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Highlights:

• A portable FES glove enables independent finger motion control via Highly selective stimulation.

• Multi-channel system offers high selectivity with adjustable frequency, amplitude, and pulse width.

• Custom electrode glove integrates silver fiber and hydrogel for comfort and stability.

• Experiments on 8 subjects showed significant target finger movement with low coupling effects.

• Suitable for precise hand rehabilitation tasks requiring fine motor control.

Abstract: Functional electrical stimulation (FES) is an important rehabilitation technology for the
recovery of motor function. This work developed a novel FES glove (FESGlove) with good selectivity
for hand muscle stimulation. FESGlove aims to achieve independent finger motion control, which most
available FES systems lack. The device is portable, multi-channel, and features adjustable stimulation
parameters. FESGlove integrates a custom-designed electrode glove that combines silver-fiber fabric
and hydrogel electrodes, enabling selective stimulation of hand muscles and nerves. Experiments were
conducted on eight healthy participants to evaluate the system’s performance in controlling target finger
movements while minimizing non-target finger coupling. The results demonstrated that the FES system
achieved high selectivity and repeatibility in both flexion and extension modes, with target fingers
exhibiting significantly greater movement amplitudes than non-target fingers. The system’s adaptability to
individual differences and comfortable user experience were also confirmed. This satisfactory performance
demonstrates the potential of the system for hand rehabilitation or assistance for people with disabilities
in the future.
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1. Introduction

Millions of people with disabilities are suffering from hand dysfunction [1]. Hand functionality is critical
for activities of daily living, such as eating, dressing, writing, and personal hygiene [2]. Limited hand
function not only diminishes patients’ ability to live independently but also severely reduces their quality
of life, with some individuals becoming entirely dependent on caregivers [3].

Restoring hand motor function poses greater challenges compared to other body parts due to the
intricate coordination required among multiple joints, muscles, and nerves [4]. Complex actions such as
grasping, pinching, and tapping demand not only strength recovery but also precise motor control [5]. This
highlights the need for highly specialized rehabilitation strategies that address the fine motor requirements
of hand recovery. However, traditional rehabilitation approaches often do not meet the personalized
demands of patients and show limited efficacy in improving hand function.

Functional electrical stimulation (FES) is a well-established neurorehabilitation technique that has
been widely applied in the recovery of motor function following stroke [6]. Based on the principle of
neuroplasticity, FES promotes functional recovery by directly stimulating target muscles and nerves [6, 7].
Existing FES devices for hand rehabilitation, such as the XFT-2003EA H2 [8], Bioness H200 Wireless [9],
and ReGrasp [10], have demonstrated effectiveness in facilitating gross hand movements, such as grasping
and extending. However, these systems face significant challenges in precisely controlling individual
fingers. In particular, their limited number of stimulation channels restricts the ability to achieve highly
selective stimulation, making it difficult to isolate the motion of a single finger. As a result, patients may be
unable to perform intricate hand functions, such as picking up small objects or completing high-precision
tasks, thereby hindering the achievement of comprehensive rehabilitation goals.

Beyond motor rehabilitation, electrical stimulation technologies, including the principles of FES,
have been widely adopted in other domains of neural engineering. For instance, cochlear implants utilize
reconfigurable neural stimulation circuits to restore hearing [11], retinal prostheses stimulate visual
neurons to recover partial sight [12], and deep brain stimulation systems apply electrical pulses to alleviate
symptoms in neurological disorders such as Parkinson’s disease [13]. These applications reflect the
technological versatility and growing impact of electrical stimulation in modern biomedicine.

To address the limitations of existing hand-focused FES devices, recent research has focused on
enhancing the selectivity of stimulation techniques to improve single-finger control. Some studies
have attempted to achieve finger flexion or extension by placing electrodes on the forearm to stimulate
forearm muscles [14, 15]. Optimizing electrode placement and stimulation parameters has been shown
to improve selectivity; however, the inherent multi-joint nature of forearm muscles and their tendons
spanning multiple fingers frequently leads to unintended finger coupling, limiting the effectiveness of this
approach [14, 16].

Advanced electrode designs and stimulation algorithms have also been proposed to improve control
precision. For example, high-density electrode arrays with self-calibration mechanisms have been
developed to enhance target finger selectivity [17]. Despite these advancements, challenges such as
limited target finger movement amplitude, insufficient suppression of non-target finger motion, and
suboptimal user comfort persist.
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In addition, surface stimulation techniques targeting forearm muscles have demonstrated
improvements in the accuracy of grasping and releasing movements [18]. However, these methods still
struggle to provide precise, independent finger control, primarily due to shared anatomical structures,
such as tendons and muscles.

