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Abstract
Conventional EMS technology cannot stimulate deep muscles to induce muscle contraction using
surface electrodes. Several treatments use electrical stimulation for various neurological conditions,
including stroke and spinal cord injury. One such treatment is functional electrical stimulation (FES), a
form of rehabilitation in which electrical muscle stimulation (EMS) is provided while the muscles are
being moved. Here, we show whether two interfering electrical stimulation pulses could stimulate the
deep muscles of the forearm to control muscle contraction. The results showed that the strongest torques
were generated across the subjects when the reference frequency was mid-frequency (4,000 Hz) and the
beat frequencies were low (20 Hz, 40 Hz, 80 Hz, 160 Hz and 320 Hz). This study is the �rst
counterexample to demonstrate that it is possible to control muscle contraction in the deep muscles of
the forearm using surface electrodes, which was previously thought to be impossible.

Introduction
Electrical muscle stimulation (EMS) has a long history; however, the method for the contraction of deep
muscles using surface electrodes has not yet been established yet1. Research into the use of EMS for
therapy and rehabilitation has been ongoing for greater than 100 years2. In recent years, several studies
have shown that EMS is an effective tool for the treatment of patients with spinal cord injuries and
neurological disorders3,4. Functional electrical stimulation (FES), i.e. the application of EMS and physical
movement simultaneously, has been highlighted as a promising method of rehabilitation5–7. Additionally,
in the �eld of human-computer interaction, EMS has attracted attention as a haptic interface8. Thus, the
safety and reproducibility of EMS technology must be re�ned. If EMS were to be used daily, surface
electrodes would be superior to implantable electrodes in terms of less burden on the user. However,
surface electrodes are inferior in their ability to stimulate nerves and muscles selectively9. Moreover, when
electrical stimulation is applied percutaneously, the control of contractions in deep muscles is
challenging.

Several studies have highlighted methods for the application 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 point10. These are
‘waveform’, ‘frequency’, ‘amplitude’ and ‘pulse width’1,11 (except in special cases, such as ‘Russian
Current’12, etc.). Of these factors, the waveform and frequency are essential in determining 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 e�ciently13,14. Regarding
the relationship between frequency and skin resistance, Rosell et al. highlighted that the higher the
frequency, the lower the resistance of the skin15. However, conventional EMS is achieved using low-
frequency stimulus pulses, and high-frequency pulses do not provide adequate muscle contraction.
Furthermore, in addition to the parameters, the placement of the electrodes has a signi�cant in�uence on
the stimulation13,16.
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Interferential current stimulation (ICS) is a method used for the electrical stimulation of deep muscles.
ICS originated from ‘interferential therapy’, which was used by Dr Hans in the 1950s for cosmetic,
rehabilitation and pain relief purposes17. As the name suggests, two independent sources of electrical
stimulation generate interference waves in the tissue. ICS has been shown to stimulate tissues more
deeply than other stimulation methods17,18, which is plausible as both currents are sinusoidal and of mid-
frequency. Several studies have demonstrated that ICS can be used to relieve muscle pain and induce
slight muscle contractions in the quadriceps muscles19–21. The quadriceps muscles that can be
stimulated with ICS are located in the super�cial layers beneath the skin and fat22,23. Although ICS can
stimulate deep tissue, the conditions necessary for ICS to induce deep muscle contraction are not yet
clear.

We hypothesised that maximum contraction of deep muscle could be triggered when the beat frequency
of ICS was close to the low frequency used in EMS. We termed this method ‘Electrical deep Muscle
Stimulation (EdMS)’. To test this hypothesis, we applied electrical stimulation to the pronator teres
muscle (a deep muscle22,23) in the forearm by varying the beat frequency from 20 Hz to 2,560 Hz. The
forearm torque associated with the contraction of the pronator teres muscle was measured with a force
sensor to assess whether the forearm was pronated or not. The position of the electrodes and the
maximum voltage were calibrated to each participant, and the other parameters of the stimulus pulse
(sinusoidal and biphasic) were not altered.

As hypothesised, the maximum forearm torque occurred when the beat frequency was 80 Hz. In addition
to the main �ndings obtained via EMS, we also attempted to show that the proposed method (EdMS) is
superior to other methods. When the stimulus pulse (which is rectangular, biphasic and low frequency)
used in conventional EMS was applied using the same electrode con�guration as in EdMS, no rotational
movement of the forearm was induced. Furthermore, using three different frequencies of electrical
stimulation (100 Hz, 4,000 Hz and 10,000 Hz) with a non-interfering sinusoidal wave, signi�cantly less
forearm torque was induced compared to that induced via EdMS. These results suggest that, in general,
the electrical stimulation that causes muscle contraction is lower in frequency and is independent of the
muscle layer.

