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Abstract

Mirror therapy (MT) has been recognized for its potential to harness neuroplasticity and
improve recovery in post-stroke patients. In MT, a mirror tricks the brain into thinking that
the weak or paralyzed side of the body is moving when the healthy side moves, thereby
helping to stimulate healing and relearn movement after a stroke or injury. However, MT
is limited in addressing the sensory impairment and visual feedback ownership on the
affected hand. A combination of MT and electrical muscle stimulation (EMS) is believed
to enhance muscle strength and sensory perception, but lacks synchronization with the
movement intention of the healthy hand. This study aims to advance MT to further promote
neuroplasticity through movement synchronization in both hands. A stretch-sensor glove
was used on the unaffected hand to capture finger movement kinematics, controlling the
electrical intensity of an EMS device on the assumed affected hand. Thereby, a proportional
control of electrical intensity and synchronous movement of both hands was achieved. This
study compared four types of electrical intensities, spanning from baseline (no stimulation)
to higher intensities (S0–S4). As a result, body representation perception showed an overall
negative correlation with the level of comfort associated with the stimulus. Enhancements
in body representation perception were significantly confirmed (p < 0.01) in stronger
stimulus types, notably S4 and S4F of the spontaneous movement scheme, compared to the
baseline stimulus S0 and the weak intensity S1. There may be a possibility of enhancing
neuroplasticity by strategically using various electrical intensities. The proposed system
shows promising performance by enhancing body representation through improved visual
feedback ownership at higher electrical intensities.

Keywords: electrical muscle stimulation; mirror therapy; neuroplasticity; visual feedback
ownership

1. Introduction
Stroke is one of the major global health issues, with over 13 million new cases annually,

and represents the second leading cause of mortality and disability worldwide. Accord-
ing to the World Stroke Organization, the global stroke burden is projected to increase
significantly by 2050, with the number of incident strokes more than doubling from 2010 lev-
els [1]. By 2050, there may be 21.43 million new stroke cases, 159.31 million survivors, and
12.05 million deaths annually [2]. Risk factors like hypertension, diabetes, and obesity are
expected to become more prevalent [3]. Following a stroke, muscle dysfunction is the most
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common type of impairment, which greatly heightens the likelihood of arm paralysis. This
muscle dysfunction often leads to greater levels of impairment, decreased work capacity,
and a lower quality of life [4,5]. These projections and consequences highlight the urgent
need for targeted prevention and intervention strategies globally.

Rehabilitation is a common approach for treating muscle injuries, combining medical
care with social, educational, and vocational strategies to help regain functional capa-
bilities [6]. Conventional stroke rehabilitation has mainly concentrated on employing
compensatory techniques to address the impacts of impairments instead of addressing
their underlying causes. However, there is a growing recognition within the scientific and
medical fields that neuroplasticity plays a crucial role in recovery. This acknowledgment
has led to a significant change in stroke rehabilitation, focusing more on utilizing neuro-
plasticity to enhance functional recovery and attain lasting progress in long-term outcomes
for stroke survivors [7].

One of the treatments known for promoting neuroplasticity is mirror therapy
(MT) [7,8]. In MT, a mirror is positioned between the arms (or legs), creating the illu-
sion that when the healthy side moves, the weak or paralyzed side appears to be moving as
well. This visual trick deceives the brain into believing that the weaker side is functioning
normally. Over time, this visual mechanism can stimulate neuroplasticity in the brain,
allowing for the relearning of movement and enhancing recovery following a stroke, injury,
or nerve issue [7]. Several studies demonstrated the efficacy of MT on improving upper
limb motor function and activities of daily living [9,10]. In addition, MT can be used in all
stages of stroke recovery and even in completely paralyzed patients [10,11].

The key point in MT is to ensure the mirror reflection of the unaffected limb acts as
a body representation of the affected limb, thereby creating the illusion that the affected
limb is moving normally [7]. This condition is correlated with the concept of a sense of
agency, which is the fundamental subjective component in body representation, defined as
the awareness of oneself as the initiator of one’s actions [12]. Unfortunately, a sufficiently
perceived body representation remains a challenging requirement in the implementation
of MT. Several studies have reported that the mirror reflection in MT is limited in treating
sensory impairments and spatial awareness, where the patient’s spatial awareness on the
affected side of the body is insufficient [10,13]. Another study reported that MT induced
side effects such as confusion and dizziness in some patients, which is most likely due to
a lack of body representation through the visual mirror feedback [14]. A possible reason
for this is the lack of a sense of body representation, where the patient fails to feel the
movement of the unaffected limb reflected in the mirror as an action of the affected hand. In
accordance, it is crucial to improve MT implementation to promote the body representation
through visual mirror feedback.

Electrical muscle stimulation (EMS), also sometimes interchangeably called neuro-
muscular electrical stimulation (NMES), has shown great potential when combined with
MT (MT–EMS) in both lower and upper limbs [15–21]. EMS treatment alone has several
advantages, including muscle strengthening, motor reeducation, and enhancing sensory
perception, which MT lacks [22]. Since a proper application of EMS is crucial, the combina-
tion of MT and EMS is a complementary approach to promote both neuroplasticity and
muscle strengthening. Despite its great potential, the feasibility of MT–EMS in enhancing
the body representation on the affected limb has received little examination. To date, most
MT–EMS approaches utilize a predetermined parameter of electrical stimulus with ac-
tive–resting window mechanisms of stimulus delivery (e.g., 5 s active and 5 s rest) [15–21].
This condition requires the patient to adhere to a predetermined cycle, overlooking the
synchronization between their movement intentions and the applied electrical stimulation,
which may compromise their sense of agency. Furthermore, there is no control over the
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electrical intensity level integrated with the movement of the unaffected limb, which can
worsen the body representation due to a static parameter. Therefore, a system that enhances
the body representation ownership of visual feedback is necessary to address the MT’s
spatial awareness issue and further promote neuroplasticity.

In accordance, this study proposed a system that enhances body representation owner-
ship in the visual feedback of the MT. This study designed an EMS application approach by
automating the control of the electrical intensity level, integrated with the movement of the
unaffected (healthy) hand, which is wearing a stretch-sensor glove. Our novel approach
involves synchronizing healthy hand movement, as reflected in visual reflection, with
the applied electrical intensity level on the assumed affected hand. Thereby, facilitating
patients’ engagement in the therapy session to promote a more accurate perceived body
representation and enhance the neuroplasticity effect. Lastly, this study also evaluated
several electrical intensity levels under directed and spontaneous timing of the open–close
finger movement task toward the perceived body representation.