Given these limitations, we developed FESGlove: a portable, multi-channel, and parameter-adjustable
FES system tailored for hand rehabilitation. The system integrates a novel electrode glove that combines
silver-fiber fabric with hydrogel electrodes. By capitalizing on the high selectivity afforded by
multi-channel stimulation and the specialized glove design, FESGlove precisely targets small muscles and
nerves in the hand to enable independent finger control. Compared to conventional devices, it provides
greater channel diversity, adjustable stimulation parameters, and enhanced wearability. To evaluate its
performance, we conducted experiments with eight healthy participants and monitored the movements
of both target and non-target fingers. The study systematically assessed the system’s effectiveness in
facilitating independent finger control while minimizing unintended finger coupling.

To elucidate the physiological challenges of achieving independent finger movement, Figure ??
illustrates the comparative anatomy of the muscles and nerves in the forearm and hand. Previous
studies have primarily targeted forearm muscles due to their accessibility and their critical role in gross
motor functions of the fingers. For example, the flexor digitorum profundus and flexor digitorum
superficialis muscles in the forearm control finger flexion, acting on the distal and middle phalanges,
respectively [19, 20]. Similarly, finger extension is facilitated by the extensor digitorum, extensor
indicis, and extensor digiti minimi muscles, which originate in the forearm and insert into the extensor
hoods of the fingers [20]. However, these forearm muscles share tendon structures spanning multiple
fingers, often leading to unintended coupling effects during electrical stimulation. In addition, their
complex distribution (encompassing both superficial and deep layers) can activate non-target muscles
simultaneously, resulting in unintended finger movements. This anatomical limitation restricts precise
single-finger control. Furthermore, many forearm muscles span multiple joints and fingers, complicating
the accurate localization of stimulation sites. The intricate branching of nerves, including the median,
ulnar, and radial nerves, introduces yet another layer of complexity, making it difficult to selectively
activate target muscles without inadvertently stimulating non-target ones. These factors collectively
underscore the inherent challenges of relying on forearm-based stimulation for independent finger control
in prior research.

In contrast, this study emphasizes localized stimulation of hand muscles and nerves that are directly
involved in fine motor control. Specifically, for finger flexion, the stimulation targets branches of the flexor
digitorum profundus and flexor digitorum superficialis corresponding to each finger, as well as the thenar
muscles, hypothenar muscles, and branches of the median nerve within the hand. For finger extension,
it focuses on the respective branches of the extensor digitorum, extensor pollicis longus, and the radial
nerve [20]. By capitalizing on the hand’s anatomy, this localized approach enables precise activation of
individual fingers, markedly reducing unintended movements of non-target fingers and overcoming the
tendon coupling limitations seen in forearm stimulation. Although intrinsic hand muscles produce less
force than their forearm counterparts, targeting them allows for more selective and precise finger control.
Therefore, this strategy avoids the challenges posed by the broader, more interconnected forearm muscles,
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effectively reducing unintended movements during single-finger flexion and extension tasks.

Figure 1. Anatomical diagram of forearm and hand muscles with associated nerves.

Figure 1 illustrates the primary muscles and nerves involved in finger flexion and extension. The left
panel highlights the muscles and nerves responsible for finger flexion, while the right panel showcases
those involved in finger extension. Conventional FES systems typically stimulate large muscles in the
forearm, such as the flexor digitorum superficialis, flexor digitorum profundus and extensor digitorum etc.
In contrast, the proposed FESGlove primarily stimulates localized muscles and nerves in the hand, such
as the lumbricais, flexor pollicis brevis, abductor pollicis brevis, as well as branches of the median and
ulnar nerves.

2. Methods

FESGlove aims to achieve better control of independent finger movements and is a multi-channel,
parameter-adjustable FES system. FESGlove consists of three primary components: a software program,
hardware circuits, and an electrode glove. These components were designed synergistically to deliver a
highly integrated and flexible solution tailored to the precise motor rehabilitation needs of the hand.

