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The application of vibration stimulation to muscles,
via the skin surface, can generate the sensation of
movement, when actually there is no motion. This phe-
nomenon is called kinesthetic illusion. Recently, in the
fields of rehabilitation and virtual-reality technology,
research has been conducted to utilize kinesthetic il-
lusions to feel body movements, when there are none.
To apply kinesthetic illusions in the above fields, it is
necessary to develop techniques to improve the occur-
rence rates of the kinesthetic illusions and shorten the
latency, which is the time lag from the onset of stimu-
lation to the occurrence of the illusion. In a previous
study, the authors reported that the occurrence rate
of kinesthetic illusion could be improved by simulta-
neously applying vibration and electrical stimulations
to the antagonistic muscles. In this study, the influence
of this technique on the latency of the generated kines-
thetic illusion is investigated by applying a combina-
tion of vibration and electrical stimulations. Three dif-
ferent electrical-stimulation voltages are used in the
combined stimulation to induce the kinesthetic illu-
sion, and the latency is studied for each voltage con-
dition and the vibration-only condition. The effects of
the voltage change on latency are evaluated from a re-
gression analysis performed using the generalized lin-
ear mixed model. The results suggest that the change
in the electrical stimulation voltage can shorten the la-
tency of kinesthetic illusion.

Keywords: vibration stimulation, electrical stimulation,
kinesthetic illusion, latency

1. Introduction

Humans generate articular movement based on various
sensory feedbacks from sight, hearing, somatic senses,
etc. [1]. A receptor known as the muscle spindles in
the muscles is regarded as one of the sources of the sen-
sory feedback that generates kinesthesia [1]. As a muscle
is stretched during movement, the muscle spindle in the
muscle is also stretched. This transformation causes the
firing of the muscle spindle, which transmits the afferent
input to the central nervous system. This afferent input

contributes to the generation of human kinesthesia. The
muscle spindle is fired not only by the stretching of the
muscle during human movement but also by external me-
chanical vibration stimulations via the skin [2]. When the
afferent input induced by vibration is transmitted to the
central nervous system, an illusion of body movement is
generated, although there is no actual movement. This
type of illusion is termed vibration-induced kinesthetic il-
lusion. Vibration stimulation generates the afferent input
via the primary endings of Ia afferents in the muscle spin-
dle. Because the primary endings respond to the speed of
stretch of the muscle [1], the brain recognizes the kines-
thetic illusion as an illusion of the speed of stretch of the
muscle, i.e., the angular velocity of the joint. Previous
studies in the field of neurophysiology clarified that when
applying vibration stimulation to the antagonist muscle to
produce a kinesthetic illusion in articular movement, the
illusion is induced as if the antagonist muscle is stretched;
moreover, the kinesthetic illusion is the illusion of the an-
gular velocity of the joint. It has been clarified that the
kinesthetic illusion is induced in the elbow joint, wrist
joint, and ankle joint [3–6].

In the early studies in the field of neurophysiology,
studies on kinesthetic illusion were conducted as ba-
sic studies in the field of human kinesthesia. On the
other hand, recent studies have been conducted to apply
kinesthetic illusions in various fields. For example, in
the field of rehabilitation, studies have been conducted
to restore motor and sensory functions in paralyzed pa-
tients [7–9]. In the field of virtual reality, studies have
been conducted to share the movement of the avatar with
the user or make the user feel the illusion as if the user
moved with a hang-glider which is shown in the head-
mounted display [10–12]. However, some problems must
be solved before the illusion can be used in rehabilitation
and virtual-reality technology.

The main problems include individual differences in
terms of experiencing the kinesthetic illusion and latency,
which is defined as the time lag between the onset of
stimulation and the occurrence of illusion. First, we will
explain the problem of individual differences in experi-
encing the kinesthetic illusion. Even if the magnitude of
the stimulus, such as the frequency and amplitude, is set
as the same when applying vibration stimulation to dif-
ferent human subjects, some may experience the illusion
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easily while others experience it with difficulty. This is
the individual difference in terms of kinesthetic illusion.
Previous studies in the field of neurophysiology have re-
ported that the perceived sensation of illusion could be
adjusted by changing the frequency of the vibration stim-
ulation [3, 4, 13]. According to Roll et al. and Naito
et al., the perceived sensation of illusion was the largest
when the frequency of vibration stimulation was 70 Hz
in some parts of the body [3, 13]. However, even if the
frequency of vibration stimulation was set as 70 Hz, in
some cases, the perceived sensation of illusion was less
for those who experienced the kinesthetic illusion with
difficulty. To use kinesthetic illusions in rehabilitation
and virtual-reality technology, in addition to the adjust-
ment of vibration-stimulation frequency, it is necessary
to make the illusion more intense for those who feel it
with difficulty. Recently, more attention has been paid
to methods that increase the perceived sensation of illu-
sion by providing other sensory inputs in addition to vi-
bration stimulation to human test subjects. According to
Collins et al. and Shehata et al., the perceived sensation
of illusion can be increased by applying tension to the
skin in addition to vibration stimulation [14, 15]. When
humans move their bodies, skin tension, which induces
tactile feedback, is generated by the body movements.
In their methods, tactile feedback caused by skin tension
is combined with vibration stimulation to reproduce the
state of sensory feedbacks when humans move their bod-
ies. As a result, the perceived sensation of the kinesthetic
illusion is improved. On the other hand, Franc et al. re-
ported that the perceived sensation of kinesthetic illusion
could be increased by providing visual feedback from the
head-mounted display to enable the user to recognize the
image of body movement [12]. The methods proposed
by Shehata et al., Collins et al., and Franc et al., aimed
to increase the perceived sensation of vibration-induced
kinesthetic illusion by simultaneously providing sensory
inputs, such as tactile sensation and visual feedback, that
accompany the sensation of movement when the human
body moves.

