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Figure 1: DualEMS is a haptic device engineered to design interference stimulation of electrical muscle stimulation (EMS). It
achieves this by outputting multiple stimulus pulse of arbitrary waveforms simultaneously. Degrees of freedom of output
waveform allow us to tackle two problems facing the current EMS device: (1) Difficulty in stimulating deep muscles; and (2)
Unpleasant pain specific to electrical stimulation. Its high degree of freedom in interference conditions has made it possible to
reproduce movements that have been difficult to achieve with conventional EMS. It thereby enables new applications that are
not possible with existing EMS-based interactive devices. For instance, (a): We demonstrate EMS to deep muscle, that stimulates
the pronatore teres muscle and supinator muscles and allows the forearm to rotate. (b): There were also unwanted movements
driven by muscles that were not deep muscles, suggesting that interference stimulation can be applied to superficial muscles as
well.

ABSTRACT
We propose a device to design interference stimulation, which has
not been feasible in HCI. Also, we suggest parameters of stimulus
pulses and electrodes’ placement that facilitate stimulation of the
supinator muscle (deep muscle). EMS (Electrical Muscle Stimula-
tion) has been used in the medical field for a long time and, more
recently, has been applied to HCI. It has been noticed that the diver-
sity of stimulus pulses enables new stimulation methods. However,
there is no compact EMS device that can output arbitrary wave-
forms in multichannel. Therefore, we developed "DualEMS", which
can simultaneously output arbitrary waveforms with two channels.
The user study validated the performance of the DualEMS, as it
was possible to achieve the forearm pronation with the previously
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proposed method and the forearm supination with the newly pro-
posed approach. In the future, we expect to realize new stimulation
methods and interactions by using this system and approach.
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1 INTRODUCTION
What we wanted to achieve, in the first place, was to control the
forearm rotation using EMS with surface electrodes, which pre-
viously had been uncertain. Electrical stimulation of the muscles
that move the fingers and wrist can be used to control posture
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[31, 38, 39], present a sense of force [19, 20], and restore nerve func-
tion [21, 36]. However, it is still impossible to control the contraction
of all muscles [5]. For example, when controlling the movement of
the fingers with EMS, it is not feasible to control the flexor muscles
of the thumb [38], and the pronator teres muscle, or the supinator
of the forearm [35]. The wrist has three degrees of freedom, and
EMS can control two of them (extension, flexion, ulnar deviation,
and radial deviation) but not the other one (supination and prona-
tion) [25]. All the muscles with the function of realizing the above
movements are located in the deep layers [8, 33]. It is easy to stimu-
late deep muscles with implanted/percutaneous electrodes [22, 32],
but we deliberated whether it was possible to do so with surface
electrodes.

We considerd that the interference current stimulation (ICS)
could be applied to induce muscle contraction in deep muscles
(Figure 1). Interference is often involved in the stimulation of deep
muscles using surface electrodes. It is believed that this method
can achieve deep muscle contraction using surface electrodes, but
there are three main concerns:

• Some studies have shown that the ICS can stimulate deep
muscles, but the extent to which it induces muscle contrac-
tion has not been confirmed.

• In all studies, it is common to apply at least two stimulus
pulses simultaneously to create an interference point, but
the interference conditions (i.e., beat frequency) that cause
muscle contraction are unknown.

• There are muscles for which the effectiveness of ICS has not
yet been confirmed, such as the deep muscles of the forearm.

If these points are dispelled, we believe that the range of applications
for EMS using surface electrodes will expand. In order to do this,
the interference conditions need to be clarified, and a solution to
these problems has also been proposed under certain conditions
[26].

In order to design interference conditions of EMS, new EMS
devices are required. Stimulators that generate stimulus pulses
by switching can only generate rectangular stimulus pulses [15].
Several studies have investigated the effects of different stimulus
waveforms on electrical stimulation [5, 29]. Therefore, in the field
of HCI, there is a work that proposes a device that generates stim-
ulation pulses with various waveforms in a single channel [16].
However, there is no compact EMS device capable of delivering
multichannel (at least two) analog waveform stimulation pulses.

