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ABSTRACT

ACM Reference format:

Naturalistic tactile sensations can be elicited by mechanical
stimuli because mechanical stimulation reproduces a natural
physical phenomenon. However, a mechanical stimulation that
is too strong may cause injury. Although electrical stimulation
can elicit strong tactile sensations without damaging the skin,
electrical stimulation is inferior in terms of naturalness. Here, we
propose and validate a haptic method for presenting naturalistic
and intense sensations by combining electrical and mechanical
stimulation. Prior to the main experiment, we measured the
appropriate temporal gap between the two stimuli such that they
are perceived as simultaneous, since nerve activity directly
elicited by electrical stimulation is generally considered to be
perceived faster than mechanical stimulation. We confirmed that
enhancement of subjective strength took place when two stimuli
were given simultaneously. The main experiment with
simultaneous electrical and mechanical stimulation confirmed
that addition of electrical stimulation enhances the sensation of
mechanical stimulation, and participants’ comments implied that
electrical stimulation was interpreted as part of the mechanical
stimulation.
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1

INTRODUCTION

When an individual touches an object in a VR environment,
natural tactile feedback can facilitate the degree to which the
experience is perceived as immersive.
When presenting tactile information, at least three sensory
qualities[1][2] are considered; namely, stimulation site, spatial
distribution[3][4], and intensity[5]. Given that some
entertainment applications involve highly intense stimuli, it may
sometimes be necessary to present a forceful tactile sensation
such as that of punching an enemy or being attacked. However,
providing an intense tactile sensation that simulates the
experience of being beaten might cause injury or physical marks.
There are two main methods for presenting tactile stimulation:
physical deformation of the skin by mechanical stimulation or
direct excitation of nerves such as electrical stimulation. Tactile
stimulus by mechanical stimulation can closely mirror natural
tactile presentation because it reproduces the natural mechanical
interaction between the skin and object. However, as described
above, intense stimulation may carry a risk of injury(ex. Needle
insertion[6]). During electrical stimulation, sensory nerves are
stimulated via an electric current to the skin surface that
produces a tactile sensation[7]–[9]. The applications to
entertainment include a touch display that can apply tactile
sensations to fingertips [10] and the presentation of pain
sensations[11]. Because induction of tactile sensation via
electrical stimulation directly activates sensory nerves, intense
tactile presentation is possible without damaging the skin. While
electrical stimulation also has certain risks, especially in terms of
possible electrical current pathways, it is a certain way to elicit a
strong sensation without leaving any marks on the skin.
However, the degree to which the sensation is perceived as
natural is reduced compared with the experience of touching
real objects. Indeed, many existing entertainment applications
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using electrical stimulation have been found to produce a
‘bizarre sensation’.
In summary, mechanical and electrical stimulation methods have
advantages and disadvantages. Thus, a combination of the two
strategies may produce a natural yet strong sensation. Ideally, a
‘natural’ tactile feeling could be elicited by mechanical
stimulation with sufficient tactile intensity achieved via electric
stimulation. This paper describes an initial trial conducted to
validate this idea, focusing particularly on intensity, as opposed
to quality, of sensation. We developed a haptic presentation
device that combined electrical and mechanical stimulation, and
verified whether subjective strength could be emphasized via
electric stimulation.

2

RELATED WORK

Several studies have examined the simultaneous use of
mechanical and electric stimulation. Yem et al. developed
FinGAR, which is capable of presenting the sensation of physical
pressure, low frequency vibration, high frequency vibration, and
lateral skin deformation to the fingertip using the rotation and
vibration of a DC motor with anodic and cathodic electrical
stimuli[12]. The researchers used FinGAR with four mechanical
and electrical stimulation patterns to efficiently stimulate each
tactile receptor, and attempted to express various tactile
sensations by combining the patterns. Kuroki et al. verified that
mechanical stimulation changed the threshold of an electrical
stimulus by simultaneously presenting electrical and mechanical
stimulation using pins[13]. In these studies, however, the
authors did not examine enhancement of the tactile strength of a
mechanical stimulation via electrical stimulation. Thus, we have
examined this issue in the present study.

Figure 1. Experimental apparatus.
Figure 2 shows an electric stimulation kit[3] used for electrical
stimulation. The kit was composed of a microcontroller (NXP
Semiconductors, mbed NXP LPC 1768), a high-speed digital-toanalog (D/A) converter, and a voltage-current conversion
circuit(see Figure 3) that controlled the waveform of the
stimulation current. We used a piece of conductive gel (length
0.5 cm and width 3 cm) on a wire as the cathode, and another
piece of conductive adhesive gel (Nippon Koden Co., Ltd., Dispos
electrode F Vitrode) as the anode. Electric current flowed from
anode to cathode.