To validate the effectiveness of FESGlove, experiments were conducted with eight healthy
participants. During the experiments, inertial measurement unit (IMU) sensors were utilized to record
finger motion data. These data were analyzed to evaluate the independent motion of the target finger and
the coupling effects in non-target fingers. This section provides a detailed description of the system’s
design and components, the ethical review and participant recruitment process, the experimental protocol,
the stimulation parameters, and the methods for motion monitoring and data analysis.
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2.1. System design

FESGlove for hand rehabilitation consists of the following four components: Software Program:
The software is responsible for generating control signals to adjust stimulation parameters and
manage channel outputs. It operates on a microcontroller and enables user communication via a
human-machine interface (HMI). Hardware System: Stimulation Circuit: Provides multi-channel
constant-current outputs that generate electrical signals with adjustable frequency, amplitude, and pulse
width to stimulate target muscles and nerves. Human-Machine Interaction System: Includes a 4 × 4
keypad and an LED screen for setting stimulation parameters (e.g., frequency, amplitude, pulse width),
selecting output channels, and displaying the system status in real time. Electrode Glove: The glove
integrates silver fiber fabric with hydrogel electrodes. Precisely arranged stimulation sites provide highly
selective stimulation while ensuring user comfort and wearability.

FESGlove’s overall architecture is depicted in Figure 2. By combining hardware circuits, software,
and the electrode glove, the system effectively meets the complex demands of hand motor rehabilitation.

Figure 2. Schematic diagram of FESGlove system.
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2.2. Stimulation circuit

The stimulation circuit supports 10 channels of constant-current output, with adjustable parameters
including frequency (0–5000 Hz), amplitude (0–50 mA), and pulse width (100–2000 s). The circuit is
controlled by an Arduino Mega 2560 microcontroller, and a digital-to-analog converter (DAC) module
generates reference voltage signals. These signals are amplified by the pulse processing circuit and
delivered to the electrode glove. The system is powered by a 9 V lithium battery, providing high
portability and safety.

Figure 3 illustrates the workflow of the FESGlove hardware circuit system. The process begins with
the microprocessor generating PWM signals at specific frequencies and pulse widths. These signals,
referenced to the voltage output of the DAC circuit, are then amplified to a specified amplitude and
stabilized within the pulse signal control circuit. The pulse signal control circuit comprises filtering,
amplification, and a constant current source. Finally, stimulation currents with defined parameters are
delivered to the electrodes of the FESGlove. This highly integrated structure ensures precise and stable
signal transmission, which is essential for effective functional electrical stimulation.

Figure 3. Hardware circuit workflow of the FESGlove.

The stimulation system’s technical specifications are detailed in Table 1, providing a comprehensive
overview of its capabilities and design features.
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Table 1. Technical parameters of the FESGlove system.

Catgory Parameter Value Unit Description

Stimulation Parameters Current Amplitude 0–50 mA Range of stimulation intensity
Pulse Width 100–2000 µs Width of a single stimulation

pulse
Stimulation
Frequency

0–5000 Hz Repetition frequency of
stimulation

Waveform Type Square
Wave

- Type of output waveform

Control Parameters Number of Channels 10 - Number of stimulation
channels

Voltage Range 0–100 V Output voltage range
Mechanical Properties Power Source 9V Lithium

Battery
- Power supply for the system

Weight 296 g Total weight (excluding
battery)

Safety Parameters Maximum Current
Limit

50 mA Maximum current for safety

In this study, the goal was to achieve independent control of single-finger movements by applying
low-frequency functional electrical stimulation (FES) to localized muscles and nerves in the hand.
Therefore, the required frequency range for this application is 1–100 Hz, and a frequency of 35 Hz was
used during experiments. The pulse width was adjustable from 100 to 2000 µs, with 500 µs selected as
the standard setting based on initial trials. The stimulation amplitude needed to be adjustable from 5 to
30 mA; during experiments, the current started at 5 mA and was gradually increased to elicit clear finger
motion while remaining within the participant’s comfort threshold.

To further verify the stability and accuracy of the FESGlove hardware circuit system, the output
stimulation current was applied to a 1000-ohm load, with the target parameters set to a frequency of
35 Hz, a pulse width of 500 µs, and an amplitude of 10 mA. The choice of a 1000-ohm load was based
on a common engineering approximation for the average impedance of the skin–electrode interface
during transcutaneous electrical stimulation, particularly when using conductive gel electrodes [21].
The measured stimulation current signal was observed using an oscilloscope. As shown in Figure 4,
the waveform demonstrates that the system is capable of generating stable stimulation signals that
precisely match the pre-set parameters used in the human experiments of this study. These parameters
include a frequency of 35 Hz, a pulse width of 510 µs, and a voltage amplitude of approximately 9.87 V,
corresponding to a current amplitude of 9.87 mA. Hence, these findings confirm the system’s reliability in
generating stable and precise stimulation currents.
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Figure 4. Oscilloscope observation of stimulation output waveform.

