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I. INTRODUCTION

Transcutaneous Electrical Stimulation (TES) has been
utilized to evoke sensations in neural prostheses [1] and
virtual/augmented reality applications [2]. Taking advantage
of its compactness, high responsiveness, and scalability, a
wide range of studies have explored TES for haptic feedback
over the past decade [3]. Due to its high design flexibility,
various unique stimulation methods have been proposed [4]—
[6]. However, little is known about the design strategies for
optimizing electrode locations and stimulation patterns.

Meanwhile, simulation studies and theoretical analysis
related to TES have been conducted [7]. Kajimoto et al. pro-
posed a primary color principle based on the mathematical
model of TES [8]. Ogihara et al. developed a simulation
framework to explore the optimal electrode placement for
inducing electrotactile illusions on the hand using wrist-
mounted electrodes [9]. These studies indicate that mathe-
matical modeling of TES is effective for designing electrical
stimuli to elicit appropriate sensations. However, understand-
ing how mechanoreceptors at the fingertip are activated by
TES remains challenging. Specifically, no attempts have been
made to simulate perception using TES.

In this study, we propose a novel framework for simulating
perceived area based on mechanoreceptors’ activities induced
by TES. Specifically, we focus on modeling the distribution
of mechanoreceptors and estimating perception using an
electrical nerve stimulation model. In this paper, we evaluate
a simple electrode configuration through both simulation and
psychophysical experiments.

II. SIMULATION FRAMEWORK

In sensory presentation using TES, an electrical current
applied via surface electrodes induces an ionic current at the
nerve membrane in accordance with the potential gradient.
‘When the ionic current exceeds a certain threshold, an action
potential is generated through the function of ion channels.
This action potential then propagates along the nerve axon.
Typically, a series of electrical pulses is used to regulate the
nerve’s firing rate. As a result, the user perceives a tactile
sensation corresponding to the types and locations of the
mechanoreceptors connected to the activated nerves.
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Fig. 1. A simulation framework: The model incorporates a simplified
anatomical structure of the finger, along with the spatial distribution (i.e.,
density and depth) of three types of mechanoreceptors.

In this study, TES at the fingertip is modeled within the
simulation framework illustrated in Fig. 1. First, the temporal
response of the potential distribution, ®(x,t), is computed
using the following equation:

V- (a(m)V(I)(w, t) + e(m)Vd(}ﬁf’t)> =0, (1)
where o(x) and e(x) represent the conductivity and permit-
tivity of the tissues. This model is commonly used in the
electrical modeling of biological tissues [10]. As a bound-
ary condition, a pulse current is applied to each stimulus
electrode, while the grounded electrode is set to 0 V.

Second, we define the distribution of mechanorecep-
tors and consider the terminal nerves connected to them.
Since Ruffini endings are difficult to activate [8], we fo-
cus on Meissner’s corpuscles (RA), Merkel cells (SAI),
and Pacinian corpuscles (PC). The reference values for
mechanoreceptor distribution are shown in Fig. 1. Next, the
activated mechanoreceptors are evaluated using the input
term of the axon cable equation [8] as follows:

OV (1, 1) Vi (zy, 1) 0?®y(x,,t)
T Ao

2)
where Vi, (x,,t) represents the membrane potential,
Do (x,,t) is extracelluer potential, r denotes the direction
of the axon, and 7 and \ are parameters associated with the
conductance and capacitance of the membrane. While calcu-
lating the membrane potential is ideal for evaluating nerve
activation, the activation likelihood can be estimated more
simply using the activating function (AF), 0?®,(x,,t)/0r?,
as an approximation of mechanoreceptor activation.

Finally, the perceived area is estimated by calculating the
area of the convex hull including all activated mechanore-
ceptors. Since the number of activated mechanoreceptors
changes with the activation level (threshold of the AF), we
calculate the average area to quantify the perceived area.

+ Vin(x,, t) =

628
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Simulations and experimental results: (a) Calculated potential distribution and activating functions for each mechanoreceptor under Condition 1.

(b) Perception induced by actual electrical stimuli, represented by marked areas on a finger illustration. This approach is similar to the one used in [9].
(c) Calculated area versus activation level, showing activated mechanoreceptors at 10 V/mm?. (d) Simulated areas for six different stimulus conditions. (e)
Perceived area determined through a psychophysical study. (f) Correlation of perceived areas between the simulation and psychophysical studies.

III. EXPERIMENTS

We conducted both simulation and psychophysical exper-
iments to validate the proposed framework. As an initial
step, we simplified the experimental setup by: (1) using two
stimulus electrodes and one ground electrode as an example
configulation, and (2) evaluating the perceived area instead
of conducting a quantitative assessment of the sensation.

A. Simulation Study

A finger model, consisting of skin, bone, nerve, and three
electrodes, is shown in Fig. 1. We set six current pairs, e.g.,
(I1,I3) =(-1,0), (0,-1), (-1,-1), (-1,-0.5), (-0.5,-1,), (-0.5,-0.5)
mA. The potential distribution and the perceived area were
calculated using COMSOL Multiphysics and MATLAB, re-
spectively. Examples of the potential distribution, activation
level of each mechanoreceptor, and the estimated perceived
area versus activation level are shown in Fig. 2(a)(c).

B. Psychophysical Study

An electrotactile display developed in [4], along with elec-
trode bands (Fig. 2(b)), was used. We prepared six stimulus
conditions similar to those in the simulation study, though
the absolute current values were adjusted for each participant.
The participants were instructed to place the electrodes on
their left index fingertips and adjust the maximum current
intensity according to their perception. In each trial, the
selected stimulus (100 pps) was presented, and participants
were asked to mark the perceived area (see Fig. 2(b)).
These steps were repeated three times across six randomized
conditions. The stimuli were paused between trials.

This experiment was conducted with the approval of
the Ethics Review Committee of the graduate school of
Engineering, the University of Osaka (6-6-1). Five healthy
participants (22.8+1.2) gave informed consent.

C. Result and discussion

The experimental results are presented in Fig. 2(d)—(f).
These results indicate that the perceived area is influenced
by both the amount of stimulus current and the location
of the stimulus electrodes. Additionally, asymmetry between

the two stimulus electrodes is observed due to the uneven
shape of the finger. As shown in Fig. 2(f), a comparison
between the simulation and psychophysical data reveals a
strong correlation in the perceived area (r = 0.92). This
finding supports the potential of the proposed framework
for evaluating perceived area. However, this study did not
account for individual differences in stimulus adjustment,
as well as the effects of mechanoreceptor types and nerve
bundles. Future work will address these factors, explore the
evaluation of more complex perceived areas, and investigate
various stimulus conditions.

IV. CONCLUSION

A simulation framework for evaluating the perceived area
in TES, based on activated mechanoreceptors, was proposed.
The experimental results showed a strong correlation of the
perceived areas between the simulation and psychopysical
studies. Further consideration of biological factors could lead
to a more efficient design of electrotactile interfaces.
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