2. Related Research
2.1. Neuroplasticity in Rehabilitation

Neuroplasticity is a continuous process that occurs even in the adult brain, enabling it
to adjust to new circumstances, learn new information, and improve skills [23]. There are
two primary mechanisms of neuroplasticity: synaptic plasticity and functional reorgani-
zation [24]. In synaptic plasticity, the activity related to neuronal impulse transmission is
altered by increasing the receptors in postsynaptic neurons, which lowers the threshold for
transmitting impulses and makes it easier for presynaptic neurons to convey signals. The
other mechanism involves concepts such as equipotentiality, vicariation, and diaschisis to
help compensate for damage in specific brain areas. In rehabilitation, neuroplasticity-based
interventions capitalize on the brain’s ability to reorganize and adapt following injury or
new experiences [7,25]. The main strategies include intensive and repetitive training, task-
specific practice, and environmental enrichment [26,27]. Understanding the mechanisms of
neuroplasticity can guide the development of more effective rehabilitation interventions.
In correlation with MT, an ideal condition of body representation may contribute to cortical
reorganization, which constitutes neuroplasticity through improvements in the Mu and
beta bands of EEG, even in healthy subjects [28]. Therefore, as the key point in MT, it is
crucial to maximize the perception of body representation during the therapy.

2.2. Mirror Therapy and Electrical Muscle Stimulation

Several studies have explored the combination of MT with EMS. In upper-limb appli-
cations, while both MT and NMES individually improved the function and quality of life
in subacute stroke patients, their combination showed enhanced effects [18–21]. A similar
outcome in lower-limb applications reported an improvement in walking ability, ankle
dorsiflexion, and balance compared to conventional therapy or MT alone [15,17]. How-
ever, some research indicated mixed results, with one study finding superior outcomes for
functional electrical stimulation compared to MT alone [19]. A systematic review and meta-
analysis revealed a lack of direct scientific evidence supporting the combined therapy’s
effectiveness for upper-limb motor function recovery [29]. More importantly, the synergistic
effects and optimal protocols for combining MT with ES/NMES in stroke rehabilitation
insisted on a comprehensive observation [30]. As previously stated, an engagement with
visual mirror feedback may enhance the neuroplasticity stimulation [7,12,28]. However,
despite the potential of the MT-EMS approach to improve the body-functional outcome, it
remains uncertain whether the improvement is due to the combination of MT and EMS or
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EMS alone. These facts imply that an improvement in the EMS protocol is deemed urgent
for supporting the MT through an enhancement in body representation perception.

2.3. Assessment of Perceived Body Representation Ownership Through Visual Feedback in
Mirror Therapy

As presented in Section 2.2, most of the related studies only focus on motor functional
evaluation as the primary outcome of MT with/without EMS combination. One of the
related studies evaluated the patient’s visuospatial condition as the secondary outcome
through the start cancellation test [19]. However, the start cancellation test is unable to
evaluate the perception of body representation through visual mirror feedback.

Alternatively, motor-imagery-based evaluation is one of the tools known to assess an
individual’s ability to visualize and feel movements mentally [31–33]. The motor-imagery
(MI) evaluation requires someone to imagine the visual and feeling of an action to be
performed by the non-dominant limb, which was previously performed by the dominant
hand. There are only a few who have observed the combined use of MT with MI-based
evaluation [32]. Moreover, some studies adopted the scoring principles only to evaluate
their personalized tasks [32,33]. Nevertheless, the concept of MI with the perceived body
representation of MT is closely related, indicating a great potential as an evaluation tool
to assess the patient’s immersion state toward visual mirror feedback while conducting
the MT.

According to the aforementioned studies, the body representation through the en-
gagement of the participant with the visual mirror feedback (i.e., a fundamental process
in promoting the neuroplasticity process) has received little attention. Furthermore, an
official assessment tool specifically for the body representation state in MT remains un-
established. In continuation with the primary purpose of this study, we focused on the
impact of the proposed enhanced MT through proportional and synchronous control of
EMS with a stretch-sensor glove on the body representation state. Additionally, this study
adopted and tailored the MI-based questionnaire as an alternative tool for assessing the
body representation state of MT.

3. Methods
3.1. Participants

This study was in the initial stage, focusing on how personalized electrical intensity
influences perceived body representation. To investigate this, healthy participants were
recruited to examine the effects of the proposed system in individuals with normally func-
tioning bodies. Most importantly, the utilization of a personalized electrical intensity may
accommodate variations in participants’ characteristics, which is also influential when ap-
plied to the abnormally functioning bodies of patients. Therefore, the outcomes may serve
as a pivotal reference for the next stage of the study, involving actual patient observation.

Ten healthy participants, comprising nine men and one woman, were recruited (av-
erage age: 24.7 ± 3.8 years). Prior to recruitment, an initial screening was conducted to
ensure the participant’s safety. Although this study included only healthy participants,
the initial screening criteria were adopted and tailored from the selection criteria for ill
patients [34]. Therefore, the participant’s safety was guaranteed. Participants with the
following conditions will be excluded:

1. Age under 18 years old.
2. History of heart disease.
3. Blood hypertension status.
4. History of spinal cord/nerve injury.
5. History of forearm/hand muscular injury.
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6. Having a metal implant, especially in the arm or hand.
7. Pregnancy for the woman participant.

Following the screening, an explanation was provided about the purpose and pro-
cedure of the experiment. Subsequently, the participants who were willing to participate
in the experiment filled in the consent form. All experimental procedures were approved
by the ethical committee of the Graduate School of Engineering, Kobe University on
8 September 2025 (No. 07–08).

3.2. Instrumentation

In this study, a wearable electrical muscle stimulation (EMS) device named the Un-
limitedHand (H2L Inc., Tokyo, Japan) was employed to induce electrical stimulation to
the forearm. As shown in Figure 1, the UnlimitedHand (UH) device consists of 8 EMS
channels, ranging from channel 0 through 7, and 3 channels for ground (GND) [35]. This
feature allows the user to select any forearm muscle as the stimulation target indepen-
dently. Regarding the EMS specification, the UH device provides a range of digitally
controllable parameters, approximately 20–120 Hz pulse frequencies (typically fixed at
40 Hz), 100–400 µs pulse width (typically fixed between 100 µs and 200 µs), and 0–20 mA
pulse intensity, which is divided into 12 levels. Additionally, the UH device works in a
monophasic waveform mechanism. The UH device provides a software development kit
(SDK) containing an interactive control function that works on several platforms, including
Arduino. This feature facilitates the interactive control of EMS parameters according to
the preferred program. Moreover, the UH device facilitates wireless data communication,
allowing for comfortable and flexible usage by the user.