Based on the abovementioned studies, the authors pro-
posed a method in their previous work to increase the per-
ceived sensation of illusion. Humans use both the agonist
and antagonist muscles during actual movement. During
the movement, the agonist muscle is contracted, and the
antagonist muscle is stretched. If the sensory feedback
from the contraction of the agonist muscle and the exten-
sion of the antagonist muscle can be reproduced, it may
be possible to improve the kinesthetic illusion. In the au-
thors’ proposed method, the authors tried to increase the
perceived sensation of the kinesthetic illusion by stimu-
lating both agonist and antagonist muscles [16]. As men-
tioned above, applying vibration stimulation to muscles
provides humans with the feeling of stretching the stimu-
lated muscle. In the proposed method, the application of
vibration stimulation to the antagonist muscle induces the
feeling of stretching the antagonist muscle. Moreover, by
applying electrical stimulation to the agonist muscle via
an electrode pasted on the skin, the motor nerve of the

muscle is fired, which causes isometric contraction of ag-
onist muscle. This electrical stimulation is like that used
in studies of functional electrical stimulation [17,18]. The
isometric muscle contraction generates the sensation of
contraction of the agonist muscle. A combination of the
sensation of muscle stretching caused by vibration stimu-
lation and muscle contraction caused by electrical stimu-
lation can simulate a sensory state close to that of the sen-
sory inputs from the antagonist muscle and agonist mus-
cle during the movement, increasing the perceived sensa-
tion of kinesthetic illusion. In the authors’ previous study,
the results indicated that the occurrence rate of kinesthetic
illusion was improved for the experimental participants
who had difficulty experiencing the illusions induced by
vibration stimulation alone [16].

Another problem to be solved for the proper application
of the kinesthetic illusion is its latency. The latency of
kinesthetic illusion is defined as the time lag from the on-
set of stimulation to the occurrence of the illusion. When
only vibration stimulation is provided to the participants,
even if the frequency is adjusted to 70 Hz, a latency of a
few seconds remains [13, 19]. To the best of the authors’
knowledge, no previous study has focused on the effect
of multisensory stimulation on the latency of illusion. In
studies on visually induced illusory self-motion, which is
not induced by vibration stimulation but caused by visual
input, the latency is shortened when wind is blown upon
human skin while the image is being presented as visual
information to create the sensation of movement [20, 21].
However, according to the results of a preliminary ex-
periment conducted by the authors, wherein a vibration-
induced kinesthetic illusion was induced by the combina-
tion of vibration and electrical stimulations, some partic-
ipants lost the direction of the kinesthetic illusion. The
results of these studies suggest that it is unclear whether
electrical stimulation in addition to vibratory stimulation
lengthens or shortens the latency of the illusion. There-
fore, it is necessary to investigate how the latency of the
illusion is affected by electrical stimulation in addition to
vibration stimulation.

This study aims to evaluate the effects on latency when
a kinesthetic illusion is induced by providing combined
electrical and vibration stimulations, as the authors pro-
posed in their previous study. In the previous study, the
statistical significance of increasing the voltage of electri-
cal stimulation in improving the occurrence rate of kines-
thetic illusions was recognized. In this study, the effects
on latency are evaluated by applying electrical stimula-
tion in three stages to each participant while providing
vibration stimulation simultaneously. The latency under
the condition of vibration-only stimulation (wherein only
vibration at a frequency of 70 Hz, which is considered to
induce the shortest latency, is applied) is also studied for
comparison with the case of the proposed combined stim-
ulation.
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2. Experimental Setup

2.1. Psychophysical Experiment
In this study, a kinesthetic illusion is induced in the dor-

siflexion of the wrist joint of the participants. Dorsiflex-
ion of the wrist joint is selected because the rehabilita-
tion of wrist-joint movement is conducted for upper-limb-
paralyzed patients and because the movement of each
upper-limb joint is utilized in virtual-reality technology.

The verification of the induction of kinesthetic illusion
and the measurement of latency are performed through
psychophysical experiments. In the previous studies on
kinesthetic illusion based on psychophysical experiments,
the illusion of articular movement was triggered on one
side of the body, while the perceived sensation of illusion
the subject experienced was reproduced on the other side
of the body. For example, the perceived sensation of illu-
sion was evaluated using a method wherein a kinesthetic
illusion was induced in the elbow joint on one side of the
body of the participant, while the perceived kinesthetic il-
lusion was reproduced in the elbow joint on the other side
of the body [2, 22, 23]. Similarly, in this study, a psy-
chophysical experiment is adopted to evaluate the latency
of the kinesthetic illusion. Namely, a kinesthetic illusion
is induced in the wrist joint of the right hand of the par-
ticipants, and they are asked to reproduce the perceived
kinesthetic illusion in the wrist joint of the left hand. The
vision and hearing of the participants are blocked using
sleeping masks and headphones, respectively, so that they
can evaluate the illusion based on the kinesthesia of the
wrist joint of the right hand alone.

Hereafter in this study, the right arm is termed the “vi-
brated arm,” and the left arm, the “reference arm.”

2.2. Measuring Device for Illusory Movement
Figure 1(A) shows a complete view of the experimen-

tal device used in this study. The participant sits on a
chair in front of the experimental device, lays both hands
on the experimental device and grips the handles of the
experimental device lightly with both hands. As shown
in Fig. 1(C), the handles are connected to the encoder for
measuring the angle of the wrist joint, and the rotation
shaft. This wrist joint angle measuring device consist-
ing of the handle and the encoder is termed the goniome-
ter. The position of the forearm is adjusted such that the
stylion ulnare, which is located near the center of rota-
tion of the wrist joint, and the center of rotation of the
goniometer match. As shown in Fig. 1(C), a slider is set
beneath the handle. After adjusting the center of rotation
of the wrist joint, the position of the handle is adjusted
using the slider to match the hand size of the participant.
The handle of the goniometer rotates smoothly in the di-
rections of dorsiflexion and flexion of the wrist joint. As
mentioned in the previous section, the experimental par-
ticipants are instructed to reproduce the perceived kines-
thetic illusion through the articular movement of the refer-
ence arm after applying simultaneous vibration and elec-
trical stimulations to the vibrated arm. The angular reso-

Fig. 1. Complete view of the experimental device. (A) Vi-
brator and device for electrical stimulation are attached to
the forearm of the vibrated arm of the participant (left side
of the picture). The participant reproduces the illusion per-
ceived in the vibrated arm using the wrist joint of the refer-
ence arm (right side of the picture). (B) Enlarged drawing of
the vibrator. The contact part applies the vibration. A force
sensor is built into the tip of the contact part to measure the
initial contact force. (C) The mechanism for measuring the
angle of the wrist joint of the reference arm.

lution of the encoder of the goniometer (E6B2-CWZ6C,
1000P/R, OMURON Co. Ltd.) is 0.36°. The pulse sig-
nal from the encoder is transmitted to the microcontroller
(Arduino Due, Arduino). After converting the pulse sig-
nal into the corresponding angle, it is transmitted to the
PC and recorded. In Fig. 1, the angle of the wrist joint of
the participant is the initial condition of 0°. In this study,
during measurement, the direction of dorsiflexion of the
wrist joint is considered as the negative direction, and the
direction of flexion is considered as the positive direction,
during measurement.