Results
%MVIC. We measured the maximum voluntary isometric contraction (MVIC) of the pronator teres muscle
of the participants and obtained a percentage of force/torque generated by electrical stimulation to the
MVIC (%MVIC). The MVIC of the pronator teres muscle was referenced to the force sensor values and,
overall, the torque showed a mean of 1.30 N/m and a standard deviation of 0.576 N/m (n = 13).

Sinusoidal stimulus pulses with a beat. To investigate the effect of the beat frequency on muscle
contraction, each participant was simultaneously exposed to two types of electrical stimulation:
stimulation pulses at reference frequencies (100 Hz, 4,000 Hz and 10,000 Hz) and stimulation pulses
discretely deviated from the reference frequency by 20 Hz to 2,560 Hz. Initially, the reference frequency



Page 4/21

was set at 4,000 Hz (mid-frequency), which is more likely to stimulate deep muscles, and the torque was
measured when the beat frequency was discretely varied from 20 Hz to 2,560 Hz (one-way repeated
measures ANOVA, F = 11.8, p = 0.00131). Figure 1 illustrates that, overall, the maximum torque was
generated when the beat frequency was 80 Hz (median %MVIC = 24.7%). A two-sided paired t-test
conducted at each beat frequency showed that each of the lower frequencies (20 Hz, 40 Hz, 80 Hz, 160
Hz and 320 Hz) differed signi�cantly from the higher frequencies (640 Hz, 1,280 Hz and 2,560 Hz) (Figure
1 and Table 1). In the following sections, the condition with a reference frequency of 4,000 Hz and beat
frequencies of 20 Hz or 40 Hz, 80 Hz, 160 Hz and 320 Hz is referred to as ‘EdMS condition’.

Table 1
Median and two-sided paired t-test for the EdMS conditions at a reference frequency of 4000 Hz.
Beat frequency [Hz] Median of %MVIC [%]   p-value    

    Beat freq. = 640 Hz 1,280 Hz 2,560 Hz

20 22.8   0.0137 0.00380 0.00219

40 24.3   0.0114 0.00317 0.00186

80 24.7   0.0122 0.00314 0.00185

160 23.1   0.00796 0.00179 0.000836

320 20.2   0.0181 0.00368 0.00155

We also interfered stimulus pulses when the reference frequency was 100 Hz (low frequency) and 10,000
Hz (high frequency) to assess whether torque was generated. An interaction was observed among the
different reference frequencies (two-way repeated-measures ANOVA, F(2, 24) = 21.7, p = 0.000250) and
the different beat frequencies (two-way repeated-measures ANOVA, F(7, 84) = 11.3, p = 0.00119). When
the reference frequency was 100 Hz (one-way repeated measures ANOVA, F = 1.14, p = 0.325), the %MVIC
was highest when the beat frequency was 1,280 Hz (median %MVIC = 0.893%). A signi�cant difference in
%MVIC was observed between the conditions (reference frequency: 100 Hz, beat frequency: 1,280 Hz)
and each of the EdMS conditions. When the reference frequency was 10,000 Hz (one-way repeated
measures ANOVA, F = 0.640, p = 0.631), the %MVIC was highest when the beat frequency was 40 Hz
(median %MVIC = 0.167%). A signi�cant difference in MVIC was observed between the conditions
(reference frequency: 10,000 Hz, beat frequency: 40 Hz) and each of the EdMS conditions.

As most of the previous studies of EMS using surface electrodes focused on pain, we used a
questionnaire to assess whether pain was felt through our method. The mean of the faces rating scale
(FRS) at each reference frequency was 3.62 (SD = 1.89) at 100 Hz, 3.49 (SD = 1.84) at 4,000 Hz and 1.93
(SD = 1.50) at 10,000 Hz. A signi�cant difference was observed among the reference frequencies (two-
way repeated-measures ANOVA, F(2,24) = 6.10, p = 0.0135). However, no signi�cant differences were
observed among the beat frequencies (two-way repeated-measures ANOVA, F(7, 84) = 0.517, p = 0.578),
and no interaction was observed between the reference frequency and the beat frequency (two-way
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repeated-measures ANOVA, F(14, 168) = 1.73, p = 0.206). Additionally, no signi�cant difference was
observed in the beat frequency at the reference frequency of 4,000 Hz, where a large %MVIC is more likely
to occur (one-way repeated measures ANOVA, F = 0.867, p = 0.456).