176

0
GNDGND GND

5

4

2

3

Back Side

Attachment
Condition

GND 2
3

On/Off Button

Figure 1. UnlimitedHand (UH) device and the EMS channel location on the backside [35].

A stretch-sensor glove was utilized to control the EMS parameter of the UH device.
As shown in Figure 2, the stretch-sensor glove comprised stretch sensors attached to
each finger with the length tailored to cover the metacarpophalangeal (MCP) joint to the
interphalangeal (IP) joint, for the thumb, and the MCP through proximal interphalangeal
(PIP) for the rest of the fingers [36]. The resistance value of each stretch sensor was obtained
through a voltage divider circuit, where Arduino Nano facilitated the ground and 5 V
power source for all stretch sensors. The Arduino Nano was programmed to reach an
approximate 100 Hz sampling rate. The characteristics of the employed stretch sensor are
shown in Figure 3.

Subsequently, this study utilized a foldable and adjustable mirror box used in MT, as
shown in Figure 4. The dimension of the mirror is 28 × 30 cm, providing a wide field of
view and a spacious box area for a forearm to enter. Additionally, a cardboard cover was
put in front of the participant, allowing for only the mirror reflection to be visible in the
participant’s field of view. As stated in Section 1, the key point in MT is to ensure that the
mirror reflection of the unaffected hand is perceived as the affected hand. Therefore, any
disturbance, including direct vision of the unaffected hand movements, can be prevented.
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Other instruments were utilized to support the experiment, including a PC to process
data flow and control the experiment process, a camera, and two types of questionnaires
for evaluation.

Conductive Pin

Stretch Sensor

Stretch Sensor 
Holder

Acquisition Circuit

Figure 2. Stretch-Sensor Glove [36].

Time

KΩ

Release

50% StretchedUnstretched
Resistance

Decay

x

2x

Figure 3. The employed stretch sensor characteristic [37].

Mirror Box

Healthy hand wearing 

a Stretch-Sensor Glove

Assumed affected hand wearing 

an EMS Device

Cover

Figure 4. Experiment environment.
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3.3. Data Processing
3.3.1. Stretch-Sensor Glove Data

In this study, the stretch-sensor data served as an input to control the EMS device
with a sampling frequency of 100 Hz. Signal normalization using the min–max scaling
approach was performed on each sensor’s data. Additional rules were applied for any
normalized data that fell outside the range of 0 to 1 to convert them into 1 and 0, respectively.
Subsequently, the average value from 5 stretch-sensor data was calculated, resulting in
an average value ranging from 0 to 1. This value was further utilized to control the EMS.
Additionally, to facilitate participants reaching the maximum average value more easily, an
optimization in average calculation was performed by adjusting the denominator value for
each participant.

3.3.2. Decay Modeling of Stretch-Sensor Glove Data

As shown in Figure 3, after being stretched and quickly released, the decay process
requires a recovery time to reach the nominal resistance [37]. This condition presents a
challenge for the implementation of stretch-sensor gloves. The releasing mechanism was
activated when the participant executed an open-hand movement, requiring the nominal
resistance to be attained. However, in a quick open movement following hand closure,
the resistance was still in the decaying process, leading to a responsiveness issue due to
the delay.

This study addressed the recovery time issue of the stretch sensor through an expo-
nential decay model. Equation (1) is a standard exponential function, where y is the output,
variable a is a constant, b is the rate of growth, and x is an independent variable (e.g., time
change). In this study, modeling was applied to fix a slow decay process. Therefore, vari-
able b was altered with 1 − b as the rate of decay, as shown in Equation (2). The value of b
is between 0 and 1, where the model is aggressive when b is close to 1.

y = a × bx (1)

y = a × (1 − b)x (2)

According to the requirement in this study, the selection of each variable for
Equation (2) is essential. Equation (3) shows the selection of each variable with respect to
Equation (2), where Rrelease serves as the initial value before decay and x as the change in
time indicated by the subtraction of the succeeding decay time from the time of Rrelease.
In this study, the decay model was intended to solve the slow recovery time following
the quick release. Therefore, an aggressive model with 0.98 as the value of variable b
was selected.

y = Rrelease × (1 − b)x, where x = tnow − tRrelease (3)

Subsequently, the decay model was applied in a closed-loop system. The closed-loop
system consisted of raw-data-declining detection, decay modeling, and raw-data-inclining
detection. Both declining and inclining detection utilized a threshold mechanism. Once the
declining threshold was fulfilled, the decay model started generating the decaying average
resistance data. The modeling process continued until the generated data reached 0.
During the process, once the raw-data-inclining threshold was fulfilled, the modeling
process immediately terminated, even before reaching 0.

Figure 5 shows the comparison between the average of the raw data and the corrected
data through decay modeling. The first three curves correspond to the immediate open-
finger movement following finger closure, and the subsequent five curves correspond to
rapid open-closure finger movements. The figure shows the impact of the innate stretch
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sensor characteristic in the data acquisition process, where the slow recovery time in the
raw data raised the responsiveness issue. Alternatively, the decay model in Equation (3), in
combination with the closed-loop system, solved the corresponding issue by correcting the
decaying process to quickly reach the minimum value in response to the immediate release
of the stretch sensors.
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Figure 5. Comparison of RAW data and the decay–modeled RAW data.

3.3.3. EMS Data

In this study, the EMS parameters of pulse width and pulse frequency were set to
fixed values. Therefore, only the value of electrical intensity would proportionally change
according to the input value from the stretch-sensor glove (i.e., level 0 through 12). The
pulse frequency was set at approximately 30 pulses per second, and the active pulse width
was approximately 200 µs. In the case of critically ill patients, the employed parameters
may reach up to 100 Hz of pulse per second, 400 µs active pulse width, and 25 mA pulse
intensity [38]. Therefore, the adopted EMS parameters fell under safe usage. Furthermore,
this study employs only healthy participants, which further avoids adverse effects with
the safe EMS parameters. Subsequently, the normalized average of stretch-sensor data
was converted into the electrical intensity target. Hence, it was possible to establish a
proportional control between the stretch-sensor glove and the electrical intensity. The
conversion of the stretch-sensor data into electrical intensity was performed on a computer
before it was sent to the EMS device. This process allowed the EMS device to focus on
executing the electrical intensity to the target channel.