2.3. Vibration Stimulation
As shown in Fig. 1(A), vibration stimulation is applied

to the vibrated arm of the participant, using a commer-
cial vibrator, Wavemaker 01 (Asahi Factory). The vibra-
tor provides vibration stimulation at the set frequency to
the vibrated arm of the participant using the feedforward
control. The start signal of the vibration stimulation is
transmitted from the PC, by an operator, to the microcon-
troller, and the start-of-stimulation command is transmit-
ted from the microcontroller to the vibrator. To ensure
that the vibration and electrical stimulations are applied
simultaneously, the vibration stimulation is provided in
sync with the start of the electrical stimulation.

As mentioned in Section 1, a kinesthetic illusion is in-
duced by applying the vibration stimulation to the antag-
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onist muscle, for an angular movement. In this study,
wherein dorsiflexion of the wrist joint is induced as the
kinesthetic illusion, the flexor carpi radialis, musculus
palmaris longus, and flexor carpi ulnaris are considered
as antagonist muscles. The tendons of these muscles are
concentrated between the palm and forearm and around
the rotating part of the wrist joint. For this reason, to in-
duce the kinesthetic illusion of dorsiflexion of the wrist
joint, vibration stimulation must be applied between the
palm and forearm, and each muscle must be stimulated
via the tendon of the muscle. In this study, the vibrator is
arranged in the position shown in Fig. 1(A). The position
of the tendon is determined by palpating the examination
participant, to contact the contact part of the vibrator.

In this study, vibration stimulation is applied at a fre-
quency of 70 Hz. The frequency is determined accord-
ing to the previous study where the latency was the short-
est for a vibration-stimulation frequency of 70–80 Hz in
other body parts [13]. As for the amplitude, in the previ-
ous studies on kinesthetic illusion, although the body parts
to be stimulated were different from those in this study,
the kinesthetic illusion was induced under amplitudes of
0.25 mm [24, 25], 0.5 mm [26], and 0.2–3 mm [13].
The vibrator, used in this study, cannot control the am-
plitude while touching the participant’s skin and apply-
ing the stimulation. At a frequency of 70 Hz, the ampli-
tude was measured at the free end of the vibrator’s contact
part without skin contact, employing a laser range finder
(CD33-250NV, OPTEX FA Co. Ltd.). The recorded am-
plitude was approximately 1 mm. In a preliminary exper-
iment, when vibration stimulation at the same frequency
was applied to the participant, a kinesthetic illusion was
induced. Therefore, the main experiment was conducted
assuming the amplitude (under the condition of free end)
as 1 mm and the frequency of the vibrator as 70 Hz. As
shown in Fig. 1(B), the contact force is varied by moving
the position of the vibrator using the slider attached under
the main part of the vibrator. Previous studies show that
the initial contact force ranges from 0.5 N [24] to 3 N [26].
In this study, when the initial contact force was strength-
ened gradually, a participant experienced pain at 3 N. For
this reason, the initial contact was set to range from 1
to 2 N. The experiment was conducted after measuring
the initial contact force using the force sensor shown in
Fig. 1(B) and confirming that the applied initial contact
force ranges from 1 to 2 N.

2.4. Electrical Stimulation
Electrical stimulation is applied only under the exper-

iment condition that the vibration and electrical stimula-
tions are applied simultaneously. Fig. 2 shows the wave-
form used in the electrical stimulation. A positive and
negative bipolar rectangular wave is provided as the elec-
trical stimulation. In a previous study, the authors clarified
that the strength of muscle contraction could be changed
by changing the voltage of the waveform [18]. Fig. 3
shows the connection diagram of the electrical stimulation
device. The waveform is generated by the microcontroller

Fig. 2. Bipolar rectangular wave applied as electrical stim-
ulation. In this study, the amount of electrical stimulation is
changed by changing the voltage of the rectangular wave.

Fig. 3. Connection diagram of the electrical stimulation device.

and transmitted to the amplifier (L298N motor driver con-
trol board, ACEIRMC). Then, electrical stimulation is ap-
plied from the amplifier to the muscle of the participant
via an electrode (ELR-612, OG Wellness Technologies
Co. Ltd.). The power-supply device (AD-8724D, A&D
Co. Ltd.), which supplies the power to the amplifier, is
earthed as shown in Fig. 3 to prevent any electric shock to
the participants or experimenters. In the method using the
combined electrical and vibration stimulations, proposed
by the authors in the previous study, electrical stimulation
is applied to the agonist muscle for the inducing an illu-
sion of articular movement [16]. Extensor carpi ulnaris is
an agonist muscle involved in the dorsiflexion of the wrist
joint. In this study, the location of extensor carpi ulnaris
is determined by palpation, and the electrode is pasted on
the location to apply the electrical stimulation.

In this study, the electrical stimulation is changed by
changing the voltage in three stages: low, middle, and
high. The value of voltage is determined in the prelimi-
nary examinations for each participant. In the preliminary
experiment, the experimental participants were instructed
not to apply force to the agonist muscle for the dorsiflex-
ion of the wrist joint, and electrical stimulation was ap-
plied to extensor carpi ulnaris using the electrode, ampli-
fier, and microcontroller. The voltage was increased grad-
ually by applying the electric stimulation, and the value
when the wrist joint of the participant began the dorsi-

826 Journal of Robotics and Mechatronics Vol.35 No.3, 2023



Influence of Combined Vibration and Electrical Stimulation

Table 1. Values of voltage for each participant.

flexion was set as the middle voltage. When the electri-
cal stimulation increased to 3 V above the middle-voltage
condition, dorsiflexion was induced continuously in all
participants. Accordingly, a voltage 3 V higher than the
middle voltage was set as the high voltage, and a volt-
age 3 V lower than the middle voltage was set as the low
voltage. The values of low, middle, and high voltage for
all experimental participants are listed in Table 1. It was
confirmed that the electrical stimulation would not cause
pain to the muscle, under any voltage condition, in any
experimental participant.