Sinusoidal stimulus pulses without a beat. To investigate whether the beat frequency signi�cantly
affected the contraction of the pronator teres muscle, we measured the torque when a single stimulus
pulse or the same frequency stimulus pulses were applied. A single electrical stimulation pulse from the
top set of electrodes resulted in the largest %MVIC of 4,000 Hz (median %MVIC = 0.750%) (one-way
repeated measures ANOVA, F = 4.71, p-value = 0.0407). Additionally, a single electrical stimulation pulse
from the lower set of electrodes resulted in the largest %MVIC of 4,000 Hz (median %MVIC = 0.0602%)
(one-way repeated measures ANOVA, F = 0.806, p-value = 0.443). When two stimulus pulses of the same
frequency were applied, the median %MVIC was negative for all conditions and the absolute value of %
was a maximum at 10,000 Hz. (median %MVIC = -0.292%) (one-way repeated measures ANOVA, F =
0.0719, p = 0.931). These two conditions resulted in smaller %MVIC values than each of the EdMS
conditions.

EMS conventional stimulus pulse. As the pronator teres muscle is partially located in the super�cial
muscle, we investigated whether torque could be induced by conventional EMS. The median torque was
measured at 0.0486 N/m when the stimulation pulse was applied from the upper set of electrodes and
-0.0672 N/m when the stimulation pulse was applied from the lower set of electrodes (two-sided paired t-
test, p = 0.612). For the conventional parameters, the %MVIC value was smaller than that of each of the
EdMS conditions.

Discussion
In the present study, our hypothesis was proven and the results obtained were statistically superior to
sinusoidal electrical stimulus pulses without a beat and conventional EMS when conditions such as the
voltage and placement of electrodes (Figure 2) were the same. As the pronator teres muscle could not be
stimulated using conventional EMS stimulus pulses, we can conclude that EdMS stimulated it at a deeper
layer. Additionally, a beat frequency of 0 Hz corresponded to a doubling of the amplitude at the point of
interference. Little torque was generated when the beat frequency was 0 Hz, which suggests that the
interference may have caused muscle contraction in the deeper muscles. More signi�cant differences
were observed in the torque values at low beat frequencies (20 Hz, 40 Hz, 80 Hz and 160 Hz) compared
with the medium beat frequencies (640 Hz, 1,280 Hz and 2,560 Hz). Considering that low frequencies are
often used in conventional EMS, it can be assumed that the parameters of the stimulation pulse that
causes muscle contraction are the same for the super�cial muscles and deep muscles.

We demonstrated that EdMS is only effective for the pronator teres muscle; however, this method may
also be applicable for the supinator muscle and the deep muscles of the �ngers. The supinator muscle is
located at a deeper level than the pronator teres muscle and has the function of supinating the
forearm22,23. Since the higher the frequency of the stimulation pulse, the higher the possibility of
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stimulating the deeper layer15, we supposed that a frequency greater than 4,000 Hz (which we used in our
experiment) could control the contraction of the supinator muscle. We demonstrated that we could
control the contraction of the pronator teres muscle, thus, if we could control the contraction of the
supinator muscle, we would be able to control all wrist movements via the surface electrodes. The
muscles that move the DIP, PIP and MP joints of the thumb and index �nger are located in the deep
layers22,23. However, as the �nger muscles are densely packed at the wrist, the interference points must
be extremely precise to be controlled by EdMS. It is also believed that when EdMS is applied to muscles
other than the pronator teres muscle, the size and placement of the electrodes will change.

The size of the electrodes and the distance between them will determine where the stimulation pulse
reaches and how painful the stimulation pulse will be. When stimulation pulses are applied from surface
electrodes, it is di�cult to measure the voltage distribution under the skin24. Therefore, the location of the
point of interference between multiple stimulation pulses is ambiguous. Several studies have been
conducted in an attempt to control this interference point via the application of stimulation pulses from
multi-channel surface electrodes25,26. However, this method is not suitable for deep muscles because the
electrode size is too small27,28. Using EdMS, however, we were able to contribute to the reduction of the
electrode size by increasing the frequency of the stimulation pulses. This facilitated the control of the
super�cial muscles and the deep muscles while the electrodes were organised in an array. Additionally,
the smaller the electrode size in conventional EMS, the greater the pain felt, due to the resistance of the
skin16,29,30. This can be resolved by increasing the frequency of the stimulation pulses; however, this
method of stimulating the super�cial muscles at a high frequency remains unclear and will be an issue in
the future.