The EMS of the UH device utilizes a multiplexer component in delivering electrical
stimulation, allowing it to activate several EMS channels in alternating order. This study
aimed to generate the fundamental finger movement of finger closure through the flexor
digitorum muscle. Therefore, only one channel was activated during the experiment.
Furthermore, activating multiple channels alternatively may pose a risk of distraction to
the participant. This mechanism may lead to poor attention engagement with the visual
mirror feedback of MT, which was avoided in this study.

3.4. Evaluation

As previously mentioned in Section 2.3, MI-based evaluation involves assessing the
body representation state through the visual mirror feedback of MT. In this study, the
motor imagery questionnaire revised second edition (MIQ-RS) was adapted to evaluate the
participants’ perceived body representation level. The MIQ-RS consists of seven movement
tasks, where, for each task, the participants are required to state their visual and kinesthetic
imagery clarity level [39]. As indicated in Section 2.3, the participants are required to



Appl. Sci. 2025, 15, 11179 9 of 22

perform the task with their unaffected limb, then imagine how it is done with their affected
limb. Following the imaginary task, the participant verbally rates their imagery condition
according to the 7-item scale, ranging from level 1 (very hard to see) through level 7
(very easy to see), where level 4 is neutral (neither easy nor hard), for visual imagery. In
kinesthetic imagery, level 1 is very hard to feel, level 7 is very easy to feel, and level 4
is neutral.

This study adopted the scoring principle of kinesthetic imagery of MIQ-RS and tailored
the description according to the finger movement task used. Table 1 shows the detailed
information for each scoring item. In this study, the participant performed open–close finger
movements on the assumed unaffected hand, while the assumed affected hand (i.e., inside
the mirror box) was passively moved by the EMS. Simultaneously, the participant looked
into the mirror reflection and perceived it as the affected hand that was moving, as shown
in Figure 4. After completing the session, they were asked to state the clarity in perceiving
the reflected hand (assumed unaffected hand) to be the affected hand through Table 1. This
study also observed the practicality of the employed intensity levels toward the comfort
of the participant. Therefore, the 5-item scale of the participant’s perceived comfort level
of the applied electrical stimulation was employed, as shown in Table 2. In addition,
several studies have reported an influence of the thickness of subcutaneous tissue and
the personalized electrical intensity of EMS [40–44]. Accordingly, this study evaluated the
correlation between the participants’ body mass index (BMI) and the forearm circumference
in relation to the personalized EMS intensity applied in this study.

Table 1. The employed scoring principle for perceived body representation of MT.

1 2 3 4 5 6 7

Very hard
to feel

Hard to
feel

Somewhat
hard to feel Uncertain Somewhat

easy to feel
Easy to

feel
Very easy

to feel

Table 2. Five-item comfort scale of the applied electrical stimulation.

1 2 3 4 5

Very uncomfortable Uncomfortable Uncertain Comfortable Very comfortable

3.5. Experiment

Prior to the intervention sessions, an explanation regarding the experimental proce-
dures was provided. Afterwards, three pre-intervention procedures were conducted. The
first procedure was the stretch-sensor glove signal normalization, followed by the electrical
intensity selection of EMS. Subsequently, a familiarization with the experimental setting
was conducted as the second procedure. Figure 6 depicts the flow of the experiment.

Stretch-Sensor 

Glove

Normalization

Familiarization S0 S1 S2 S3 S4 S4F

Intervention

Random Order

Electrical 

Intensity 

Selection

Figure 6. Experiment flow (S0–S4: Stimulation type 0 (baseline) through type 4, respectively; S4F: Stim-
ulation type 4: free session).
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3.5.1. Stretch-Sensor Glove Normalization

As previously mentioned in Section 3.3.1, this study implemented a min–max normal-
ization technique for the stretch-sensor data. Although the stretch-sensor glove used in this
study was similar to that in prior research, which utilized a simple max value division for
normalization, this method introduced a shortcoming in the normalized data [36]. While
max value division is a low-computation approach due to its simplicity, especially for
applications with multiple sensors, it has a significant limitation where it focuses solely on
the upper bound while ignoring the lower bound. As a result, the normalization process
produced minimum values that were significantly above 0. This situation can adversely
affect the control of EMS intensity, particularly during the finger movement task, where no
electrical stimulation is expected during the open hand gesture.

The min–max normalization approach optimized the calculation to produce a value
between 0 and 1. Thereby, a synchronous and proportional control of electrical intensity by
the stretch-sensor glove was feasible. To achieve the desired range of data, the normalization
was conducted with a total time of 10 s. In the first 5 s, the participant performed an open-
finger gesture to record the minimum value. Subsequently, the participant performed
a closed-finger gesture for the next 5 s. As depicted in Figure 3, the employed stretch
sensor has the characteristic of a slightly increased spike following a sudden stretch or
release, which is unrelated to the finger movement task, but prompted its selection during
normalization. Therefore, the selection of the maximum value was modified as the exact
last data point (i.e., data at the last timestamp) in the normalization session following a 5 s
open gesture and a 5 s close gesture.

3.5.2. Electrical Intensity Selection

This study compared and evaluated several electrical intensity levels toward the per-
ceived body representation of visual mirror feedback, as stated in Section 1. Accordingly,
the selection of personalized intensity levels was essential, since the participant’s body
characteristics affected the required levels [40–44]. In the past five years, the EMS electrical
intensity has been commonly categorized into three types, which are sensory level, motor
threshold level, and functional contraction level, with the intensity level increasing in
sequence [33,45–48]. The sensory level employs a low electrical intensity that surpasses
the sensory threshold but does not induce any muscle contraction (i.e., tingling sensation
on skin) [46,47]. The motor threshold level marks the beginning of muscle contraction,
where the electrical stimulation starts inducing an involuntary, subtle finger movement
(e.g., finger twitching) [33,46]. Subsequently, the functional contraction level employs
electrical intensity above the motor threshold, where a robust and functional finger move-
ment is visible [45,46]. According to the description, the implementation of sensory and
motor threshold levels is limited with clear hints of no contraction/movement and finger
twitching, respectively. In contrast, functional contraction level accommodates variation of
finger movement conditions, with a slow and weak movement for the intensity just above
motor threshold, then a fast and strong movement for higher intensities. Furthermore,
higher intensities may lead to greater brain nerve excitation and sensorimotor adaptation,
which may affect the perceived body representation in MT [46,48].