The preliminary experiment was conducted so the wrist
joint could move freely, to confirm the voltage value at
which the dorsiflexion would start. However, in the main
experiment, to avoid confusing the kinesthesia caused by
the movement of the wrist joint with the movement rec-
ognized by the illusion, the wrist joint of the vibrated arm
was fixed and immovable.

Before both the preliminary experiment and the main
one, the participants were informed that they could ask to
stop the experiment if they experienced pain during the
application of the electrical stimulation to the muscle.

2.5. Participants
Ten participants – seven male and three female – par-

ticipated in the main experiment. The average age and
standard deviation of the participants were 23 years and
±3.2 years, respectively. None of the participants had
previously experienced the kinesthetic illusion of wrist-
joint dorsiflexion presented in this experiment. Neither
did they have any anamnestic history causing obstacles to
the movement of the wrist joint. Before the commence-
ment of the experiment, the method of application of elec-
trical and vibration stimulations used in the experiment
was introduced and the safety measures were explained.
Only the participants who received the explanation and
signed the consent form participated in the experiment.
The experiment was conducted according to the proce-
dures recognized by the ethics committee of the School
of Engineering, Kyushu University (Approved no. 2021-
02).

Fig. 4. Flowchart of analysis of the results of this experiment.

2.6. Trials Under Each Experimental Condition
The experiment was conducted under four conditions.

In three cases, a combined stimulation of electrical and
vibration stimulations was applied, where the low volt-
age, middle voltage, and high voltage determined in the
preliminary experiment were applied. In the fourth case,
only vibration stimulation was applied to the participants
to research the latency under the vibration-only condition.
As mentioned above, the frequency of the vibration stim-
ulation was set to 70 Hz.

Three trials were performed under each experiment
condition, and the latency from the application of the
stimulation to the commencement of the occurrence of
kinesthetic illusion was measured. The number of trials
was determined with reference to the previous studies on
kinesthetic illusions induced by vibration [2, 5, 13]. The
application time of the stimulation was set as 5 s for both
electrical and vibration stimulations.

3. Results

3.1. Flowchart of Data Analysis
Figure 4 shows the analysis procedures for the exper-

iment results. The experiment was conducted on all par-
ticipants under all experimental conditions. Three tri-
als were conducted under each experiment condition. In
the authors’ previous study, when the frequency of vibra-
tion stimulation was set to 20 Hz, the change in the volt-
age of the combined electrical and vibration stimulation
was confirmed to improve the occurrence rate of the illu-
sion [16]. However, under the frequency of 70 Hz (the
value in the experiments conducted in this work), it was
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unclear whether the change in voltage of the combined
stimulation would improve the occurrence rate of the il-
lusion. Therefore, first, we attempt to confirm, from the
experiment results, how the occurrence rate of the illusion
would change when vibration stimulation at a frequency
of 70 Hz is applied. Next, the latency of the illusion is
evaluated. In this experiment, to research the effects of
the change in the voltage of the combined stimulation on
the latency of the illusion, the latency is evaluated for the
participants who experience at least one occasion of il-
lusion in three trails for each of four experimental condi-
tions. As mentioned below, because no illusion is induced
in Participant 1 under the low-voltage condition, the eval-
uation is made on nine participants. Finally, to analyze
the effects of the change in voltage on the latency of illu-
sion, a regression analysis is conducted using a statistical
model, the generalized linear mixed model (GLMM).

3.2. Occurrence Rate of Each Condition
The occurrence rate of a kinesthetic illusion expresses

the value in percentage of how many times an illusion oc-
curs in three trials, each under four experimental condi-
tions. First, the following method distinguishes between
whether the illusion occurs or not. If the dorsiflexion of
the wrist joint of the reference arm occurs, the illusion of
dorsiflexion of the wrist joint of the vibrated arm is judged
to have been induced. If flexion of the wrist joint of the
reference arm occurs, the illusion is judged to not have
been induced because it is different from the expected di-
rection of illusion from the stimulated muscle. Further-
more, if the dorsiflexion of the wrist joint of the reference
arm is induced once, but it then turns to flexion and the
movement stops at the angle of the flexion side instead of
at the initial angle of 0°, the illusion is judged not to have
been generated.

Based on the above criteria, we judge whether the il-
lusion occurs in each trial under each experiment condi-
tion. The occurrence rate of the illusion is determined de-
pending on how many times the illusion occurs in three
trials. The occurrence rate of the illusion of each ex-
periment under each experiment condition is shown in
Fig. 5. First, under the condition of vibration-only, it is as-
sumed in the previous studies on kinesthetic illusion that
the strongest illusion is induced under 70 Hz. However,
in this study, the illusion occurs only once in three tri-
als (33%) for two participants of 10. On the other hand,
in the combined stimulation, under the high-voltage con-
dition, the occurrence rate of illusion is 100%, even for
the participants in whom no illusion occurred under the
condition of vibration-only. Contrarily, under the low-
voltage and middle-voltage conditions, cases have been
confirmed where the occurrence rate of illusion reduces,
even for the participants with 100% occurrence rate un-
der the condition of vibration-only. From the viewpoint
of improvement of the occurrence rate of the illusion, the
above results indicate that a relatively high voltage is de-
sirable. The occurrence rate of illusion for the partici-
pant: Participant 1 is 0% under the low-voltage condition.
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Fig. 5. Bee-swarm plot of occurrence rate of illusion. Oc-
currence rate for each participant under each condition of
stimulation is plotted. Because there are multiple partici-
pants with the same occurrence rate, the plots are drawn in
the horizontal direction. The figures above the plot indicates
how many participants out of 10 exist at the concerned oc-
currence rate.

As mentioned above, only the test participants for whom
the illusion occurs at least once under all of the four ex-
perimental conditions are eligible for consideration in the
analysis of the latency of illusion. For this reason, Partic-
ipant 1 was excluded from the analysis of latency.

3.3. Latency in Each Condition
The latency of the kinesthetic illusion is the time lag

from the onset of vibration and electrical stimulations to
the occurrence of illusion. As mentioned in Section 1, the
kinesthetic illusion is the illusion of the angular velocity
of the joint. Accordingly, in this study that focuses on the
angular velocity of the reference arm as the criterion for
the end of the latency, the time when the angular velocity
of the wrist joint takes a negative value, and continuous
dorsiflexion of the wrist joint of the reference arm starts
to be generated (Fig. 6), is judged as the end of the latency.