2.3. Electrode glove

The electrode glove was designed with considerations for ergonomics and electrical stimulation
performance. Elastic fabric serves as the glove’s base material, while silver fiber fabric and hydrogel
electrodes are strategically positioned for effective stimulation. The specific design details of the electrode
glove are illustrated in Figure 5.

Figure 5. Schematic of the electrode glove design.

Electrode Placement: To identify consistent stimulation sites capable of eliciting isolated finger
movements, pilot testing was conducted on three healthy subjects. A pulse current at 35 Hz was applied
to various hand regions to test responses from different muscles and nerves, as shown in Figure 6. Based
on the results, distinct electrode configurations were selected for finger flexion and extension tasks.

For finger extension, the stimulation electrodes (anodes) were placed on the dorsal side of each finger
between the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints, while the reference
electrode (cathode) was positioned on the dorsal base of the palm.

For finger flexion, the electrode placement varied between the thumb and other fingers. For the
thumb, the stimulation electrode was placed over the central region of the thenar eminence. For the other
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fingers, the electrodes were positioned on the palmar side, also between the MCP and PIP joints. In both
cases, the reference electrode was placed on the palmar base of the hand.

Figure 6. Photographs of a participant during pilot testing to determine optimal
stimulation sites for inducing independent finger movements.

Electrode Dimensions: The reference electrode was a circular pad with a diameter of 2.2 cm. The
stimulation electrodes varied in size, with a 1 × 1 cm square for the little finger and 1.5 × 2 cm rectangles
for other fingers.

Material Properties: Silver fiber fabric, known for its softness and high conductivity, ensured close
contact with the skin and efficient signal delivery [22, 23]. Combined with hydrogel electrodes, this
design enhanced stability, comfort, and user experience during extended use [24].

This design achieves precise stimulation while ensuring ease of wear and long-term usability. Figure
7 shows the physical implementation of the complete hand functional electrical stimulation rehabilitation
system.
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Figure 7. Physical diagram of the hand functional electrical stimulation
rehabilitation system.

2.4. Experimental design

The study was conducted following ethical approval of University of Bath (Approval ID: 1117–4790). All
participants provided written informed consent after being briefed on the experimental procedures and
potential risks. Eight healthy volunteers (6 males and 2 females), aged 19–26 years (mean age: 22.5 ±
2.1 years), were recruited. All participants were right-handed and met the following inclusion criteria:

(1) No history of neurological, musculoskeletal, or other upper-limb impairments; (2) Healthy
hand skin with no allergies or injuries; (3) No implanted electronic devices (e.g., pacemakers); (4)
The palm circumference between 18 cm and 21 cm; (5) Good psychological condition without fear of
electrical stimulation.

The experimental workflow, comprised three main phases:
Preparation: Participants wore the electrode glove, and initial stimulation parameters were

configured using the HMI. Although the participants exhibited slight differences in hand size, all had
palm circumferences between 18 cm and 21 cm, which fit well within the elastic range of the glove.
The stretchable glove material enabled precise adjustment of the electrode positions to accommodate
individual anatomical differences and ensure effective and selective stimulation. Prior to the formal trials,
each electrode position was fine-tuned through brief calibration and then fixed to maintain consistency
throughout the experiment.

Single-Finger Independent Control Test: Target fingers (thumb, index, middle, ring, little) were
randomly stimulated to induce flexion or extension movements. Finger motion data were recorded to
evaluate target finger movement amplitude and non-target finger coupling effects.

Collection and Analysis: Each stimulation task was repeated five times with a 10-second rest interval
to prevent muscle fatigue. And each stimulation trial lasted no more than 5 seconds. All data were
transmitted via Bluetooth to a computer for subsequent analysis.

To clarify the definition of finger angles in this study and to illustrate how the IMU sensor measures
these angles, Figure 8 provides a schematic representation of the experimental setup. As shown in the
figure, the initial angle (α0) represents the finger’s resting position at the start of the experiment. In the
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left panel of Figure 9, the finger naturally assumes either an extended or flexed posture, depending on
the specific experiment. Specifically, in the finger flexion experiment, the finger begins in a naturally
extended position, whereas in the finger extension experiment, it starts in a naturally flexed position. The
subsequent angle (α1) indicates the finger’s position following stimulation-induced flexion or extension.
The difference between these two angles (|α1 −α0|) quantifies the finger’s movement during stimulation
and serves as a key parameter for evaluating finger motion. These angles are calculated based on the
IMU sensor’s monitoring of the finger’s relative orientation with respect to a horizontal reference plane.
This standardized definition ensures consistency and accuracy in measuring finger motion across all
experimental conditions.