As depicted in Figure 6, this study employed the following electrical intensity levels
in a randomized order:

• Stimulation type 0 (S0) was the electrical intensity below the sensory level threshold,
in which the stimulation was imperceptible (i.e., similar to MT only).

• Stimulation type 1 (S1) was the electrical intensity that induced sensory sensation
(i.e., above sensory threshold and below motor threshold).

• Stimulation type 2 (S2) induced the motor threshold reaction.
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• Stimulation type 3 (S3) stimulated functional finger movement with the intensity level
slightly above S2.

• Stimulation type 4 (S4) applied a higher intensity level to induce fast and strong
finger movement.

The above levels belonged to the intervention sessions, which the S4F then concluded.
The S4F was purposely located at the last part, as it differed from other sessions, where it
employed the stimulation type 4 but a spontaneous/free movement scheme (i.e., without
audio direction), while others did not. In this study, the S0 was achieved via electrical
intensity level 0 (i.e., no stimulation), which served as the baseline, where it included only
the conventional MT. Afterwards, the electrical intensity selection for each participant
started from the S2, where the evidence for the motor threshold was verifiable for both
participants and the experiment supervisor. The electrical intensity started from level 0,
then gradually increased by 1 level until the involuntary twitching of the finger was visible
(S2). Subsequently, the electrical intensity was decreased by 1–3 levels to achieve the S1. In
this process, the supervisor observed the finger condition to ensure no visible movement oc-
curred and the electrical stimulation remained perceptible (i.e., above sensory threshold). To
achieve S3, the intensity was gradually increased from S2 by 1–3 levels until the involuntary
finger-close gesture was reached. Similarly, the S4 was achieved by increasing the intensity
by 1–3 levels from S3. The mechanism of decreasing–increasing intensity by 1–3 levels
was performed to accommodate a personalized level for each participant. Throughout the
selection process, the supervisor consistently inquired whether the participant experienced
any discomfort or pain in their skin or muscles. Once the participant reported pain or
discomfort at a specific intensity level, a label was assigned to the corresponding level.
Thereby, all the employed intensities were kept within safe intensities.

3.5.3. Familiarization

In this study, the participants are laypeople with no experience in MT. Therefore, a
familiarization is essential to help them understand the working principle of conventional
MT. As depicted in Figure 4, this session required the participant to sit comfortably, then put
their right hand in front of the mirror box while their left hand was inside the mirror box.
Subsequently, the participants were asked to align the reflection of the left hand with the
forearm of the right hand according to their vision, to make it as one whole hand, as shown
in Figure 7. This particular measure facilitated the participant in perceiving the ownership
of the left hand’s reflection as the right hand (i.e., the assumed affected hand). Afterwards,
the participant performed two sessions of the finger open–close movement task, each of
which consisted of 10 movement tasks. Prior to the movement task of familiarization, the
supervisor reminded them to always focus on the reflection and think of it as the right
hand (i.e., the hand inside the mirror box). Additionally, the participant was reminded to
perform the movement task naturally without exerting much power.

In the familiarization session, the participant was required to perform 10 open–close
finger movements on both hands following audio direction. After finishing the first session,
the participant rested for several seconds and was reminded to always focus on reflection
and consider it as the hand inside the mirror box, prior to the next session. In the next
session, the participant performed the 10-finger movement tasks only on the hand outside
the mirror, following the audio direction. The audio direction consisted of a 10 s active
buzzer for movement direction, which was repeated 10 times. The 10 s active buzzer
comprised a 5 s ramp-up buzzer for close movement direction, a 3 s ramp-down for open
movement direction, and a 2 s silence for resting. The participant was encouraged to match
the audio direction tempo with the progress of the open–close finger movement.
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Left Hand’s 

Reflection

Left Hand

Right 

Forearm

Alignment

Figure 7. Alignment process between the left hand’s reflection and the right forearm.

3.5.4. Intervention

As shown in Figure 6, the intervention was composed of 6 sessions, where the first
through fifth sessions applied the S0–S4 in random order and concluded with the S4F at the
last session. Only the hand outside the box performed the finger movement task, which
simultaneously served as the control of the EMS electrical intensity through the stretch-
sensor glove. Subsequently, a similar audio direction to the one in the familiarization,
comprising 10 movement direction buzzers, was applied to the first through fifth sessions
only. Meanwhile, the S4F, as the last session, did not incorporate audio direction, as it
corresponded to the free and spontaneous movement, where the participant performed
the finger movement task at their own pace but were limited to 10 movements. The
repetition of these 10 movements was intended to ensure the participant’s perceived body
representation for the corresponding electrical stimulus type, thereby avoiding uncertainty
when stating the perceived body representation level. After each session, the participant
was required to fill in the body representation and stimulus comfort level questionnaire, as
stated in Section 3.4. The order of the stimulus types was known only to the experiment
supervisor to prevent bias when participants completed the questionnaire. During the
intervention processes, the supervisor regularly asked whether the participant experienced
any pain or discomfort in their skin or muscles, ensuring that the intervention could be
stopped immediately if an adverse condition occurred.

3.5.5. Intervention Safety Measure

Even though all safety screening prior to recruitment and safe parameter selection of
EMS were applied, further safety measures, especially during the intervention sessions,
are essential to ensure the participant’s safety. Along with the safe EMS parameters and
regular checks by the experiment supervisor, the system provided a software and hardware
emergency shutdown. If the participant reports any pain or discomfort, the supervisor
can immediately stop the system either by software or hardware, and automatically re-
move any electrical stimulus. In a clinical review study, various interventions for critically
ill patients utilized electrical stimulation courses lasting for 30 min twice a day or 40 to
60 min per session or day [38]. As previously mentioned, this study utilized a 10 s audio
direction for a finger movement. Each session involved 10 repetitions of the movement
and a total of six sessions during the intervention phase. This resulted in approximately
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10 min of electrical stimulation exposure for each participant. The duration of exposure
was significantly shorter than that used for critically ill patients. Furthermore, this study
involved healthy participants who underwent an initial screening to exclude any individu-
als at risk. Therefore, the employed intervention approach helped prevent any potential
adverse effects.

3.6. Statistical Analysis

After completing the experiment for all participants, the obtained data and results
were statistically analyzed to observe any correlation and significance of the proposed
system’s outcome. In this study, the collected results comprised both qualitative and
quantitative data. As mentioned in Section 3.4, the primary outcome was the 7-item scale of
perceived body representation and the 5-item scale of applied electrical stimulation comfort
level, each of which constituted a qualitative ordinal data type. Subsequently, the BMI and
forearm circumference data corresponded to the quantitative continuous data. Additionally,
several experiment parameters, including electrical intensity levels and stimulation order,
belonged to the ordinal and nominal data types, respectively.