Even under the same experiment conditions and for the
same participant, variance is confirmed between the case
of relatively long latency and that of relatively short la-
tency, among the three trials. In this study, the longest la-
tency among three trials is regarded as the representative
value under a specific experiment condition. The effect
of combined stimulation on latency was analyzed using
the longest latency. Such an analysis is adopted because,
in applying the kinesthetic illusion to the fields of reha-
bilitation and virtual reality, a longer latency would cause
inconvenience and discomfort to a user. Therefore, the
optimal condition of stimulation to shorten the longest la-
tency as much as possible should be identified. In case the
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Fig. 6. Latency measured based on angular velocity of wrist
joint of reference arm (results of Participant 2 under high-
voltage condition).

illusion occurred once in three trials of a specific experi-
ment condition, the latency of the trial was regarded as a
representative value of the experimental condition. The
longest latency under the experiment condition is termed
“latency,” hereafter. Fig. 7 shows the latency of each par-
ticipant under each experiment condition. In all partici-
pants, there are experiment conditions of combined stim-
ulation in which the latency is shorter than that under the
condition of vibration-only. For example, in Fig. 7(a), the
latency of Participant 4 under the low-voltage condition
is the shortest, and the latencies under the middle-voltage
and high-voltage conditions are shorter than that under
the condition of vibration-only. On the other hand, for
some participants, under a particular condition of com-
bined stimulation, the latency is longer than that in the
case of the vibration-only condition. For example, for
Participant 2, in Fig. 7(b), the latencies are shorter un-
der the middle-voltage and high-voltage conditions than
that under vibration-only condition, but the latency un-
der the low-voltage condition is longer than that under the
vibration-only condition. These results suggest that the
combined stimulation of electrical and vibration stimula-
tions may shorten the latency compared to vibration stim-
ulation alone, but there are individual differences in which
voltage conditions shorten the latency.

Figure 8 shows the latency distribution for all partic-
ipants under each experiment condition. The symbol ×
indicates the mean latency for all the participants. Al-
though the variance depending on the individuals can be
recognized in the latency under each experiment condi-
tion, the mean latency of nine participants tends to shorten
as the voltage value of the combined electrical and vibra-
tion stimulation increases. For such experimental result,

(a) Participants for whom latency is the shortest under low-
voltage condition

(b) Participants for whom latency is the shortest under middle-
voltage condition

(c) Participants for whom latency is the shortest under high-
voltage condition

Fig. 7. Longest latency under each experiment condition.

Fig. 8. Box plot of latency under each experiment condition.
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Fig. 9. Regression curve for mean value of latency under
each experiment condition using the GLMM.

the GLMM can be used to statistically analyze how the
explanatory variable (voltage condition) affects the varia-
tion of the response variable (latency), including the indi-
vidual variance of latency. In the next section, the analysis
on the effects of the voltage variation on the latency is ex-
plained using GLMM.

3.4. Statistical Analysis Using GLMM
3.4.1. GLMM of Latency and Voltage Change

As shown in Fig. 8, the latency of the kinesthetic illu-
sion has a variance that depends on the individual differ-
ences of each participant, even under the same experiment
condition. On the other hand, the mean of latency of each
experiment condition tends to be shortened with the in-
crease of voltage of electrical stimulation. GLMM is a
method for analyzing changes in mean values in experi-
mental data that include variation due to individual differ-
ences. In recent years, GLMM has been utilized in ecol-
ogy and experimental psychology to assess the impact of
manipulated variables on data, including accounting for
variance due to individual differences [27–29]. To ana-
lyze the data of latency, the GLMM is used to evaluate
the influences of the voltage change on the latency.

The conceptual diagram of the regression analysis us-
ing GLMM is shown in Fig. 9. The dotted line indicates
the regression curve drawn by the regression analysis us-
ing GLMM. This curve passes through the expected val-
ues (�) of the latency of the illusion under each experi-
ment condition. If the curve is decreasing, the tendency is
for the latency to be shortened with the increase in volt-
age. In GLMM, it is assumed that the latency contains the
variance under a certain experiment condition in addition
to the variance due to the individual differences.

First, for simplification, the generalized linear model
(GLM), which does not consider the variance due to in-
dividual differences, is explained. In GLM, it is nec-
essary to select the error structure, linear predictor, and
link function according to the characteristics of the ex-
perimental data. In this experiment, the error structure
is the probability distribution based on the latency under

each experiment condition. Generally, the error structure
is selected from among many types of probability distri-
butions, such as the normal distribution, Poisson distri-
bution, and gamma distribution, based on criteria such as
whether the experimental data take continuous values or
discrete ones, only the value of 0 or more, or both posi-
tive and negative values. In this study, the latency always
takes the value of 0 or more and continuous ones. Because
the variance of such data can be shown using the gamma
distribution, and assuming that the experiment results of
latency under each experiment condition would be dis-
tributed according to the gamma distribution, the gamma
distribution is selected for the error structure. The gamma
distribution is shown in the following equation:

p(yi|s,r) = rs

Γ(s)
yi

s−1 exp(−ryi) . . . . . . (1)

where s is termed the shape parameter and r is the rate
parameter. In the gamma distribution, the mean value is
s/r and the variance is s/r2. Furthermore, yi indicates the
value of latency under the experiment condition of i.

The mean latency, μi, under the experimental condition
of i is expressed by the monotonically increasing function
of the dummy variable of the voltage condition, di, as fol-
lows.

μi = Adβ
i . . . . . . . . . . . . . . . (2)

A on the right side is replaced by expα and the right side
is arranged using the exponential function, as follows.