Despite the promising results obtained during this study, two challenges remain, i.e. the calibration of the
electrode placement and pain relief. The time required to calibrate the placement of the electrodes varies
greatly from person to person, as deep muscles are di�cult to palpate and the position of the surface
electrodes relative to the muscle changes with body movement as the muscle contracts through electrical
stimulation. As a measure of the success of the calibration, we focused on the %MVIC and FRS. For the
parameter with the highest median torque (reference frequency: 4,000 Hz, beat frequency: 80 Hz), there
were three participants whose %MVIC was below 5%. Two participants showed an FRS at the reference
frequency of 4,000 Hz that was greater than the FRS at the other reference frequencies and greater than
the mean of the overall FRS at the reference frequency of 4,000 Hz. This suggests that other deep nerves
and muscles may have been stimulated. The remaining participant had a lower FRS at all reference
frequencies compared with the overall average, suggesting that the voltage of the stimulus pulse was not
su�cient. To solve the calibration issue, we suppose that the search time can be reduced through the use
of an electrode array.

The results of the questionnaire did not reveal any signi�cant difference regarding EdMS pain; however,
we believe this could be improved via calibration of the placement of the electrodes and modi�cation of
the experimental procedure. In this study, the reference frequency was varied between 100 Hz, 4,000 Hz
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and 10,000 Hz, and the questionnaire was compiled while the beat frequency was varied from 0 Hz to
2,560 Hz at a single reference frequency. The higher the frequency, the less painful the stimulus15,30.
Moreover, if the subject becomes accustomed to the electrical stimulation during the experiment, it
becomes di�cult to measure the FRS consistently. Therefore, to measure the FRS, it is necessary to
present stimulus pulses of randomly selected parameters at su�cient intervals. We supposed that the
FRS would be smaller when the reference frequency was at a mid-frequency rather than a low frequency.
However, the FRS did not decrease, partly because many of the subjects were not used to EMS.
Additionally, since many of the subjects declared that they had di�culty judging the sensation of pain, we
believe that the results regarding pain could be changed by devising a different experimental method.

Methods
Participants. Thirteen healthy individuals (11 males and 2 females, median age: 24, Nationality:
Japanese, Nepalese and Chinese) who were unaccustomed to electrical stimulation participated in the
experiment (Table 2). Eleven participants were recruited from Tokyo Institute of Technology and two
postgraduate students were recruited from other universities. The Human Subject Research Ethics Review
Committee at Tokyo Institute of Technology approved the study protocol, and the approval number is
2020255. All research was performed in accordance with relevant guidelines/regulations, and written
informed consent was obtained from each participant prior to the initiation of the experiment. No adverse
events were associated with this study. Furthermore, the study was a basic experiment conducted on
human subjects and was not a clinical trial.
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Table 2
Characteristics of the participants.

Participant Gender Age Width of Palm
[cm]

Forearm
Circumference [cm]

Voltage of Stimulus
Pulse [V]

00 Male 23 7.5 26 33.75

01 Male 30 8.5 25 33.75

02 Male 70 8.0 26 45

03 Female 23 7.0 25 48.75

04 Male 24 7.0 23 30

05 Male 30 8.0 26 37.5

06 Female 43 7.5 23.5 45

07 Male 31 8.0 26.5 30

08 Male 23 7.5 21 22.5

09 Male 24 8.5 25 37.5

10 Male 23 8.5 26.5 41.25

11 Male 24 8.5 28.5 37.5

12 Male 37 8.0 23.5 37.5

Electrical stimulation apparatus. We designed an original electric circuit referring ‘wavEMS’31 and newly
made circuit boards for the electrical stimulators that were used in the experiments. No commercially
available electrical stimulators exist that can be programmed to change the shape of the stimulus pulse
to work with external sensors and vary the interference conditions of the stimulation pulses. The
performance of the apparatus used in this study is based on a rated voltage of ±60 V and a rated current
of 60 mA. Additionally, referring to IEC 60601-2-10:2012, in the event of any issues exceeding the rated
current during the experiment, the fuse would physically be blown to ensure the safety of the participants.

For the experiment, two sets of parameters for the stimulus pulse were prepared. One was a sinusoidal
biphasic pulse with a duty ratio of 2:1 and the other was a rectangular biphasic electrical stimulation
pulse with a duty ratio of 8:1. In this study, we treated the latter as a set of parameters that are
conventionally used in EMS.