We have developed a device that can output various waveforms
of electrical stimulation simultaneously in two channels. We termed
our system "DualEMS", and the system is shown in Figure 2. We
believe that this will enable us, using stimulation pulses with differ-
ent waveforms, to stimulate multiple muscles simultaneously or to
provide multiple electrical stimulations to a single muscle, which
previously was difficult.

2 RELATEDWORK
This section presents related work on electrical muscle stimulation
for deep muscles, electrical stimulation devices and their safety,
and related work dealing with forearm control.

2.1 Electrical Muscle Stimulation for Deep
Muscle

Several studies have used implantable or percutaneous electrodes
for the electrical stimulation of deep muscles [2, 22, 32, 37]. There
are three types of electrodes used to apply electrical stimulation to
muscle fibers: implanted, percutaneous, and surface. Implanted and
percutaneous electrodes are mainly used for rehabilitation or to
assist neural circuits. It can be reliably stimulated by targeting the
nerves and muscle fibers, even those in the deeper layers. However,
there is a concern that it is highly invasive, as the electrodes are
inserted into the body. As far as implanted electrodes are concerned,
they have become increasingly popular in recent years, including
in pacemakers, due to the miniaturization of devices. Surface elec-
trodes are also used in the field of rehabilitation, especially for
analgesia and EMS. The electrodes are made of gel or cloth and are
in direct contact with the skin, making them less invasive. How-
ever, it is less reliable as it stimulates the nerves and muscle fibers
through the skin and fat. Furthermore, it is almost impossible to
stimulate the deeper layers.

Therefore, two approaches have been considered for stimulating
the deeper layers using surface electrodes. The first is focused on
the parameters of the stimulation pulse and the electrical properties
of the skin. Several studies have highlighted methods for the appli-
cation of electrical stimulation deep in the human body through
varying the parameters of the stimulus pulse. Furthermore, previous
studies revealed that four parameters of electrical stimulation are
essential to change the stimulation depth [3]. These are "waveform",
"frequency", "amplitude" and "pulse width" [5, 29] (except in special
cases, such as "Russian Current" [40], etc.). Of these factors, the
waveform and frequency are essential to determine the depth of the
stimulation. Previous studies have suggested that square waves do
not penetrate deep muscles well, whereas sine waves pass through
adipose tissue and reach deep muscles more efficiently [28, 30].
Regarding the relationship between frequency and skin resistance,
Rosell et al. highlighted that the higher the frequency, the lower
the resistance of the skin [34]. However, we generally uses low
frequency (less than 1,000 Hz) stimulation pulses for EMS, and the
effects of mid-frequency and high-frequency (over 1,000 Hz) pulses
are unclear [5]. The second is to interfere with multiple stimulus
pulses and control their by-products (interference points). It is pos-
sible to control the interference point to a high degree by increasing
the number of electrodes [4], but the simplest method is the in-
terferential current stimulation. Interferential current stimulation
(ICS) is a method used for the electrical stimulation of deep muscles.
ICS originated from "interferential therapy,"1 which was used by
Dr. Hans Nemec in the 1950s for cosmetic, rehabilitation, and pain-
relief purposes [9]. Some of the conditions necessary for ICS to
cause deep muscle contraction have been proposed [1, 10, 12, 26].

2.2 Electrical Muscle Stimulation Device
In the field of human-computer interaction (HCI), electrical stim-
ulation is attracting attention as a promising technology. Origi-
nally, electrical stimulation was used for therapeutic purposes, and
there are a number of electrical stimulators available as medical

1http://www.hans-nemec.at/interferenz.php
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devices.23 Due to its characteristics to move the body by controlling
the contraction of one’s own muscles, EMS is also used in the field
of rehabilitation [27] and art [7]. Researchers in the field of HCI
therefore focused on two things: the compactness of the device and
its ability to present a sense of force by treating the user’s muscles
as actuators. This is why many researchers have used EMS to study
HCI and VR in the past decade [17].

