adjacent electrodes and a dis-
tance from the electrodes.

2. Penta-polar stimulation ASIC: As described in Fig. 2a, we
designed a penta-polar stimulation ASIC consisting of five biphasic
current sources and 16 output channels, using the AMS 0.35 μm
high-voltage complementary metal oxide semiconductor (CMOS)
process. Details of the designed penta-polar stimulation ASIC are
demonstrated in Table 1. The designed ASIC received pulse
width modulated (PWM) data carried by a frequency of
6.25 MHz. These PWM data were transferred to a data receiver
and a digital controller in the designed ASIC. The data receiver
enveloped the data to become a clock signal needed for operating
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Table 1 Details of the designed penta-polar stimulation ASIC

Process AMS 0.35 μm
high-voltage CMOS

die size, mm 4.5 × 2.4
operating voltage, V 3.3–9
stimulation parameters amplitude, mA 0.01–1.00

duration, ms 0.05–3.20
pulse interval, ms 0.80–51.2

Table 2 Parameters of biphasic current pulses for verifying the operation
of the designed penta-polar stimulation ASIC (Fig. 2b)

duration, ms 0.05
pulse interval, ms 0.80
amplitude, mA and phase source 1 0.03 and anodic-first

source 2 0.01 and cathodic-first
source 3 0.02 and cathodic-first
source 4 0.02 and anodic-first
source 5 0.02 and cathodic-first

Fig. 1 Schematic diagrams of E-field distribution: mono-polar stimulation
(top), multi-polar stimulation (middle), and multi-polar stimulation with
current steering (bottom)

Fig. 2 Designed penta-polar stimulation ASIC and in vitro evaluation setup
of E-field measurement in a PBS solution
a Schematic of the designed ASIC
b Five biphasic current pulses supplied from the designed ASIC at the same
time
c Illustration of the in vitro evaluation setup
d Schematic diagram showing an amplitude ratio between the simultaneous
stimuli during penta-polar stimulation for virtual electrode generation
the digital controller. The digital controller then counted the number
of pulses in the data and demodulated them into corresponding bit
streams. Using these bit streams, the digital controller controlled
overall functions of the designed ASIC: changing the parameters
of five biphasic current pulses and activating output channels
where the pulses were to be supplied. Each biphasic current pulse
was supplied from an independent source so as not to interact
with other pulses at the same time.
The operation of simultaneous stimulation was verified as shown

in Fig. 2b. For measurements, the load resistance of 10 kΩ was con-
nected to each output channel. The parameters of each biphasic
current pulse were arbitrarily determined only for this verification,
as listed in Table 2.
3. FEA and in vitro evaluation: A simple finite element
model was constructed to simulate spatial E-field distribution
made by penta-polar stimulation. The high-frequency structure
simulator from ANSYS was utilised for this FEA. First, five stimu-
lation electrodes with an individual diameter of 450 μm and a
centre-to-centre spacing of 800 μm were designed and arranged
in a cross shape; the following references were used to determine
these dimensions [12–14] because the references showed neural
activation patterns altered by current steering in vivo using
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electrodes with similar dimensions. An electrode material was
100 nm thick gold and a substrate material was a 50 μm-thick
cyclic olefin polymer (COP). Both materials were chosen because
electrodes based on them can be simply fabricated using the
process developed in our previous study [15]. Additionally, an
ambient condition around the electrodes was filled with phosphate
buffered saline (PBS) solution, as an electrolyte, in order to mimic
in vivo environments.

In addition to the FEA, an in vitro evaluation setup similar to that
of the FEA was also built as depicted in Fig. 2c. The designed
stimulation electrodes were fabricated using COPs (ZF14 and
ZF16, Zeon Corporation, Japan) and thin gold films (Hanil Gold
Leaf Co., Korea) by thermal lamination and laser machining [15].
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Fig. 3 E-fields simulated and measured from the FEA and in vitro evalu-
ation, respectively, with comparison results between mono-polar and penta-
polar stimulation
An averaged impedance of the stimulation electrodes was measured
to be 2.23 kΩ at 1 kHz by an impedance analyser (SI 1287 and SI
1260, Solartron Analytical, UK). Measurements were conducted in
a PBS solution (Gibco #10,010, Invitrogen Life Technologies,
USA). Unlike the FEA, recording electrodes were required for in
vitro evaluation. These recording electrodes were made to be an
8 × 5 array on a gold-plated printed circuit board. The recording
electrodes featured an individual diameter of 75 μm and a
centre-to-centre spacing of 500 μm. From measurements, electric
potentials were garnered using an oscilloscope (DPO4034,
Tektronix, Inc., USA). Therefore, measured electric potentials
should be converted into E-fields by

E = | − ∇V | (1)

where E is the E-field magnitude and V is the electric potential;
thereby the spatial E-field distribution was obtained.

In both FEA and in vitro evaluation, the effectiveness of penta-
polar stimulation on focusing E-fields was evaluated by comparing
with mono-polar stimulation prior to the virtual electrode gener-
ation. E-field magnitudes were simulated and measured at a distance
from the stimulation electrodes of 100 μm. In mono-polar stimula-
tion, current pulses with an amplitude of 120 μA were supplied
from the centre electrode and flowed to a distant return electrode,
located around 2 cm away from the stimulation electrodes in the
same plane. In contrast, in penta-polar stimulation, current pulses
with the same amplitude were supplied from the centre electrode
and divided into four to be flowed to the peripheral electrodes,
respectively.