μi = exp(α +β logdi) . . . . . . . . . . (3)

If the error structure follows the gamma distribution, the
logarithmic link function is used as the link function in
many cases; therefore, the logarithm is taken on both
sides.

log μi = α +β logdi . . . . . . . . . . (4)

As shown in the above equation, GLM with the error
structure of a gamma distribution is a model where the
linear predictor is α +β logdi, and using the logarithmic
link function, the mean latency μi as the response variable
is predicted by the dummy variable of the voltage condi-
tion di as the explanatory variable. In this experiment,
the electrical stimulation is changed in three stages. In
the model equation (Eq. (4)), the explanatory variable di
can be rewritten such that the categories of low-voltage,
middle-voltage, and high-voltage are expressed by each
dummy variable as follows.

log μi = α +βlowlogdlow +βmiddle logdmiddle

+βhigh logdhigh . . . . . . . . . . (5)

where the dummy variables dlow, dmiddle, and dhigh follow
the following conditional expressions.

dlow =

⎧⎨
⎩

1 (under the low-voltage condition)
0 (under the conditions other than

low-voltage)
(6)
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dmiddle =

⎧⎨
⎩

1 (under the middle-voltage condition)
0 (under the conditions other than

middle-voltage)
(7)

dhigh =

⎧⎨
⎩

1 (under the high-voltage condition)
0 (under the conditions other than

high-voltage)
(8)

In the GLMM, by adding the variance due to the indi-
vidual differences to the right side of the model equation
(Eq. (5)), the variance of the data caused by the individual
differences of the participants is also added to the predic-
tion of the mean value. The model equation (Eq. (5)) is
converted into GLMM as follows.

log μi = α +βlowlogdlow +βmiddle logdmiddle

+βhigh logdhigh + εi . . . . . . . . (9)

where εi that expresses the variance of the data due to
the individual differences is generally assumed to follow
a normal distribution, as shown below.

p(εi|σ) =
1√

2πσ2
exp

(−ε2
i

2σ2

)
. . . . . . (10)

where the individual differences are supposed to follow
the normal distribution with the mean value of 0 and dis-
persion of σ2. the model equation (Eq. (9)) expresses
GLMM which is used in this study. In the next section,
the coefficients of α , βlow, βmiddle, and βhigh are estimated
using the statistical software R (Ver.4.1.2) and the influ-
ences of the condition of voltage on the latency are re-
viewed based on the sign of the coefficient.

3.4.2. Estimated Parameters of GLMM
The analysis is conducted using the statistical software

R (Ver.4.1.2). Using glmer, the function to estimate the
GLMM, which can be used with Ime4 package of R, each
coefficient of the model is estimated by means of the max-
imum likelihood estimation. The results of estimation of
each coefficient are shown in Table 2.

As shown in Table 2, all the coefficients of the dummy
variables in terms of the voltage condition, βlow, βmiddle,
and βhigh, take the negative sign. Paying attention to the
values of the parameters, the values increase in the neg-
ative direction in the order of low-, middle-, and high-
voltage. Considering Eq. (9), if the change in the voltage
condition increases the latency, these parameters should
increase in the positive direction. As a result of the regres-
sion analysis, which shows that the parameters increase in
the negative direction in the order of low-voltage, middle-
voltage, and high-voltage, it can be assumed that the mean
latency decreases in the transition from the low-voltage
condition to the high-voltage condition.

Therefore, as a result of the analysis, in the case that
the combined stimulation is applied to the participants,
the tendency is for the latency to be shortened.

Table 2. Values of each parameter of GLMM.

α βlow βmiddle βhigh

7.73 −0.176 −0.718 −0.780

4. Discussion

First, for the participants in this study, when only the
vibration stimulation was applied to the vibrated arm, the
latency did not deviate significantly from the latency in
the previous studies. The mean latency of the nine par-
ticipants in this study was 2,278±889 ms. In the previ-
ous studies, in which vibration stimulation was applied to
the biceps brachii, the latency was reported to be approx-
imately 4 s when vision was completely blocked [19, 30].
Naito et al. reported that the latency was less than 10 s
when vibration stimulation at 70–80 Hz was applied to
the biceps brachii [13]. Compared to the latency in the
previous studies, although the group of participants in this
study showed relatively short latency under the vibration-
only condition, no participant showed a significant devia-
tion in latency from that indicated in the previous studies.

Next, the relation between the occurrence rate of il-
lusion and latency is considered. As mentioned in Sec-
tion 3.2, all the participants experienced the illusion un-
der the high-voltage condition. On the other hand, at low
and middle voltages, for some participants, the occurrence
rate of illusion was lower than that under the vibration-
only condition (Fig. 5). Accordingly, from the viewpoint
of increasing the occurrence rate of illusion, it is desir-
able to apply electrical stimulation under the high-voltage
condition. Contrarily, from the viewpoint of reducing the
latency of illusion, the regression analysis using GLMM
indicates the tendency wherein the mean latency of illu-
sion is reduced with the increase in voltage. However,
as shown in Section 3.3 and Fig. 7, the voltage at which
the longest latency (in three trials) becomes the shortest,
varies according to the individual participant. It cannot be
asserted that the application of high voltage would always
lead to the shortest latency of illusion. Therefore, when
applying kinesthetic illusions to rehabilitation and virtual
reality, the objective – whether the occurrence rate of illu-
sion should be increased or the latency of illusion should
be reduced – must be decided first. If the objective is for
the latency of the illusion to be reduced, the voltage has
to be determined for each participant.

Furthermore, in this study, all experiments were con-
ducted with 70 Hz vibration stimulation. However, when
varying the intensity of the kinesthetic illusion, vibration
stimulation is applied by modifying the frequency. The
case wherein the frequency and voltage condition are var-
ied simultaneously must be experimented upon and ana-
lyzed in detail to learn whether interactions between the
effect of frequency change and that of voltage change on
the latency would occur or not.
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5. Conclusion

The effects of applying a combined stimulation of elec-
trical and vibration stimulations on the latency of the
kinesthetic illusion were studied in this work. The ef-
fects of the voltage conditions on the latency of illusion
were evaluated by applying three different voltages for
each participant, measuring the latency of illusion under
the vibration-only condition, and applying the GLMM
to the latency distribution under each stimulation condi-
tion obtained from the experiment. The parameters of the
GLMM indicated a tendency wherein the increase in volt-
age reduced the latency of illusion.

Acknowledgments
This study was supported by the JSPS Grant-in-aid for Scientific
Research, 20K22501 and 22K17989.

References:
[1] C. T. Leonard, “The Neuroscience of Human Movement,” Mosby,

1998.

