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Abstract— Electrical stimulation produces both vibration and
pressure sensations, and it is difficult to control these sensations
individually. It is known, however, that the vibrotactile sensation
on an index finger can be masked using another vibration at the
same frequency that is presented to the forearm. In our study,
we use this phenomenon to mask the electrical vibration
sensation in an index finger and retain the pressure sensation
only. In the experiments, we applied a 50 Hz mechanical
vibration to the test participant’s palm and a 50 pulses per
second (pps) cathodic or anodic electrical stimulation to the
index finger of the same hand. The results showed that it was
possible to present electrical pressure sensation only, and that
the pressure sensation produced by cathodic stimulation
remained stronger than that produced by anodic stimulation.
We also conducted experiment to investigate the possibility of
controlling the intensity of electrical pressure sensation of
cathodic stimulation during masking. The result showed that,
when the intensity of electrical current increased, both intensity
of electrical pressure sensation and acceleration amplitude of
mechanical vibration for masking also increased.

I. INTRODUCTION
Human touch sensation is known to be the result of a
combination of four types of sensations: pressure, lowfrequency vibration, high-frequency vibration and skin shear
deformation sensations [1]. Among the receptors on the hand,
the receptive field sizes of the receptors that respond to
pressure and low-frequency vibration sensations are small
(ranging from 1.5 mm to 3.0 mm at the fingertip). Therefore,
to stimulate these sensations with sufficient spatial resolution,
a versatile and powerful actuator is required because the skin
has a large effective mass and a high damping effect. However,
the development of such a device remains challenging in
practice.
To achieve high responsiveness in a small-sized device,
several studies have proposed the use of electrical stimulation
[2][3][4][5][6]. The main sensations provided by electrical
stimulation are considered to be those of vibration and
pressure [5][7][8]. However, it is difficult to present the
pressure sensation alone because the electrical current that is
used to produce the stimulation is also the pulse waveform that
produces the vibration sensation [8]. This limits the
effectiveness of electro-tactile displays. For example, when
presenting the sensation of touching an object, only the
pressure sensation should be presented, but the user also
perceives a vibration sensation. Therefore, to provide a more
realistic touch sensation, it is necessary to be able to reproduce
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the pressure sensation alone by eliminating the electrical
vibration sensation.
Tanaka et al. [9] recently discovered a phenomenon in
which the vibration sensation on a fingertip can be masked by
applying another vibration to the user’s forearm. They
reported that when a mechanical vibration stimulus was
applied to the fingertip the vibration at the fingertip becomes
harder to feel and ultimately disappears if another mechanical
vibration is applied to the forearm. We considered the
possibility that if this phenomenon could be applied to
electrical stimulation, then it would also seem to be possible to
present pressure sensation alone by masking the electrical
vibration sensation.
Our study investigates whether or not the pressure
sensation produced by electrical stimulation of an index finger
remains when the vibration sensation is masked by mechanical
vibration applied to the palm. We also determined the
relationship between the electrical current intensity and the
strength of the pressure sensation during the vibration
sensation masking process. The smallest amplitudes of
acceleration of mechanical vibration were also measured.
II. RELATED WORK
There are two methods for presentation of electrical
stimulation: anodic and cathodic stimulation (Fig. 1). Anodic
stimulation is when the electrode at the stimulus point
connects to a high potential and the other electrodes (ground
electrodes, much larger than the stimulus electrode) connect to
a low potential. In contrast, cathodic stimulation occurs when
the stimulus electrode connects to a low potential and the other
electrodes connect to a high potential. Kajimoto et al. [5][10]
reported that the tactile sensations that are generated by these
methods are also different. Anodic pulses were considered to
elicit mainly vibratory sensations, whereas cathodic pulses
elicited more pressure sensations. They speculated on the
cause of these differences by considering an activation
function that represents nerve excitability with respect to the
electrical potential acting upon the nerves [11][12]. Cathodic
pulses efficiently depolarize the nerves that run parallel to the
skin’s surface (i.e., they mostly act on the nerves of Merkel
cells, which respond to mechanical pressure [13]), whereas
anodic currents efficiently depolarize vertically oriented
nerves (i.e., they mostly act on the nerves of Meissner
corpuscles, which respond to mechanical vibration). However,
our previous study showed that while cathodic currents mainly
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produced pressure sensations, vibration sensations also
occurred simultaneously [8]. Therefore, to present the
electrical pressure sensation alone, a method to eliminate the
electrical vibration sensation must be considered.