Researchers have developed tools for electrical stimulation for
HCI, but the performance of the devices is still limited. Stimulators
used in therapy and rehabilitation have a variety of parameters of
stimulus pulse, but are too large for use in HCI. Therefore, compact
stimulators have been proposed in the field of HCI. In some studies,
miniaturization of the stimulator was achieved by boosting the
signal from the microcontroller and controlling the frequency and
pulse width of the stimulation pulses with a switch such as a photo-
MOS relay [15, 24, 31, 39]. There have also been several proposals
for multichannel electrical stimulators [6, 13, 15, 31]. However, the
ability to output stimulation pulses with multiple analog waveforms
has not yet been proposed, and we have developed an electrical
stimulator that provides this functionality on a single circuit board.

3 DUALEMS: TWO-CHANNEL ARBITRARY
WAVEFORM ELECTRICAL MUSCLE
STIMULATOR

This section describes the EMS equipment developed to realize the
EdMS.

Figure 2: DualEMS.

3.1 System Overview
An overview of the system is given in Figure 3. The output chan-
nels and the parameters of the stimulation pulses (waveform, pulse
width, monophasic/biphasic, amplitude inversion, each frequency,
and stimulation time) can be controlled by the GUI of our original

2https://www.healthcare.omron.co.jp/product/hvf/
3https://www.medical.itolator.co.jp/product/

software. The stimulation pulses are sent as audio data to a Blue-
tooth module on the board. The signal sent is adjusted to 0 V by an
operational amplifier, amplified through the amplifier module, and
sent to the electrode. A single board can output up to two indepen-
dent stimulation pulses, which can easily be increased by adding
more Bluetooth connections. However, the same stimulation pulse
is output from the same channel on each board.

In designing the system, the following features were considered:
• The number of parameters and stimulation pulses needed
to achieve interference should be easily available. In other
words, the device should be able to output several stimulation
pulses of analog waveform such as sin wave at the same time.

• User safety must be ensured as far as possible. This means
two things: ensuring that the EMS device is physically iso-
lated within the system, and ensuring that the safety stan-
dards for electrical stimulation are not exceeded.

Figure 3: System overview of the DualEMS.

3.2 Implementation
Hardware. We designed an original electric circuit and newly

made circuit boards (Figure 4). The hardware mainly consists of a
Bluetooth module (RN-52, Microchip Technology Inc.), two PWM
amplifiers (IFJM-001, Marutsuelec Co., Ltd.), two fuses (0312.062,
Littelfuse, Inc.), a microcontroller, and a battery (Figure 3). In order
to prevent the PWM amplifier from outputting before the Bluetooth
connection, the microcontroller controls the PWM amplifier’s CSD
pin ON/OFF. The fuses are of the physically blown type and are
replaceable.

In designing the hardware, we took care of the safety in two re-
spects: that it is electrically isolated and that there is no overcurrent.
Firstly, we have achieved electrical isolation by using wireless com-
munication between the EMS device and the PC. With reference to
[16], only the power supply of the PWM amplifier was connected
directly to the power supply of the whole device, while the other
components were isolated from the power supply of the whole
device. This eliminates the risk of current flowing directly from
the battery to the electrodes. If the stimulus pulses are generated
directly from the microcontroller, the output part of the stimulus
pulse should be galvanically isolated [15, 24]. With reference to IEC
60601-2-10:2012 and JIS T 0601-2-10:2015, we have selected a fuse
with a voltage rating of 62 mA, which is the lowest on the market.
In addition, [18] has stricter limits on the contact current.
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Figure 4: Hardware implementation.

Figure 5: GUI of the software.

Software. The software and GUI were implemented using Pro-
cessing (3.5.4) (Figure 5). The library "minim" is used to send the
generated audio data as stimulus pulses to the Bluetooth module.
To determine the amplitude of the stimulation pulse, the volume
of the transmitted signal is adjusted with the volume of the PC.
For each stimulus, the parameters of the stimulus pulse are logged
in a cvs file, which can later be used for statistical analysis of the
results.