Subsequently, changes of E-field distribution while varying an
amplitude ratio between the stimuli of two adjacent stimulation elec-
trodes were also estimated to localise virtual electrodes. This
estimation was conducted at distances of 13, 50, 100, 150, 200,
and 250 μm, respectively. The amplitude ratio of the stimuli was
varied as described in Fig. 2d. The amplitude of the fundamental
current istim was set to be 10 μA, and the amplitude ratio coefficient
α was changed to be 1, 3, 5, 7, 9, 11, and 13, respectively, with incre-
ments of 20 μA using the ASIC. The maximum amplitude of 130 μA
was determined not to exceed one half of the water window level of
0.6 V safely, with the averaged electrode impedance. In all cases,
the duration and pulse interval were set to be 0.05 and 0.80 ms,
respectively, with the maximum charge density of 4.09 μC/cm2,
which was a lot lower than non-damaging, safe levels of stimulation
[16]. During the evaluations, a distant return electrode was located
around 2 cm away from the stimulation electrodes in the same
plane. After simulating and measuring E-field magnitudes, the
weighted centroids of the magnitudes, which were considered as
virtual electrodes, from both FEA and in vitro evaluation results
were plotted as neural activation patterns evoked by current steering
were analysed in the previous research [12].

4. Results and discussion: E-fields produced by mono-polar
and penta-polar stimulation are shown in Fig. 3. Each result of
the FEA and the in vitro evaluation was normalised using the
maximum E-field magnitude measured from the FEA and in vitro
evaluation, respectively. Overall E-field magnitudes of penta-polar
stimulation were slightly lower than those of mono-polar stimulation,
but field distribution areas were smaller in penta-polar stimulation
than in mono-polar stimulation. To analyse these field distribution
areas quantitatively, we assumed that effective E-fields had the mag-
nitudes of >20% of the maximum value. As a result, compared with
mono-polar stimulation, penta-polar stimulation showed 0.594
and 0.545 times smaller areas of field distribution, respectively, at
the distance from the stimulation electrodes of 100 μm.

Furthermore, the weighted centroids of E-field magnitudes
according to the distance were plotted in Fig. 4, while varying the
amplitude ratio coefficient (Fig. 2d ). These results on virtual
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electrode generation were estimated qualitatively, as there could
be slight differences between the FEA and the in vitro evaluation
results due to the presence of the recording electrodes. At the dis-
tance of <100 μm, the weighted centroids were created near the
edge of each electrode. The weighted centroids were generated
most effectively at a distance of 150 μm. The greatest number of
weighted centroids between two adjacent stimulation electrodes
was observed at the distance of 100 μm, but more linear arrange-
ments of them were produced at the distance of 150 μm. In contrast,
at the farther distance than 150 μm, the number of weighted cen-
troids between two stimulation electrodes decreased, and the
arrangements became non-linear again. In addition, the weighted
centroids tended to be created around the middle of each electrode
as the distance increased.

In this study, we verified the effectiveness of focused penta-
polar current stimulation and virtual electrodes generated by such
stimulation. Although both results of the FEA and in vitro evalu-
ation did not exactly coincide due to the differences such as the
presence of the recording electrodes, they showed the same infor-
mation on the tendency of focusing E-fields and virtual electrode
generation as evaluated above. This also indicates that FEA can
be sufficient to confirm only the tendency, but in vitro evaluation
is highly required for precise stimulation using virtual electrodes
in practice.

From the results, especially the fact that virtual electrodes
demand a certain distance from physical electrodes was proven.
In this case, such a distance was about 150 μm. This distance
must be considered in design procedures of stimulation electrodes
for precisely steering virtual electrodes. For example, the thickness
of a passivation layer of stimulation electrodes can be adjusted to be
identical to the distance or a medium such as a hydrogel can be
placed between target neurons and stimulation electrodes to
match the distance. On the other hand, the distance can be used
for activating neurons in different depths or layers. For this
purpose, it is thought that neural stimulation using virtual electrodes
Micro & Nano Letters, 2020, Vol. 15, Iss. 6, pp. 374–377
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Fig. 4 Weighted centroids of E-field magnitudes, virtual electrodes, plotted from both FEA and in vitro evaluation results in accordance with the distance, while
varying an amplitude ratio between the stimuli of two adjacent stimulation electrodes (x-axis: location X, μm and y-axis: location Y, μm)
can be performed in a deeper or shallower layer than 150 μm by
changing configurations of the stimulation electrodes.
Herein, we only discussed the results of penta-polar stimulation

with the specifically designed stimulation electrodes in a PBS sol-
ution. Therefore, further studies on virtual electrode generation
would be required for different configurations of physical electrodes
with neural tissue models in the future.

5. Conclusion: In this Letter, we reported virtual electrodes
generated by focused penta-polar current stimulation for neuro-
modulation. Our purpose was to apply virtual electrodes in two
dimensions, thus the penta-polar stimulation ASICs and the stimu-
lation electrodes arranged in a cross shape were designed. The
effectiveness of penta-polar stimulation was evaluated by compar-
ing it with mono-polar stimulation. Furthermore, virtual electrodes
were estimated in accordance with a distance from the electrodes,
while varying an amplitude ratio of the simultaneous stimuli. In
conclusion, we verified the effectiveness and found the distance-
dependency of the virtual electrode generation using penta-polar
stimulation.
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