Figure 1. Schematic representations of cathodic (left) and anodic
stimulation (right) methods.

Several studies have attempted to determine the effects of
combining electrical and mechanical stimuli [14][15][16].
Richardson et al. [14] and Collins et al. [15] both reported that
the stimulation of electrical noise reduces the mechanical
vibration threshold. Kuroki et al. [16] used simultaneous
mechanical and electrical stimulation and found that this
approach reduces both the so-called electrical sensation and
the tactile threshold. However, they provided the two types of
stimuli at the same location, and the possibility of masking one
sensation was not reported.
Tanaka et al. [9] studied the phenomenon of masking of
the mechanical vibration sensation that occurs at the fingertip
by applying other mechanical vibrations at the forearm of the
same hand. They reported that when the vibration frequencies
of these stimuli are the same (e.g., 50 Hz in their experiment),
the vibration sensations at the fingertip decrease accordingly
because of the increase in the intensity of the vibrations at the
forearm. However, they did not study this phenomenon with
input electrical stimulation. We considered that if this
phenomenon also occurs under electrical stimulation
conditions and only the electrical vibration sensation is
masked completely, we would then be able to present the
electrical pressure sensation alone using this method.

A. Experimental setup
In this experiment, the Vp2 transducer (Acouve
Laboratory, Inc [17]) was used to present the mechanical
vibration to each participant. We used PureData [18] to
generate the sinusoidal waveform, and a MUSE-M50 audio
amplifier to amplify the input signal.
To present the electrical stimulation to the participants, we
used an electrical stimulation kit (Fig. 2) that was similar to the
kit used in our previous study [8]. In this kit, a microcontroller
(mbed NXP LPC 1768, NXP Semiconductors), a high-speed
digital-to-analog (D/A) converter and a voltage-current
conversion circuit were used to control the waveform and the
polarity of the stimulation current. The electrodes were in the
form of a 3×3 array with a diameter of 1.75 mm and a centerto-center distance of 2.5 mm. The eight electrodes in the
perimeter were used as ground electrodes, while the central
electrode was used as the stimulation electrode. To stabilize
the sensation, a stick that was connected to the ground
electrodes was used; the participants held the stick to ensure
that the potential on the skin of their palm remained stable.
Serial communication was established between the
microcontroller and a personal computer (PC), and the
intensity of the electrical stimulation (i.e., the height of the
current pulse) was then controllable via the PC keyboard.
B. Participants and procedure
There were four participants (all male and right-handed)
aged from 21 to 24 years old. The experimental procedure was
as follows:


As shown in Fig. 3, the participants were asked to sit
on the chair in front of the experimental apparatus and
grasp the stick of the neutral electrode and the Vp2
transducer with their right hand. They were also asked
to place their arm on a pedestal to stabilize their
posture, and to place their index finger on the specified
plate of the electrode array. At the beginning of each
trial, we asked them to adjust the electrical current by
pressing the keyboard until they could clearly perceive
the vibration from the electrical stimulation.



The electrical stimulation was repeatedly turned on
and then off at intervals for both turning on and off of
1 s. During the electrical stimulation, the participants
were asked to increase the volume of the mechanical
vibration until the electrical vibration sensation at
their index fingertip disappeared.



Then, they switched the mechanical vibration on and
off (i.e., with and without the masking conditions) by
pressing the switch button of the amplifier. They
continued this process until they could remember and
compare the temporal changes in the electrical
stimulus intensities under the conditions with and
without masking.