In designing the software, we paid attention to two points: the
stimulus pulses must not generate unexpected parameters, and the
software must be able to communicate with external force sensors
for the future experiment. The first is a software safety measure.
From a safety point of view, it is not a good idea to apply a direct
current to the body. Three restrictions are therefore imposed: all
parameters must be set, the frequency must be above 20 Hz, and the
pulse width must not exceed the pulse frequency. If the restriction
conditions are not met, the user is not allowed to press the button
"Pulse." Secondly, we have ensured the scalability of the system. In
the research of the interaction by the electric stimulation, there is a
method to judge the state of the body before and after applying the
electric stimulation by the angle (image data). However, in order to
compare the changes between MVC or MVIC and EMS stimulation,

the advantage of being able to acquire time series data of force
sensation in six axes at the same time as stimulation is significant.
In addition, the values read from the sensors can be displayed in
the GUI in real time.

3.3 Performance

Figure 6: Each stimulus pulses of the DualEMS.

Figure 7: The yellow waveform represents stimulus pulses at
4,000 Hz and the pink waveform represents stimulus pulses
at 4,080 Hz. The light blue waveform represents the stimulus
pulse at the interference point. Four couples of paralleled 4.7
kΩ resistor and 0.01 𝜇F capacitor are laid out in star-shaped
pattern for the measurements.

We measured the performance results of the Dual EMS using
the software described above. The frequency was set at 100 Hz, and
the pulse frequency and pulse width at a duty ratio of 8:1. As a
result, monophasic and biphasic outputs were successfully achieved
for all waveforms (Figure 6). It was also possible to observe that
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muscle contraction occurs using the waveform (frequency: 80 Hz,
pulse width: 390 𝜇sec, waveform: rectangular, phase: biphasic). We
adjusted the value of gain for each waveform because different
waveforms have different stimulus intensities, even if the audio
output of the PC that generates the signal is the same.

We also confirmed that two stimulus pulses can be output si-
multaneously and that each parameter can be set independently,
except for the stimulation time (Figure 7). There is a fine noise in
the waveform, which we believe is due to the fact that the IFJM-
001 is controlled by PWM in particular. It can also be connected
to other DualEMS via Bluetooth to further increase the number
of stimulation pulses. However, because the stimulus pulses are
generated from the PC’s audio signal, the maximum number of
types of stimulus pulses that can be output simultaneously is two.

4 USER STUDY: DRIVE FOREARM ROTATION
USING DUALEMS

In this section, we challenge whether it is feasible for not only
forearm pronation but also forearm supination using the DualEMS.

4.1 Overview
To date, the method of achieving forearm pronation with EMS using
surface electrodes is ambiguous [23, 35] and there is no precedent
for stimulating the pronator teres muscle and the supinator muscle
with ICS. The pronator teres muscle and the supinator muscle are
subject to the following conditions:

• Function of the target deep muscle, which is covered by
several muscles

• Body movements that can only be realized by the target deep
muscle and not by the covered muscles

In the user study, we investigated whether the forearm pronation
and supination could be induced by the EdMS using the DualEMS.
EdMS, which is proposed by Ohara et al., is a method of creating
low-frequency electrical stimulation in the body by interfering with
stimulation pulses of a higher frequency than that of normal EMS
[26].

4.2 Participants
Three healthy individuals (three males) participated in the user
study (Table 1). One was unaccustomed to electrical stimulation,
and two were accustomed to electrical stimulation. All participants
were recruited from our laboratory. The Human Subject Research
Ethics Review Committee at Tokyo Institute of Technology ap-
proved the study protocol, and the approval number is 2020255.
Written informed consent was obtained from each participant prior
to the initiation of the user study. No adverse events were associated
with this study.

4.3 Procedure
The user study was conducted in two stages: calibration and investi-
gation. The calibration determined the placement of the electrodes
and the strength of the peak amplitude. Regardless of which hand
is dominant, the right forearm is farther from the heart than the left
forearm; thus, the right forearm of each participant was electrically
stimulated during the user study. Each participant placed his or

her right forearm on the desk and four electrodes (two pairs) were
placed so that the proposed method (EdMS) would be most effec-
tive. We were careful to note that as the joints moved, the relative
positions of the muscles and skin changed [11].