Regarding the electrodes, we used four gel electrodes (Axelgaard Manufacturing Co., Ltd.), which are
considered to be the least painful among the surface electrodes29. The size of each electrode was 50 mm
×  10 mm.
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Experimental apparatus. Because the only muscles in the forearm that rotate it inwards and outwards are
the pronator teres muscle and the supinator muscle, the proposed method was evaluated by measuring
the inward and outward forearm torque using a six-axis force sensor (055YA251, Leptrino Inc.) (Figure 3).
When the elbow is �xed so that the palm is perpendicular to the ground, the forearm can be rotated by up
to 90° inward and outward, respectively. Therefore, we used a six-axis force sensor to measure how the
deep muscle generated the torque through electrical stimulation from a reference position where the palm
was perpendicular to the ground. As part of the experiment, we designed a hand holder and attached it to
the six-axis sensor. The hand holder was designed so that movements other than that of the palm (such
as the elbow and �ngertips) were not measured as noise. Additionally, the palm and hand holder were
�xed with Velcro so that each participant could rapidly remove them in case of an emergency. An arm
cover (SK-491, Komine Co., Ltd.) was used to maintain a horizontal position of the subject's forearm, and
it had two additional functions: it allowed for the �xing angle of the elbow and the distance from the
hand holder to the elbow to be varied, depending on the participant. The force sensor was attached
directly to the steel plate with screws. The arm cover was attached to the aluminium frame and the height
was adjusted, then the aluminium frame was attached to the steel plate with screws and the steel plate
was �xed to the desk in a vice.

Procedures. The experiment was conducted in four stages: calibration, investigation of the response to
conventional EMS, investigation of the response to EMS with/without interference and measurement of
the MVIC. The calibration determined the placement of the electrodes and the strength of the voltage.
Regardless of which hand is dominant, the right forearm is farther from the heart than the left forearm,
thus, the right forearm of the participants was electrically stimulated during the experiment. The
arrangement of the four electrodes (two pairs) was chosen so that the proposed method (EdMS) would
be the most effective. We were careful to note that as the joints moved, the relative positions of the
muscles and skin changed32.

Therefore, based on preliminary experiments, the most reproducible arrangement was the one adopted for
the proposed placement of the electrodes (Figure 2). Noting that the angle of the elbow affected the ease
of stimulation, we also adjusted the angle of the device's arm cover so that the subject's response would
be the strongest. The voltage was adopted as the maximum value at which the subject did not feel any
discomfort and was �xed at this value throughout the experiment unless any issues arose.

After the calibration was completed, the participants placed their right forearm on the experimental
device. They received stimulation pulses of conventional EMS parameters from a pair of electrodes for 1
second and the forearm torque was measured for 2 seconds simultaneously as the stimulation was
initiated. Three measurements were taken under each condition, and because there were two pairs of
electrodes, a total of six measurements were taken for each subject (Figure 4). The timing of the
stimulation was informed by voice so that the subject would not be startled and make unnecessary
movements.
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Once the investigation of the response to conventional EMS was completed, the interference-free (0 Hz
beat frequency) electrical stimulation was analysed. There are two types of interference-free electrical
stimulation: (i) a single sinusoidal stimulation pulse, and (ii) two sinusoidal stimulation pulses of the
same frequency. In the case of (i), electrical stimuli of 100 Hz, 4,000 Hz and 10,000 Hz were applied
independently from each pair of electrodes three times (18 times in total), and the torque was measured
(Figure 4). In the case of (ii), the same three frequencies as in (i) were applied simultaneously from two
pairs of electrodes three times (9 times in total), and the torque was measured.

After (i) and (ii) were completed, the interference conditions were compared. In the interference condition,
the upper electrode pair applied stimulation pulses at the reference frequency, and the lower electrode pair
applied stimulation pulses at a frequency that deviated from the reference frequency by a beat frequency.
We used the same reference frequencies as in (i) and (ii) (100 Hz, 4,000 Hz and 10,000 Hz) and the beat
frequencies used were 20 Hz, 40 Hz, 80 Hz, 160 Hz, 320 Hz, 640 Hz, 1,280 Hz and 2,560 Hz. Under the
conditions of one reference frequency and one beat frequency, electrical stimulation was applied three
times and the torque was measured (72 times in total) (Figures 5, 6 and 7).