Finally, we asked them to draw a graph to represent
the change in electrical intensity that they perceived
on their index finger at every 1 s interval. The vertical
axis represents the electrical stimulus intensity, and
under the condition without masking, the maximum
value of this intensity was assumed to have a value of

III. EXPERIMENT 1
In this experiment, we supposed that the electrical
vibration sensation that is produced by anodic or cathodic
stimulation at the index finger can be masked by mechanical
vibration at the palm. We then investigated whether or not the
pressure sensation from the electrical stimulation remains
when mechanical vibration is being stimulated. When there is
no masking (i.e., when the mechanical vibration is turned off),
participants may perceive both electrical vibration and
pressure sensation at the index finger. But when the electrical
vibration sensation is masked, there are three possibilities for
the intensity of the electrical pressure sensation: it remains the
same, it decreases or it is also masked completely. For the
purposes of this observation, we asked the participants to draw
graphs of the temporal change in the electrical stimulus
intensity that they perceived on their index finger when
mechanical vibration was or was not applied. This experiment
is to confirm the effectiveness of masking method for
remaining electrical pressure sensation.
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1. The horizontal axis represents the stimulus
presentation time with a maximum of 1 s.

Without
masking
With
masking
Cathodic stimulation

Anodic stimulation

Figure 2. Ground stick and electrical stimulation kit.

Figure 3. Photographs of hand holding a ground stick and a Vp2
transducer (left) and the same hand touching the electrode array using the
index finger (right).

In this experiment, the mechanical vibration frequency was
50 Hz (by referencing to [9]). The current pulse width was 200
μs and the pulse frequency was 50 pps. The order of the
polarity (cathode and anode) of the electrical stimulation was
random. Participants did not know the purpose of anodic and
cathodic comparison but we asked them to remember the
amount of electrical intensity reduced during masking.
D. Result of experiment 1
The graphs of the temporal change in electrical stimulus
intensity that were drawn by each participant (in order from
top to bottom) are shown in Fig. 4. The graphs on the left side
are those for the cathodic condition and those on the right side
are for the anodic condition. Red lines and black lines
represent the conditions with and without the mechanical
vibrations, respectively.
The results show that when the electrical vibration
sensation was completely masked by the mechanical vibration,
the electrical pressure sensation persisted, although its
intensity did decrease. Additionally, we observed that the
maximum intensity of the electrical pressure sensation after
masking was stronger for cathodic stimulation than it was for
anodic stimulation. As mentioned previously in Section 2, this
is related to the assumption in the previous study that cathodic
currents mainly activate Merkel cells, which respond to
pressure sensations. These results support our previous
findings that anodic stimulation mainly produces a vibration
sensation, while cathodic stimulation mainly produces both
pressure and vibration sensations [8].

Figure 4. Graphs drawn by the four test participants (where the participant
order is from top to bottom; the graphs on the left and right are those drawn
for cathodic and anodic stimulations, respectively).

IV. EXPERIMENT 2
The purpose of this experiment is to determine the
relationship between the intensity of the electrical stimulation
and the intensity of the electrical pressure sensation under the
condition where the components of the electrical vibration
sensation were masked using mechanical vibration. We aimed
to verify that the intensity of the electrical pressure sensation
could be controlled through the electrical current intensity,
even though the electrical pressure sensation decreases when
masking is applied. We used cathodic stimulation only in this
experiment because it produces a stronger pressure sensation
than the anodic stimulation, as shown in the results for
Experiment 1.
A. Experimental setup
We used the same apparatus that was used in Experiment 1
to present the electrical stimulation and the mechanical
vibration. A one-axis force sensor (LMB-A-10N, Kyowa
Electronic Instruments Co., Ltd.) was used to measure the
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pressure sensation intensity. This sensor can measure forces
at intervals of 0.01 N up to 10 N. We placed a pin with a
diameter of 0.8 mm on the sensor to provide a small pressure
sensation area on the index fingertip of the right hand (Fig. 5).
The accelerometer used was the MPU9250 from InvenSense,
with a 460 Hz low pass filter and a 1 KHz sampling rate,
placed on the Vp2 transducer. This setup is used to allow the
participants to convey how strongly they perceive the
pressure sensation produced by the electrical stimulation on
the middle finger of the same hand by pushing this pin down
using the index finger.