After the calibration was complete, electrical stimulation was
given for one second and measured three times in each condition.
A camera was placed in front of the forearm of the participant to
capture the image of the forearm rotating. The results of rotation
angle was calculated from the difference between the zero position
and the maximum rotation position of the line segment connecting
the MP joints of the index and middle fingers on the video. The
timing of the stimulation was informed by voice so that the subject
would not be startled and make unnecessary movements.

4.4 Parameters of the Stimulus Pulse
In the user study, the parameters were set as follows:

• The waveform and the pulse width are sinusoidal ("pulse
frequency" : "pulse width" = 2:1).This was chosen because
a simple sine wave is said to reach the deeper layers more
easily than other waveforms [28, 30], perhaps because there
are fewer low-frequency components than, for example, a
square wave.

• The amplitude is set for each user and is one level lower than
the level of pain-like distress on the skin.

• The pulse frequency was set at 4,000 Hz for one stimu-
lus pulse and 4,080 Hz for the other. This produces a low-
frequency (80 Hz) stimulation pulse at the interference point.

4.5 Apparatuses
We used the DualEMS for the user study. Regarding the electrodes,
we used four gel electrodes (Axelgaard Manufacturing Co., Ltd.).
Gel electrodes are considered to be the least painful among the
surface electrodes [14]. The size of each electrode was 50 mm × 50
mm.

4.6 Placement of the Electrodes

Figure 8: Placement of electrodes.

We proposed an electrode placement to achieve the forearm
supination. As shown in Figure 9, two sets of gel electrodes are used.
A pair of gel electrodes, an anode and a cathode, is placed along
the direction of the muscle fiber. The two pairs of gel electrodes
should be placed in parallel or intersecting directions so that the
same poles are close together. Arrangements had been proposed to
achieve forearm pronation by interference, but forearm supination
had not yet been achieved [26].
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Table 1: Participants’ Characteristics.

Participant Gender Age Forearm Circumference [cm] Peak Amplitude [V]

00 Male 23 24.5 (Pro.) 19, (Supi.) 34
01 Male 24 23 (Pro.) 19, (Supi.) 26
02 Male 30 26 (Pro.) 34, (Supi.) 45

In the EdMS, stimulation pulses of different pulse frequencies
are output from each electrode pair to generate interference waves.
Preliminary experiments show that there is no dependence between
electrode pairs and interference conditions. This means that if one
wishes to produce a beat frequency of 80 Hz with reference fre-
quencies of 4000 Hz and 4080 Hz, one does not need to worry about
which electrode pair produces 4000 Hz.

4.7 Results
In the user study, all participants were able to achieve the forearm
pronation and supination as shown in Figure 8. Firstly, overall,
pronation averaged 66 degrees (SD = 16.09, n = 3) and supination
averaged 48.7 degrees (SD = 6.03, n = 3).

The results for each participant individually were as follows: the
mean pronation of participant 01 was 45 degrees (SD = 7.94, n = 3),
and the mean supination was 53.7 degrees (SD = 3.22, n = 3). The
mean pronation of participant 02 was 76.3 degrees (SD = 6.43, n =
3), and the mean supination was 48 degrees (SD = 1, n = 3). The
mean pronation of participant 03 was 72 degrees (SD = 6.56, n = 3),
and the mean supination was 40.7 degrees (SD = 4.93, n = 3).

Figure 9: Results of each participant.

5 DISCUSSION
During the development of the EMS equipment, great care was
taken not only to achieve the required performance but also to
prevent unexpected electric shocks. The DualEMS is controlled by
a PIC to ensure that no noise is output from the PWM Amplifier
before the Bluetooth connection is made. In addition, fuses and
resistors are placed between the PWM Amplifier and the electrodes
to prevent dangerous currents from flowing. Furthermore, because
the DualEMS communicates wirelessly with the signal output de-
vice (PC), it also solves the problem of galvanic isolation. As there

is no galvanic isolation between the PWM amplifier and the battery,
an acrylic board prevents the user from touching the board directly.