[2] J. P. Roll and J. P. Vedel, “Kinaesthetic role of muscle afferents in
man, studied by tendon vibration and microneurography,” Exper-
imental Brain Research, Vol.47, No.2, pp. 177-190, 1982. https:
//doi.org/10.1007/BF00239377

[3] J. P. Roll, J. P. Vedel, and E. Ribot, “Alteration of proprioceptive
messages induced by tendon vibration in man: a microneurographic
study,” Experimental Brain Research, Vol.76, No.1, pp. 213-222,
1989. https://doi.org/10.1007/BF00253639

[4] J.-P. Roll, F. Albert, C. Thyrion, E. Ribot-Ciscar, M. Bergenheim,
and B. Mattei, “Inducing Any Virtual Two-Dimensional Movement
in Humans by Applying Muscle Tendon Vibration,” J. of Neuro-
physiology, Vol.101, No.2, pp. 816-823, 2009. https://doi.org/10.
1152/jn.91075.2008

[5] Y. Umesawa, K. Doi, and H. Fujimoto, “Development and Eval-
uation of a Device for Inducing Kinesthetic Illusion of Dual Joint
Movements,” J. Adv. Comput. Intell. Intell. Inform., Vol.21, No.4,
pp. 737-743, 2017. https://doi.org/10.20965/jaciii.2017.p0737

[6] K. Akahori, M. Ohka, H. Karakawa, M. Honda, and T. Miyaoka,
“Development of a desktop inducing and evaluation system
of kinesthetic illusion,” Trans. of the JSME, Vol.80, No.820,
pp. 1-12, 2014 (in Japanese). https://doi.org/10.1299/transjsme.
2014trans0350

[7] M. D. Rinderknecht, “Device for a novel hand and wrist rehabil-
itation strategy for stroke patients based on illusory movements
induced by tendon vibration,” Proc. of the Mediterranean Elec-
trotechnical Conf. (MELECON), Vol.115, pp. 926-931, 2012. https:
//doi.org/10.1109/MELCON.2012.6196579

[8] M. D. Rinderknecht, Y. Kim, L. Santos-Carreras, H. Bleuler,
and R. Gassert, “Combined tendon vibration and virtual reality
for post-stroke hand rehabilitation,” 2013 World Haptics Conf.
(WHC 2013), pp. 277-282, 2013. https://doi.org/10.1109/WHC.
2013.6548421

[9] E. Naito, Y. Yukawa, and M. Minakuchi, “Efficacy of vibration-
induced illusory movement tasks on upper-extremity motor dys-
function in stroke survivors,” The Japanese Occupational Therapy
Research, Vol.40, No.2, pp. 158-166, 2021 (in Japanese). https:
//doi.org/10.32178/jotr.40.2 158

[10] K. Ushiyama, S. Tanaka, A. Takahashi, H. Kajimoto, and H. Ka-
jimoto, “Reinforcement of Kinesthetic Illusion by Simultaneous
Multi-Point Vibratory Stimulation,” SA’19 Posters, 2019. https:
//doi.org/10.1145/3355056.3364576

[11] K. Ushiyama, S. Tanaka, M. Miyakami, and H. Kajimoto, “ViBaR:
VR Platform Using Kinesthetic Illusions to Enhance Movement Ex-
perience,” SIGGRAPH’20 Emerging Technologies, Virtual Event,
2020. https://doi.org/10.1145/3388534.3407304

[12] S. L. Franc, M. Fleury, M. Cogne, S. Butet, C. Barillot, A. Lecuyer,
and I. Bonan, “Influence of virtual reality visual feedback on the il-
lusion of movement induced by tendon vibration of wrist in healthy
participants,” PLOS ONE, pp. 1-16, 2020. https://doi.org/10.1371/
journal.pone.0242416

[13] E. Naito, H. H. Ehrsson, S. Geyer, K. Zilles, and E. P. Roland, “Illu-
sory arm movements activate cortical motor areas: a positron emis-
sion tomography study,” The J. of Neuroscience: the official jour-
nal of the Society for Neuroscience, Vol.19, No.14, pp. 6134-6144,
1999. https://doi.org/10.1523/JNEUROSCI.19-14-06134.1999

[14] D. F. Collins, K. M. Refshauge, G. Todd, and S. C. Gandevia, “Cu-
taneous Receptors Contribute to Kinesthesia at the Index Finger,
Elbow, and Knee,” J. of Neurophysiology, Vol.94, No.3, pp. 1699-
1706, 2005. https://doi.org/10.1152/jn.00191.2005

[15] A. W. Shehata, M. I. Keri, M. Gomez, P. D. Marasco, A. H. Vette,
and J. S. Hebert, “Skin stretch enhances illusory movement in
persons with lower-limb amputation,” IEEE Int. Conf. on Reha-
bilitation Robotics, pp. 1233-1238, 2019. https://doi.org/10.1109/
ICORR.2019.8779477

[16] K. Honda, S. Okunami, Y. Nakashima, and M. Yamamoto, “Effect
of Electrical Stimulation on Vibration-induced Kinesthetic Illusion
Analyzed via Statistical Models,” Biomechanisms, Vol.26, 2023 (in
Japanese) (in press).

[17] M. Uechi, Y. Naito, D. Shin, M. Sato, and Y. Koike, “Stiff-
ness Teaching and Motion Assist System Using Functional Elec-
trical Stimulation and Electromyogram Signals,” J. Robot. Mecha-
tron., Vol.16, No.5, pp. 446-455, 2004. https://doi.org/10.20965/
jrm.2004.p0446

[18] C. Hua, Y. Nakashima, and M. Yamamoto, “On a Precise Con-
trol for MP Joint of Human Index Finger Using Functional Elec-
trical Stimulation – Basic Characteristics of the Joint Movement
–,” Proc. of the 2020 IEEE/SICE Int. Symposium on System In-
tegration (SII 2020), pp. 1324-1327, 2020. https://doi.org/10.1109/
SII46433.2020.9025817

[19] J. R. Lackner and A. B. Taublieb, “Influence of vision on vibration-
induced illusions of limb movement,” Experimental Neurology,
Vol.85, No.1, pp. 97-106, 1984. https://doi.org/10.1016/0014-
4886(84)90164-X

[20] T. Seno, M. Ogawa, H. Ito, and S. Sunaga, “Consistent air flow to
the face facilitates vection,” Perception, Vol.40, No.10, pp. 1237-
1240, 2011. https://doi.org/10.1068/p7055

[21] R. Yahata, W. Takeya, T. Seno, and Y. Tamada, “Hot Wind to the
Body Can Facilitate Vection Only When Participants Walk Through
a Fire Corridor Virtually,” Perception, Vol.50, No.2, pp. 154-164,
2021. https://doi.org/10.1177/0301006620987087