At the beginning of the experiment, each participant
adjusted the electrical current to measure the threshold.
The electrical stimulation waveform and pattern were
the same as those used in experiment 1. There were
four electrical stimulation intensity conditions of 1.1,
1.2, 1.3 and 1.4 of the threshold. These conditions
were presented randomly when the participant pressed
the start button.



As experiment 1, during the presentation of electrical
stimulation, the participants were asked to increase the
volume of the mechanical vibration until the electrical
vibration sensation at their fingertip disappeared.



Finally, each participant was asked to push down the
pin that was placed on the force sensor using the index
finger of their right hand, and then keep this finger’s
posture stable when they perceived the intensity of the
pressure to be almost identical to that produced on the
middle finger of the same hand by the electrical
stimulation. Each of the measurement of the pushing
force and the amplitude of mechanical vibration were
for 2 s.

Each of four conditions of electrical stimulation intensity
was presented three times, therefore there were 12 trials for
each participant.
C. Result of experiment 2
Fig. 6 shows the average value of the pressure perceived
by all participants during electrical stimulation. The horizontal
axis represents the electrical stimulus intensity (i.e., the
normalized intensity of stimulus current, where 1 is the
threshold value), and the vertical axis denotes the pressure
applied by the pin to the index finger. The error bar represents
the standard deviation.
One-way repeated measures ANOVA indicated the main
effect of the intensity of electrical current (F(3,21) = 6.92, p <
0.01). Bonferroni post-hoc test showed the significant
difference between the electrical-normalized intensities of 1.1
and 1.4 (p < 0.01), 1.2 and 1.4 (p < 0.05). The marginally
significant difference between 1.1 and 1.3 was observed (p =
0.06).

Figure 5. Experimental apparatus (top): a one-axis force sensor, a pin, an
electrode array plate, a Vp2 tranducer and a ground stick, an accelerometor,
and a photograph showing the participant’s fingers placed on the electrode
array and the pin (bottom).

B. Participants and procedure
There were eight participants (all male, where seven are
right-handed and the other is left-handed), aged 21 to 33 years
old. One participant participated in experiment 1. The
experimental procedure was as follows:
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In a similar manner to experiment 1, the participants
were asked to sit on the chair in front of the
experimental apparatus, grasp the stick of the neutral
electrode and the Vp2 transducer, keep their arm on a
pedestal, and place their middle finger on the electrode
array (Fig. 5 (right)).

Pressure of a pin applied on the index
finger [N]

**
0.6

＋
*

0.5
0.4
0.3
0.2
0.1
0
1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45
Normalized intensity of stimulus current (1 = threshold)

Figure 6. Result of experiment 2 for pressure sensation. “+”, “*” and “**”
denote the significant difference at lavel p < 0.1, p < 0.05 and p < 0.01,
respectively.

Fig. 7 shows the average value of the smallest acceleration
amplitude of mechanical vibration for masking the vibration
sensation of electrical stimulation on middle finger. The
horizontal axis, the same as Fig. 6 represents the electrical
stimulus intensity and the vertical axis denotes the smallest
amplitude of acceleration of mechanical vibration. The error
bar represents the standard deviation.

Acceleration amplitude of mechanical
vibration [G]

One-way repeated measures ANOVA indicated the main
effect of the intensity of electrical current (F(3,21) = 11.57, p
< 0.01). Bonferroni post-hoc test showed the significant
difference between the electrical-normalized intensities of 1.1
and 1.3, 1.1 and 1.4, 1.2 and 1.4 (p < 0.01 for all).
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Figure 7. Result of experiment 2 for acceleration amplitude of mechanical
vibration for masking. “**” denotes the significant difference at p < 0.01.