Considering the types of data, Spearman’s rank correlation test was applied to evaluate
the relationships between BMI and forearm circumference for the employed intensity levels
individually. Spearman’s rank correlation test was also applied to evaluate the relationship
between the order of individual stimulus types and the perceived body representation score.
The significant difference in the primary outcomes was analyzed using Kruskal–Wallis
and post hoc Dunn’s tests. A Bonferroni correction was employed to reduce the risk of
Type 1 error of false positives.

4. Results
A system has been proposed to enhance the sense of body ownership through visual

mirror feedback in MT. This section demonstrates the behavior related to the primary
outcomes. Additionally, we analyze how participants’ characteristics affect the applied
electrical intensity. The effect of the order in which the electrical intensity is implemented
on the body representation score is also reflected upon.

4.1. Correlation of Physical Characteristics and Personalized Electrical Intensity

Table 3 shows the participants’ physiological data and the personalized electrical
intensity. The intensities from the stimulus types of S0 and S4 were excluded because they
were uniformly zero and identical to those of S4, respectively. As previously explained
in Section 3.5.2, the selection of personalized electrical intensity was performed through
increasing–decreasing the intensity by 1–3 levels. The corresponding approach proved to
facilitate the flexibility in the selection process, as demonstrated in Table 3. Participant 1
showed an intensity difference of 1, emphasized by the variance of intensity difference,
indicating a uniform difference. A similar result occurred in participant 7 with a uniform
intensity difference of 2. A higher variance in the intensity difference indicated a larger
difference in the intensity trend. As shown in participant 6, the gap between S1 through S3
was 3, but dropped to 1 upon S4. Therefore, an appropriate personalized electrical intensity
with variation in the participant’s characteristics was achieved.

Subsequently, Table 4 demonstrates the correlation scores between participants’ physi-
cal data and electrical intensities. All scores indicated a relatively weak positive correlation
and were statistically insignificant (p > 0.05), with a decreasing trend upon higher stimulus
types on both metrics. In this table, the non-significant result was largely due to the small
sample size (N = 10) . However, the important point is the correlation score between
BMI and forearm circumference that determines the personalized electrical intensity the
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most. The forearm circumference showed a stronger correlation than BMI in influencing
the personalized electrical intensity selection. The influence of the forearm circumference
was related to the attachment accuracy of the EMS device, while the BMI corresponded
to the body composition. Even though body composition has an association with forearm
circumference (ρ = 0.93; p < 0.01), the accurate position of the EMS channel on the target
muscle has a higher impact on the personalized intensities.

Table 3. Participants’ physical data and personalized electrical intensity.

Participant
BMI

(kg/m2)
Forearm Circumference

(cm) S1 S2 S3 S4
Intensity

Difference
Variance

1 25.06 24.55 5 6 7 8 0.00

2 17.40 24.30 2 3 5 8 0.67

3 32.91 28.85 6 7 9 11 0.22

4 29.86 27.60 2 5 7 9 0.22

5 17.31 22.40 4 6 9 10 0.67

6 17.21 22.40 4 7 10 11 0.89

7 19.88 22.20 1 3 5 7 0.00

8 20.20 23.60 2 4 5 6 0.22

9 23.11 24.70 2 4 6 7 0.22

10 21.80 24.40 6 9 11 12 0.67

Table 4. Spearman’s rank correlation coefficient (ρ) between participant’s physical data and electrical
intensities.

Stimulus
Type BMI Forearm Circumference

S1 0.26 0.38

S2 0.17 0.26

S3 0.02 0.17

S4 0.01 0.19

4.2. Perceived Body Representation and Electrical Stimulus Comfort

The behaviors within the perceived body representation and the electrical stimulus
comfort level, and their correlation, were analyzed. While both variables served as the
primary outcomes, the underlying influence differed. Table 5 presents the randomized stim-
ulation order for each participant, primary outcomes, and the corresponding Spearman’s
correlation coefficient. The body representation perception scores showed an increasing
trend with higher stimulus types, while electrical stimulus comfort showed a reversed
trend. These findings highlight the reliability of the adopted questionnaire in providing
clear information to the participant. The trends were emphasized with the overall coeffi-
cient value showing a negative correlation. All correlation coefficients showed relatively
high values, with participants 3 and 6 being significantly contradictory (p < 0.05) and
participants 1 and 5 being significantly strongly contradictory (p < 0.01), between the per-
ceived body representation and stimulus comfort level. These primary outcomes shared the
same underlying influence of the particular applied electrical stimulus. The Kruskal–Wallis
test resulted in a significance value below 0.01 on both primary outcomes, indicating that
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the median of at least two groups had a significant difference. To further determine the
specific groups having significant differences, a post hoc Dunn’s test was employed.

Table 5. Summary of stimulation order and correlation between primary outcomes. (* p < 0.05;
** p < 0.01).

Participant Stimulation Order

Body
Representation

Perception

Electrical
Stimulus
Comfort

Correlation of Body Representation
and Stimulus Comfort

(ρ)
S0 S1 S2 S3 S4 S4F S0 S1 S2 S3 S4 S4F

1 S2-S4-S0-S3-S1-S4F 1 2 2 6 6 6 5 4 4 2 1 3 −0.94 **

2 S4-S2-S0-S3-S1-S4F 1 1 4 3 5 7 5 5 3 3 2 4 −0.63

3 S2-S4-S0-S3-S1-S4F 1 2 3 3 3 3 5 4 4 3 3 3 −0.82 *

4 S1-S3-S2-S4-S0-S4F 6 4 4 5 7 7 5 5 5 4 4 4 −0.70

5 S1-S3-S2-S4-S0-S4F 2 4 3 5 6 6 5 4 4 4 2 2 −0.94 **

6 S0-S2-S3-S4-S1-S4F 3 2 3 4 5 5 4 4 4 4 3 2 −0.84 *

7 S0-S2-S3-S4-S1-S4F 3 6 5 5 6 4 5 4 3 2 1 2 −0.40

8 S3-S1-S2-S0-S4-S4F 2 1 1 4 5 4 5 4 3 3 2 3 −0.66

9 S3-S1-S2-S0-S4-S4F 1 1 1 5 6 4 5 5 5 3 4 3 −0.79

10 S4-S2-S0-S3-S1-S4F 4 4 3 5 3 6 5 5 5 3 3 3 −0.40

Table 6 presents the post hoc Dunn’s statistical analysis result within primary out-
comes. The result is presented in a confusion-matrix-like table to show the p-value relation
between electrical stimulus types. The diagonal cell was highlighted in black, as it has no
meaning due to similar stimulus types, while cells in yellow colors corresponded to p-value
below 0.01. In body representation perception, a clear separation occurred between low-
and high-intensity stimuli, where the S2 and S3 served as the separation stimulus.