[22] G. M. Goodwin, D. I. Mccloskey, and P. B. C. Matthews, “The Con-
tribution of Muscle Afferents to Kinesthesia Shown by vibration
induced Illusions of Movement and by The Effects of Paralysing
joint Afferents,” Brain, Vol.95, pp. 705-748, 1972. https://doi.org/
10.1093/brain/95.4.705

[23] P. Cordo, V. S. Gurfinkel, L. Bevan, and G. K. Kerr, “Proprioceptive
consequences of tendon vibration during movement,” J. of Neuro-
physiology, Vol.74, No.4, pp. 1675-1688, 1995. https://doi.org/10.
1152/jn.1995.74.4.1675

[24] F. Albert, M. Bergenheim, E. Ribot-Ciscar, and J. P. Roll, “The Ia
afferent feedback of a given movement evokes the illusion of the
same movement when returned to the subject via muscle tendon
vibration,” Experimental Brain Research, Vol.172, No.2, pp. 163-
174, 2006. https://doi.org/10.1007/s00221-005-0325-2

[25] C. Thyrion and J.-P. Roll, “Predicting Any Arm Movement Feed-
back to Induce Three-Dimensional Illusory Movements in Hu-
mans,” J. of Neurophysiology, Vol.104, No.2, pp. 949-959, 2010.
https://doi.org/10.1152/jn.00025.2010

[26] P. J. Cordo, V. S. Gurfinkel, S. Brumagne, and C. Flores-Vieira, “Ef-
fect of slow, small movement on the vibration-evoked kinesthetic il-
lusion,” Experimental Brain Research, Vol.167, No.3, pp. 324-334,
2005. https://doi.org/10.1007/s00221-005-0034-x

[27] T. Kuga and E. Kasuya, “Mechanism of sound production by the
Chinese grasshopper Acrida cinerea (Orthoptera: Acrididae) during
flight,” Entomological Science, Vol.24, No.4, pp. 410-420, 2021.
https://doi.org/10.1111/ens.12493

[28] A. Moscatelli, M. Mezzetti, and F. Lacquaniti, “Modeling psy-
chophysical data at the population-level: The generalized linear
mixed model,” J. of Vision, Vol.12, No.11, pp. 1-17, 2012. https:
//doi.org/10.1167/12.11.26

[29] A. Moscatelli, V. Hayward, M. Wexler, and M. O. Ernst, “Illusory
Tactile Motion Perception: An Analog of the Visual Filehne Illu-
sion,” Scientific Reports, Vol.5, pp. 1-12, 2015. https://doi.org/10.
1038/srep14584

[30] M. W. Taylor, J. L. Taylor, and T. Seizova-Cajic, “Muscle Vibration-
Induced Illusions: Review of Contributing Factors, Taxonomy of
Illusions and user’s guide,” Multisensory Research, Vol.30, No.1,
pp. 25-63, 2017. https://doi.org/10.1163/22134808-00002544

832 Journal of Robotics and Mechatronics Vol.35 No.3, 2023



Influence of Combined Vibration and Electrical Stimulation

Name:
Koki Honda

ORCID:
0000-0001-5736-556X

Affiliation:
Project Assistant Professor, Graduate School of
Frontier Science, The University of Tokyo

Address:
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-0882, Japan
Brief Biographical History:
2020 Received Doctor of Engineering from Kyushu University
2020-2023 Assistant Professor, Kyushu University
2023- Project Assistant Professor, The University of Tokyo
Main Works:
• “Control of Human Elbow-Joint-Extension-Motion Change Based on
Vibration Stimulation for Upper-Limb Perception-Assist,” IEEE Access,
Vol.8, pp. 22697-22708, 2020.
Membership in Academic Societies:
• The Japan Society of Mechanical Engineering (JSME)
• The Robotics Society of Japan (RSJ)
• Institute of Electrical and Electronics Engineers (IEEE)

Name:
Yasutaka Nakashima

ORCID:
0000-0002-8606-1589

Affiliation:
Faculty of Engineering, Kyushu University

Address:
744 Motooka, Nishi-ku, Fukuoka, Fukuoka 819-0395, Japan
Brief Biographical History:
2014 Received Ph.D. in Engineering from Waseda University
2014-2019 Assistant Professor, Kyushu University
2019- Associate Professor, Kyushu University
Main Works:
• “Determination of the Gain for a Walking Speed Amplifying Belt Using
Brain Activity,” IEEE Trans. on Human-Machine Systems, Vol.50, No.2,
pp. 154-164, 2020.
Membership in Academic Societies:
• The Japan Society of Mechanical Engineering (JSME)
• The Robotics Society of Japan (RSJ)
• Institute of Electrical and Electronics Engineers (IEEE)

Name:
Chen Hua

Affiliation:
Department of Mechanical Engineering, Gradu-
ate School of Engineering, Kyushu University

Address:
744 Motooka, Nishi-ku, Fukuoka, Fukuoka 819-0395, Japan
Brief Biographical History:
2017 Received B.S. in Electrical Engineering and Computer Science from
Kyushu University
2019 Received M.S. in Systems Life Sciences from Kyushu University
Main Works:
• C. Hua, Y. Nakashima, and M. Yamamoto, “On a Precise Control for MP
Joint of Human Index Finger Using Functional Electrical Stimulation –
Basic Characteristics of the Joint Movement –,” Proc. of the 2020
IEEE/SICE Int. Symposium on System Integration (SII 2020),
pp. 1324-1327, January 12-15, 2020.

Name:
Motoji Yamamoto

ORCID:
0000-0003-0555-8399

Affiliation:
Faculty of Engineering, Kyushu University

Address:
744 Motooka, Nishi-ku, Fukuoka, Fukuoka 819-0395, Japan
Brief Biographical History:
1990 Received Dr. of Engineering from Kyushu University
1990-1992 Lecturer, Kyushu University
1992-2005 Associate Professor, Kyushu University
2005- Professor, Kyushu University
Main Works:
• M. Yamamoto, N. Yanai, and A. Mohri, “Trajectory Control of
Incompletely Restrained Parallel-Wire-Suspended Mechanism Based on
Inverse Dynamics,” IEEE Trans. on Robotics, Vol.20, No.5, pp. 840-850,
2004.
Membership in Academic Societies:
• The Japan Society of Mechanical Engineering (JSME)
• The Robotics Society of Japan (RSJ)
• Institute of Electrical and Electronics Engineers (IEEE)

Journal of Robotics and Mechatronics Vol.35 No.3, 2023 833