One example of an entertainment system that uses mechanical
and electrical stimulation is the PainStation[5], which makes
pain sensations using independently applied electrical and
mechanical stimulation. Lopes et al. combined mechanical
stimulation via a solenoid with electrical muscle stimulation
(EMS) to present strong impact and arm motion associated with
a touching event in a virtual reality environment[14]. In this case
the electrical stimulation targeted muscle tissue.

3

Figure 2. (a) Electrical stimulation kit (b) electrode
(cathode).

EXPERIMENT APPARATUS

Figure 1 shows the experimental apparatus. The device used to
present the mechanical stimulation consisted of a mechanical
tactile device with a design similar to that of a guillotine. This
was combined with an electric stimulation device. The
mechanical stimulation device had a 3-mm-thick wood board
(36.5 g) that fell along the grooves of two vertical aluminum
frames. Two photo reflectors were attached to the frame, and the
falling speed of the wood board was calculated so that the
electrical stimulation could be given at a precise time relative to
the mechanical stimulation. The wood board was lowered and
raised by a mechanical arm comprising a stepping motor and a
servomotor.

Figure 3. Electrical circuit of the kit.

4

EXPERIMENT

We recruited participants and conducted experiments to verify
the effectiveness of the proposed method. All experiments were
approved by the ethics committee of the authors’ institute.

4.1

EXPERIMENT 1

To verify whether the subjective intensity of mechanical
stimulation could be emphasized by electrical stimulation, we
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presented the mechanical stimulation and electric stimulation
such that they would be perceived simultaneously. While nerve
activity provoked by an electrical stimulation pulse is almost
instantaneously elicited, in mechanical stimulation, the
associated neural activity has a certain delay[15][16]. Thus,
simultaneous presentation of the stimuli does not necessarily
guarantee simultaneous perception. Thus, we designed this
experiment to measure the appropriate temporal gap between
the two stimuli such that they are perceived as simultaneous.
4.1.1

range, the timing deviation was not clearly perceived. For this
reason, we used a temporal gap of 0 ms in Experiment 2 (next
section) such that the electrical and mechanical stimuli were
presented simultaneously.

EXPERIMENTAL PROCEDURE

The experimental setting is shown in Figure 4. Participants were
asked to sit on the chair in front of the experimental apparatus
with their right arms on the wooden table with their palms
facing up. The arms were positioned such that the wood board
would fall and hit the middle point between the elbow and the
wrist. We drew a line on the skin at the position where the wood
board made contact, and then attached a negative electrode at
this location. A positive electrode was placed 5 cm towards the
wrist. Electrical and mechanical stimulation were independently
presented to the arm. Electrical stimulation had a 500 μs pulse
width and was given every second. The participants adjusted the
current amplitude to find the sensation threshold. Mechanical
stimulation was conducted by dropping the board onto the arm
from a height of 10.0 cm from the skin surface.
After the above-mentioned preparations, both the electrical and
mechanical stimuli were presented with a positive or negative
temporal gap. The participants were asked to state which
stimulation they felt first via a two-alternatives forced-choice
task. There were five temporal gap conditions; -100 ms, -50 ms, 0
ms, 50 ms, and 100 ms, where negative values indicated that the
electrical stimulation preceded the mechanical stimulation. Each
condition was executed ten times in random order. Seven men
aged 22–24 years participated in this experiment.

Figure 4. Experimental setting.
4.1.2

AH2019, March, 2019, Reims, France

RESULTS

The results of Experiment 1 are shown in Figure 5. The vertical
axis shows the ratio of trials in which the mechanical
stimulation was reportedly perceived prior to the electrical
stimulation, averaged among all the participants. The horizontal
axis shows the delay between the electrical and mechanical
stimulation. Fitting was performed with a cumulative Gaussian
curve. The point of subjective equality was -7.3 ms. The 75%
threshold value was 50.2 ms, which indicates that within this

Figure 5. Results of Experiment 1.

4.2

EXPERIMENT 2

Experiment 1 indicated that when electrical stimulation and
mechanical stimulation were presented simultaneously, the two
stimuli were perceived simultaneously. We used the method of
limits and the strength of the mechanical stimulus that produced
the same subjective strength as that of the combined stimuli.
4.2.1