Table 6. Post hoc Dunn’s test result (yellow cell: p < 0.01).

Primary Outcome Stimulus
Types S0 S1 S2 S3 S4 S4F

S0 1.000 1.000 1.000 0.145 0.008 0.009
S1 1.000 1.000 1.000 0.412 0.031 0.036
S2 1.000 1.000 1.000 0.606 0.052 0.060
S3 0.145 0.412 0.606 1.000 1.000 1.000
S4 0.008 0.031 0.052 1.000 1.000 1.000

Body
Representation

Perception

S4F 0.009 0.036 0.060 1.000 1.000 1.000
S0 1.0000 1.0000 0.6382 0.0013 0.00003 0.0002
S1 1.0000 1.0000 1.0000 0.0774 0.0042 0.0220
S2 0.6382 1.0000 1.0000 0.8702 0.0948 0.3391
S3 0.0013 0.0774 0.8702 1.0000 1.0000 1.0000
S4 0.00003 0.0042 0.0948 1.0000 1.0000 1.0000

Electrical
Stimulus
Comfort

S4F 0.0002 0.0220 0.3391 1.0000 1.0000 1.0000

An interesting finding resided within low and high intensities, each of which showed
no significant difference. A similar condition occurred in the electrical stimulus, charac-
terized by a separation of perceived comfort between low- and high-intensities, where
only the S2 served as the separation point. Additionally, a significant difference occurred
between S0 and S3. In relation to Table 5, claiming the increasing–decreasing trend upon
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higher stimulus types, the statistically significant difference between stimuli was further
emphasized in Figures 8 and 9. In addition to the significance test result, Figure 8 depicted
an apparent gap between low–moderate and moderate–high types of stimuli, represented
by S0–S2 and S3–S4F, respectively. On the other hand, Figure 9 showed a degenerate
distribution in S0, with all participants having exactly identical scores, and an overlapping
distribution, especially between S4 and S4F.

S0 S1 S2 S3 S4 S4F

**
**

**
**

1

2

3

4

5

6

7

Figure 8. Boxplot of body representation perception (** p < 0.05).

1

2

3

4

5

S0 S1 S2 S3 S4 S4F

**
**

**
**
**

Figure 9. Boxplot of electrical stimulus comfort (** p < 0.05).

4.3. The Influence of the Individual Stimulation Order on the Perceived Body Representation

In the previous section, it was explained that the primary outcomes shared the same
underlying influence, which was the applied individual electrical stimulus. However, the
body representation perception was also exposed to the influence of stimulation order. As
shown in Table 5, the S0 that corresponded to the electrical intensity level 0 (i.e., no electrical
stimulus) showed a perceived body representation score trend below 4, which was difficulty
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in perceiving the body representation, as explained in Table 1. Similar results on the S4, as
the strongest intensity level, showed a score trend of 4 and above. However, there were
instances in which both stimulus types showed opposite results to the trend. As shown in
Table 5, participant 4 had an S0 score of 6, while participant 10 showed an S4 score of 3, each
of which had a stimulus located at the fifth and first orders, respectively. These findings
elicited a possibility of stimulation order influence on body representation perception.

Table 7 shows the correlation coefficient values of body representation perception with
stimulation order for each stimulation type. The S4F stimulus type was always positioned
at the last order (i.e., non-randomized order); therefore, it was excluded. All coefficients
showed an overall relatively small value with no statistically significant difference. The
sparsity nature of this particular behavior instilled a small number of instances with an
opposing direction to the trend, which may influence the statistical analysis. According to
the result, S0 and S4 showed positive coefficients, while S1, S2, and S3 showed negative
coefficients. Subsequently, S0 through S3 showed small coefficient values, while a moderate
value in the S4. Additionally, the average correlation coefficient value showed a very weak
correlation, indicating that the employed stimulation order did not affect the perception of
body representation.

Table 7. Spearman’s correlation coefficient (ρ) of stimulation order and body representation for each
stimulus type.

S0 S1 S2 S3 S4 Average

0.14 −0.03 −0.17 −0.14 0.46 0.05

According to the current study, a positive coefficient indicates a linear direction with
the increasing stimulation order, and vice versa. Subsequently, small coefficient values
indicate a weak correlation of a particular stimulus type toward the increasing stimulation
order. A positive and large coefficient value implies that the influence of a specific type of
stimulus on body representation perception is volatile, as it depends on the stimulation
order to influence body representation, where weak body representation is produced when
located at an early order and strong body representation at a later order. In contrast, a small
coefficient value, regardless of the direction, depicts a weak influence of stimulation order
on body representation perception. Accordingly, Table 8 demonstrates the interpretation of
the correlation coefficient for each stimulus type.

Table 8. Interpretation of Spearman’s correlation coefficient between stimulation order and body
representation for each stimulation type.

Stimulus Type Interpretation

S0 Small chance to induce higher body representation when located
at the later order, and vice versa

S1 Small chance to induce higher body representation when located
at the earlier order, and vice versa

S2 Small chance to induce higher body representation when located
at the earlier order, and vice versa

S3 Small chance to induce lower body representation when located
at the later order, and vice versa

S4 Moderate chance to induce lower body representation when lo-
cated at the earlier order, and vice versa
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5. Discussion
A system that enhances visual mirror feedback ownership and body representation

perception in MT through proportional control of EMS electrical intensity has been pro-
posed. The EMS implementation in the proposed system has been focused on enhancing the
conventional MT to facilitate easy perception of body representation. As previously stated
in Section 2.2, it remains dubious whether the addition of the EMS in previous studies may
improve the visual feedback ownership aspect of MT, or instill an independent influence
on body functional outcome. Unfortunately, there is a lack of related studies that focus
on evaluating this issue. Furthermore, the fixed active–resting EMS stimulation window
implemented in previous studies may violate the participant’s movement intention, which
can induce a negative influence on body representation perception. In contrast, this study
encourages the participant’s independent movement intention through synchronization of
both hands, where the involuntary movement of the assumed affected hand is electrically
controlled in proportion by the healthy hand.