In the user study, forearm pronation and supinationwere achieved
by using a higher pulse frequency than that used in common EMS.
However, there were some unwanted movements. It was a move-
ment with superficial muscles, which suggests that depending on
the position and size of the electrodes, not only deep but also su-
perficial muscles can be stimulated. The higher the frequency, the
harder it is for humans to perceive the electrical stimulus. There-
fore, the pain (discomfort) in the skin that has been felt with the
use of EMS may be eliminated with the use of this device.

Then, what we aim to do in the future is as follows:
• Measure the time resolution of the device to investigate the
time response of the EMS/EdMS

• Further miniaturization of the substrate to make it more
wearable

5.1 Findings
In our user study, we got three findings. The first was that the
unwanted movements were common to all participants. The unnec-
essary movements were, in the case of supination, the movement
of the middle finger extending and the movement of the thumb
extending. In the case of pronation, it was the flexion of the middle,
ring, and little fingers. However, with the pulse frequency used in
this study, the size of the electrodes can be further reduced, and
the stimulation area can be narrowed. Secondly, when we were
discussing the application with the participants after the user study,
many of them commented that it was easier to be rotated if the
hand was in the air. In the user study, it took some time to calibrate
the electrodes’ placement with a hand on the desk. This is proba-
bly because the gel electrode is sandwiched between the desk and
the arm, and the relative distance between the electrode position
and the muscle is different. Thirdly, pronation might be easier to
realize than spination. This thought is based on the difference in
the magnitude of the amplitude required for realization and the
average size of the rotation angle. This makes sense, given that
anatomically the pronator teres muscle is more superficial than the
supinator muscle.

5.2 Limitations
There are two limiting factors of our device. One is that the number
of stimulus pulses that can be output simultaneously is limited
to two. By increasing the number of Bluetooth connections, it is
possible to output stimulation pulses from multiple DualEMS simul-
taneously. However, since the signal source is audio data from the
PC, there is a limit to the number of types of stimulation pulses that
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can be produced simultaneously. The other limitation is that our
device can only modulate the voltage of the stimulus pulse. In the
ICS, as the name suggests, current modulation is the most common
method. The EdMS is a voltage modulated version of this technique,
which we have been able to realise it using DualEMS. Even at the
same voltage, if the amount of current is different, the perception
of the stimulus and the intensity of the muscle contraction will be
different. Therefore, if the modulation of the current could also be
controlled, more detailed manipulation would be possible.

Also, the small number of people in the user study is a limitation.
We have shown that the performance of the proposed device is
sufficient and that "EdMS" is likely to be effective. However, due
to the small number of participants (three) and the fact that all
of them were men, we could not have an in-depth discussion this
time. Also, the amplitude of the stimulation pulse was set according
to the pain, so technically it should be possible to obtain a larger
rotation angle.

6 CONCLUSION
This paper introduced the DualEMS, a two-channel arbitrary wave-
form EMS device, and a method to stimulate the supinator muscles.
In the field of HCI, a number of EMS-based applications have been
proposed in the last decade, but few of them refer to the design
of stimulation pulses. Recently there has been a growing interest
in EMS using high-frequency electrical stimulation to reduce skin
pain, but high-frequency electrical stimulation is not suitable for
EMS. However, we thought it would make sense to propose a de-
vice that could be used in the field of HCI, where methods using
high frequency electrical stimulation are being explored. Thus, we
have created the DualEMS, its software, and GUI. It also showed
the practicality of the device and supported the effectiveness of
one EMS method, "EdMS". In this study, the stimulation pulses and
interference conditions were set up in such a way as to target deep
muscles. In the future, we hope to be able to design different stim-
ulation pulses and interference conditions to reduce pain, reduce
the size of the electrodes, and refine the stimulation of superficial
muscles and deep muslces.
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