As a comparison of the interference conditions had not been conducted previously, the participants were
asked to complete a questionnaire for each condition to obtain additional information. Four questions
were asked based on the intensity of the pain, the type of pain, sensations other than pain and the sense
of agency during electrical stimulation. The participants were asked to respond to the FRS regarding the
intensity of the pain, part of the McGill pain questionnaire (MPQ) regarding the type of pain, an open-
ended description regarding the sensations other than pain and the numeric rating scale (NRS) regarding
the sense of agency.

Finally, the spontaneous pronation torque of the forearm was measured. No electrical stimulation was
applied to the participants. Each participant placed his or her right arm on the experimental apparatus
and waited for the sound to be generated at random intervals. When the sound was generated, the
participant grasped the handle and pronated it with maximum force by pushing the forearm inwards until
the sound faded. The participants were reminded not to use their biceps. The measurements were taken
�ve times per participant, and the maximum torque value obtained was considered to be the MVIC.

Data processing. The data from the six-axis force sensors were initially processed using our original
software. When measuring the torque via electrical stimulation, the force sensor values that were
measured simultaneously while the stimulation pulse was applied were considered as the baseline and
subtracted from the measured forces and torques. Similarly, when measuring the MVIC, the force sensor
value that was measured simultaneously as a sound was heard was taken as zero-based. During the
experiment, the data were obtained for the forces in the three axes and the torques around the three axes.
After the experiment, the values of the rotational torques of the forearm were calculated using a
statistical analysis programme that we created. The point of action where the participant's force was
applied to the handle was set at the centre of the palm, and the force sensor measured the torque and
translational force. The value of the rotational torque of the forearm was calculated for each participant
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by subtracting the torque due to the translational force from the torque around the axis parallel to the
forearm. The distance of the torque due to the translational force was calculated as the distance between
the centre of the participant's palm and the centre of the force sensor. Due to a large variation in the
torque data between the participants, the index (%MVIC) that normalised the mean value of the torque
value via the electric stimulation by MVIC was calculated (Figure 8). The average value of the torque due
to electrical stimulation was calculated from 0.55 seconds to 1.05 seconds after the electrical stimulation
was applied.

Statistical analyses. A two-way repeated-measures ANOVA was performed on the time-series data of the
torque measured during electrical stimulation to investigate whether a particular combination of
reference and beat frequencies was e�cient at stimulating the pronator teres muscle. For each of the
other conditions of electrical stimulation, a one-way repeated-measures ANOVA was used to assess
whether there was a dominant combination. A two-sided paired t-test was used to show the superiority of
each of the EdMS conditions compared with the other parameters. Regarding the FRS of the
questionnaire, a non-parametric test (Wilcoxon rank-sum test) was used. We considered p < 0.05 to be
statistically superior.

Declarations
Code availability. Theanalyses of thedata were conducted using Python, and this information is available
from the corresponding author upon request.

Data availability. The data that support the �ndings of this study are available from the corresponding
author upon request.
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Figure 1

Relationship between the beat frequency and %MVIC. The length of the whiskers in a boxplot diagram
should be ‘less than or equal to 1.5 times the box’ on the largest and smallest sides, respectively. The
data that exceeds these boundaries are classi�ed as ‘outliers’. Signi�cant differences are indicated by an
asterisk, where * indicates less than 0.05 and ** indicates less than 0.001.
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Figure 2

Placement of the electrodes on the arm.
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Figure 3

Overview of the experimental setup.
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Figure 4

Temporal changes in pronation of each participant's forearm using conventional EMS and single
stimulation pulses. a: The result of the electrical stimulation induced by the ‘upper pair’ of two pairs of
electrodes. The 80 Hz condition is used in conventional EMS, while 100 Hz, 4000 Hz and 10000 Hz are
sinusoidal stimulation pulses. b: The result of the electrical stimulation induced by the ‘lower pair’ of two
pairs of electrodes.
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Figure 5

Temporal changes in the pronation of each participant's forearm at a

reference frequency of 100 Hz and all beat frequency combinations. The line shows the average of the
three measurements, and the light-coloured range shows the standard deviation.
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Figure 6

Temporal changes in the pronation of each participant's forearm at a reference frequency of 4,000 Hz
and all beat frequency combinations. The line shows the average of the three measurements, and the
light-coloured range shows the standard deviation.
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Figure 7

Temporal changes in the pronation of each participant's forearm at a reference frequency of 10,000 Hz
and all beat frequency combinations. The line shows the average of the three measurements, and the
light-coloured range shows the standard deviation.
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Figure 8

Please see the Manuscript �le for the complete �gure caption.