V. DISCUSSION
A. Experiment results
Cathodic stimulation was mainly known to produce a
pressure sensation but vibration also occurred because of the
pulse waveform of the electrical stimulus current. The results
of experiment 1 showed that we can present the pressure
sensation on a fingertip alone using a combination of the
electrical stimulation of the fingertip with mechanical
stimulation of the palm. Similarly, though anodic stimulation
mainly produces a vibration sensation, we can mask this
electoral vibration sensation and remain only the pressure
sensation. However, the intensity of this electrical pressure
sensation is weaker than that produced by cathodic stimulation.
This suggested that we should still use cathodic stimulation for
presenting electrical pressure sensation in higher intensity.
The results of experiment 2 showed that, when the intensity
of electrical current became stronger, the acceleration
amplitude of mechanical vibration also increased to
completely mask the electrical vibration sensation. Our
previous study showed that, the higher stimulus electrical
current increased the strength of electrical vibration sensation
[8]. Therefore, this result suggested that, when the intensity of
electrical vibration becomes stronger, the higher acceleration
vibration of mechanical was required to completely mask the
electrical vibration sensation (Fig. 7). Fig. 6 and Fig. 7 showed
that, though the acceleration amplitude of mechanical
vibration increased, the electrical pressure intensity still

significantly increase. The result revealed that we can control
the intensity of the electrical pressure sensation using the
intensity of the electrical current.
The experiments above showed the effectiveness of
masking method for presenting only the electrical pressure
sensation. However, we still cannot realize the reason of why
mechanical input effect to electrical input. For more
practicable we need to study the mechanism of sensory during
masking. For further understanding of this phenomenon, after
experiment we asked all participants to increase mechanical
vibration as strong as possible and they reported that, the
sensation of electrical stimulation disappeared (i.e. the
electrical pressure sensation was also masked). This suggested
that, the strength of mechanical vibration effects to the
intensity of electrical pressure sensation. Therefore, to produce
strong electrical pressure sensation, in our future study we
realize how to optimize the amplitude of mechanical vibration.
For example, we study the characteristics of mechanical
vibration frequency for better masking.
Another aspect to consider was that while the electrical
vibration sensation on the fingertip was masked, the
mechanical vibration would be a noise that disturbs the feeling
of users even though we change mechanical vibration from the
palm to the forearm as in [9]. We propose that when the user
is focused on a fingertip, they might ignore a mechanical
vibration sensation.
B. Algorithm for application
The results above showed that, the electrical stimulation
with masking by the mechanical vibration can produce two
kinds of sensation: pressure and vibration with pressure. For a
task such as gripping or touching an object, only pressure
sensation occurs on the skin of fingertip. To present this kind
of tactile feedback, we apply masking with a specific
amplitude of mechanical vibration and we control the intensity
of electrical pressure. In contrast, for a task such as rubbing on
a surface, vibration sensation also occurs. For this condition,
we reduce the amplitude or turn off the mechanical vibration.
VI. CONCLUSION
In this study, we intended to establish a method to present
only the pressure sensation produced by electrical stimulation.
We used the phenomenon that was discovered by Tanaka et al.
[9] to mask the electrical vibration sensation and retain only
the electrical pressure sensation. In the experiment 1,
mechanical vibration was presented to the palm while
electrical stimulation was applied to the tip of the index finger.
Four participants drew graphs of the electrical stimulus
intensities that they perceived on their fingertips. The results
showed that, the electrical pressure sensation still remained
when the electrical vibration sensation was completely masked.
Additionally, it was found that cathodic stimulation produced
the stronger intensity of electrical pressure sensation when
compared with anodic stimulation. The experiment 2 result
showed that, when the intensity of electrical current increased,
both intensity of electrical pressure sensation and the
acceleration amplitude of mechanical vibration for masking
also increased.
In the future work, we intend to study the frequency
characteristics of mechanical vibration for better masking with
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less amplitude. Then, we will develop a haptic-feedback glove
using a combination of electrical stimulation and the proposed
masking method for use in virtual reality systems.
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