5.1. Personalization of Electrical Intensity

Previous studies employed EMS combined with MT, but the fundamental mechanism
significantly differed from the current study. The previous studies applied the EMS through
an active–rest stimulation window mechanism, in which the participant was forced to match
the movement of the healthy hand with the pre-programmed EMS courses. Consequently,
an optimal protocol of MT–EMS was deemed mandatory to enhance synergistic effect
and further promote neuroplasticity [29,30]. In contrast, the current study utilizes healthy
hand movement to generate involuntary finger movement on the assumed affected hand,
which is considered a synergistic mechanism of both hands, prioritizing it according to the
participant’s will. Furthermore, this study employed a free and spontaneous movement
session, where the participant performed the task at their own pace. As demonstrated
in Section 4.1, personalization of electrical intensity was provided to optimize the body
representation perception through the generated finger movement for each participant.
Therefore, the selected intensities for each stimulus type were arranged to match the hint
as mentioned in Section 3.5.2.

To further observe the selected intensities with possible underlying influences, a
correlation analysis was conducted between each stimulus type and the participants’
physical data of BMI and forearm circumference. As mentioned in Section 4.1, both
physical data showed a weak correlation with the stimulus types, but forearm circumference
showed a higher correlation than BMI. As explained in Section 3.4, the BMI corresponds to
body composition, especially the subcutaneous tissue, which may affect the personalized
electrical intensity [40–44]. However, the thickness of subcutaneous tissue can be bypassed
if sufficient electrical intensity is applied to stimulate proper involuntary movement. In
correlation with the actual patient’s case, a personalized electrical intensity may be able to
address both body composition variation and reduced sensory function issues.

On the other hand, forearm circumference is correlated with the accuracy of attachment
of the EMS device to the target muscles. Inaccurate attachment may induce improperly
stimulated involuntary movement, regardless of the intensity level. As shown in Table 3,
participant 4 showed a higher BMI than participant 10, but weaker personalized electrical
intensities. This condition was also influenced by the inaccurate attachment of the EMS
channel to the target muscle, where participant 10 required overall higher electrical intensi-
ties to match the hint of S1 through S4. However, body representation perception does not
necessarily require higher intensities or a complete form of the stimulated gesture, as each
person has their own preferences and sensitivities.
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5.2. Implication of Body Representation Perception and Electrical Stimulus Comfort Level

The correlation between primary outcomes is explained in Section 4. The primary
outcome has an overall opposite direction. This finding provides guidance for future
experiments with actual patients when selecting the electrical intensity. According to the
results, applying a lower intensity maintains a comfortable sensation for the participant,
but ineffectively enhances body representation perception and provides only sensory-level
stimulation (i.e., a tingling sensation on the skin). On the contrary, applying a higher
intensity may induce an uncomfortable feeling in the participant, but it effectively enhances
body representation perception and adequately stimulates involuntary finger movement.

One important thing to note is that throughout the experiment processes, it was
ensured that all participants experienced no pain when the stimulation was applied. There-
fore, the uncomfortable sensation in the current study indicates how vivid a stimulus
was perceived compared to S0, which serves as the baseline (i.e., no perceptible electrical
stimulus) within a safe range of stimuli. While this study compared several intensity levels,
the trend indicates that lower intensities correspond to S0 through S2, and higher intensities
to S3 and S4. Notably, S4F represents the electrical intensity of S4 in the spontaneous
movement scheme, as shown in Figure 8. Additionally, there was no significant difference
between S3 through S4F, indicating that a patient may employ electrical intensity between
these stimulus types to acquire body representation perception.

5.3. The Influence of Stimulation Order in Altering the Perceived Body Representation

Another interesting finding of this study was the influence of the stimulation order on
the perceived body representation, as explained in Section 4.3. This finding was further
emphasized with the correlation analysis, showing a linear direction of S0 and S4 with the
ascending order of stimulation (i.e., first through fifth order), each with a low and moderate
correlation, respectively. In the case of participant 10, the perceived body representation for
S4 was likely weak due to the inability to compare it with other stimulus types, as it was
presented first. Conversely, the higher-intensity stimuli of S3 and S4F were associated with
higher perceptions of body representation, as they were positioned fourth and last in the
order, respectively.

Subsequently, for participant 4, S0 was likely influenced by prior exposure to the
high-intensity stimuli of S3 (in the second order) and/or S4 (in the fourth order). The
nervous system’s homeostatic mechanisms might underlie this effect, as neurons tend to
maintain stable activity in response to external disturbances, such as electrical stimulation
of the peripheral nervous system [49]. Under this homeostatic mechanism, the participant’s
body may have become accustomed to higher electrical intensities, which could create a
pseudo-memory for the same intensity level in subsequent sessions. Additionally, based on
the average score, the combination of stimulation order from all stimulus types employed
in this study could not explain the acquired body representation. While the finding of
individual stimulus types suggests a potential to develop a structured stimulation order
to enhance neuroplasticity, further investigation is necessary to understand the impact of
higher-intensity stimuli on subsequent lower-intensity applications.

5.4. Limitation and Future Works

The small number of participants limited our ability to generalize the effects of the
stimulation order on body perception, which showed a behavior of uncertain occurrence.
Subsequently, this study disregarded the influence of incomplete involuntary finger move-
ment on body representation under a higher electrical intensity, which may serve as a
sensory alteration of the body. To address these limitations, we plan to make further
improvements, including the use of a stretch-sensor glove on the affected hand to monitor
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involuntary gestures for comparison with those of the healthy hand and the resulting
body representation perception. More importantly, the good performance of the proposed
system in this study serves as a suggestion for conducting the next stage of the study, which
involves observing the system’s performance on actual patients.

6. Conclusions
The proposed system represents a significant advancement in enhancing the visual

feedback ownership and body representation perception through a proportional and syn-
chronous control of EMS using healthy hand movements. While showing an opposite trend
direction in stimulus comfort level, the proposed system enhances body representation
perception for higher stimulus types. It has been observed that stronger stimulus types,
particularly S4 and S4F, mark improvements in body representation perception, as evi-
denced by the strong statistical significance when compared to baseline stimulus S0 and
the weakest stimulus, S1. Additionally, there is a small chance to promote neuroplasticity
further by utilizing higher electrical intensities in a strategic order, which compels further
investigation. These findings underscore the potential for improved body representation
through enhanced visual feedback ownership when employing higher electrical intensities.
The proposed system demonstrates a promising performance, especially when applied
to healthy participants. Therefore, further observation of the proposed method in actual
post-stroke patients is necessary.
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