EXPERIMENTAL PROCEDURE

The placement of the participant’s arm and the position of the
electrode were the same as in Experiment 1.
Hereinafter, a "reference stimulus" is a stimulus produced by the
combination of the electrical and mechanical stimuli, and a
"comparison stimulus" is a stimulus with only a mechanical
component that has varying intensity. We modulated the
intensity of the comparison stimulus by changing the height of
the wood board. In the reference stimulus, the height of the
board was fixed at 4 cm, and the intensity of the electrical
stimulation was set to either 0 or two times the threshold value.
For the comparison stimulation, the height of the wooden board
was either increased from 2 cm or decreased from 10 cm in
increments of 2 cm.
In each trial, we first presented the reference stimulus and then
the comparison stimulus. Subsequently, participants were asked
to state which stimulus they felt was stronger via a twoalternatives forced-choice task. The comparison stimulation was
presented in an ascending series that increased from a height of
2.0 cm, and a descending series that decreased from a height of
10.0 cm. When the participant altered their answer, the threshold
was used as the height for that trial. The averages of the two
thresholds for the ascending and descending series were
recorded. The ascending and descending series were performed
three times for each electrical stimulation condition. The order
of the conditions was randomized. Ten men aged 22–24 years
participated in the experiment.

AH2019, March 11–12, 2019, Reims, France
4.2.2

RESULTS

Figure 6 shows the average data for the two conditions (with and
without electrical stimulation) for all participants. Error bars
indicate standard deviation. The average height of the wooden
board that produced a stimulus equivalent to the reference
stimulus was 4.7 cm without electrical stimulation and 5.9 cm
with electrical stimulation. A paired t-test between the two
conditions indicated a significant difference (p = 0.0099).
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mechanical and electrical stimulation were applied to the same
location (wrist) simultaneously, the electrical stimulation was
sometimes perceived in the hand, and not at the electrode
location. This spatial inconsistency might explain the large
variability in the data.

6

Here, we demonstrate a haptic presentation method that
achieves sufficient naturalness and intensity via the
simultaneous application of mechanical and electrical
stimulation. We first measured the appropriate timing between
the mechanical and electrical stimulation to produce the
simultaneous perception of a sensation, and found that the
temporal gap between the two stimuli could be set to 0. Then, we
confirmed the effect of electrical stimulation on mechanical
stimulation by comparing mechanical-only and mechanicalwith-electrical conditions. We found that an electrical
stimulation that was twice the threshold enhanced the subjective
amplitude of the mechanical impact 1.3 times.

6.1
Figure 6. Results of Experiment 2.

5
5.1

DISCUSSION
EXPERIMENT 1

We found that the point of subjective equality was -7.3 ms,
which is quite small. However, we also observed that the ratio of
the frequency of the answer “felt the mechanical stimulation first”
was almost 0.7 when there was a 0 ms delay. This might imply
that a single electrical pulse requires a certain period of time to
be perceived. The ratio dropped to around 0.6 when the delay
was 50 ms. It is possible that the wooden board bounced on the
arm, and that the participants compared the electrical
stimulation with the mechanical stimulation produced by the
second bounce. To address these possibilities in the future, we
plan to use a mechanical stimulator with higher temporal
controllability, such as a piezo-based actuator.

5.2

EXPERIMENT 2

When the electrical and mechanical stimuli were presented
simultaneously, we found a significant difference in the
subjective tactile intensity compared with that in the
mechanical-only condition. The average result in the
mechanical-only condition was 4.7 cm, and the result with
electrical stimulation was 5.9 cm. This indicates that the
perceived energy may have increased by 5.9/4.7 = 1.3 times.
Therefore, it appears that we achieved our initial goal to enhance
sensation by combining mechanical and electrical stimulation.
The more intense electric stimulus is, the more intense
subjective intensity might be.
However, as shown by the error bars in Figure 6, the magnitude
of the subjective strength enhancement varied among
participants. Some participants reported that when the

CONCLUSION

FUTURE WORK

We showed that the strength of a mechanical stimulation could
be enhanced by the addition of electric stimulation. However,
further verification is needed to determine whether the
magnitude of the enhancement can be controlled by modulating
the parameters of the electrical stimulation. Furthermore, as our
main goal was to achieve “strong & natural” tactile stimulation
by combining mechanical and electrical stimulation, we must
clarify whether naturalness is preserved when electrical
stimulation is added to mechanical stimulation. Some
participants described the feeling of the mechanical tactile
sensation combined with the electrical stimulation as follows: “I
felt as if the board fell from a higher place than the actual
height”, “I felt that something heavier/harder than wood had
fallen” and ”when mechanical and electrical stimulation were
simultaneously administered, a numbness sensation associated
with electrical stimulation was diminished or masked”. These
comments suggest that the sensation was perceived as “natural”,
or at least that the additional electrical stimulation was
interpreted as a mechanical phenomenon. Our next step is to
clarify the effect of additional electrical stimulation on sensation
quality.
Ultimately, we plan to develop a method for presenting strong
sensations including pain by combining electrical and
mechanical stimuli, and use it for the purpose of enhancing
realism and tension in gaming systems.
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