Figure 8. Schematic diagram of finger angle definition in the experiment.

Figure 9. Experimental setup for independent single-finger control. It illustrates the
experimental setup for evaluating middle finger flexion in one of the participants using
the FESGlove system developed in this study.

2.5. Stimulation parameters

The following optimized stimulation parameters were employed to ensure safety and effectiveness:
Frequency: Set to 35 Hz to induce stable muscle contractions while minimizing fatigue caused by

excessive frequencies [25, 26].
Amplitude: Because each subject had different motor and pain thresholds in response to functional

electrical stimulation, the stimulation amplitude was individually adjusted. During the calibration phase,
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the initial current was set at 5 mA and increased in 1 mA increments. The threshold was identified when a
clear movement of the target finger was observed. Then, the amplitude was further increased—within
the subject’s comfort limit—to achieve the largest possible flexion or extension angle without inducing
discomfort or pain [27, 28].

Pulse Width: Fixed at 500 µs, which has been shown to effectively recruit muscles while reducing
interference with non-target muscles [29, 30].

2.6. Motion monitoring and data analysis

Finger motion data were recorded using WT9011DCL IMU sensors. These sensors provide high-precision
real-time motion data with an angular measurement accuracy of 0.2° [31]. The sensors were affixed to the
fingertips using lightweight stabilizing fixtures, and data were sampled at a frequency of 200 Hz before
being transmitted to a computer via Bluetooth.

Data Analysis: Target Finger Movement Amplitude: The maximum flexion or extension angle of
the target finger during stimulation was recorded. Non-Target Finger Angle Changes: The movement of
non-target fingers was quantified to assess coupling effects.

Statistical Analysis: One-tailed T-tests were used to evaluate the significance of the angle differences
between target and non-target fingers, with the significance level set at p < 0.05 [32].

3. Results

This section provides a systematic analysis of the experimental data, focusing on the movement amplitude
of target fingers under electrical stimulation, the coupling effects in non-target fingers, and the results of
a one-tailed t-test. By examining the flexion and extension angles of the target fingers, this study
evaluates the effectiveness and selectivity of the developed FES system in achieving independent
single-finger control.

3.1. Target finger performance

As shown in Figure 8 , the IMU sensors recorded the inclination angle of each fingertip relative to a
horizontal reference plane. The values presented in Figures 10–13 represent the change in this angle from
the resting position to the peak position during stimulation, indicating the flexion or extension of the
finger induced by FES.

The experimental data from eight participants were analyzed to assess the flexion and extension
angles of the target fingers under selective stimulation. Figures 10 and 11 illustrate the average movement
amplitudes of each target finger in flexion and extension modes, respectively. Key findings include:

Flexion Mode (Figure 10): Target fingers exhibited significant flexion movements when selectively
stimulated. The thumb showed smaller flexion angles compared to other fingers, likely due to its unique
anatomical structure and the relative independence of the muscles controlling its movement.
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Figure 10. Target finger flexion angles for 8 subjects.

Extension Mode (Figure 11): In contrast to flexion, the extension angles of the target fingers were
generally smaller, consistent with the physiological characteristics of hand muscles, where flexor muscles
are typically more developed and capable of generating larger movement amplitudes.

Figure 11. Target finger extension angles for 8 subjects.

Individual differences in target finger movement amplitudes were observed among participants, which
may be attributed to variations in hand size, the fit of the electrode glove, and sensitivity to electrical
stimulation. These findings underscore the importance of incorporating adjustable and personalized
parameter settings in FES systems, which is consistent with the conclusions of previous studies [29, 33].

Although we did not conduct a dedicated parametric study, we observed that increasing the
stimulation amplitude typically resulted in a larger range of finger flexion or extension, within the subject’s
comfort threshold. For example, in some participants, the middle finger flexion angle increased from
approximately 30° at 6 mA to over 100° at 10 mA. This observation suggests a dose–response relationship
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between stimulation intensity and joint motion, consistent with previous findings in neuromuscular
electrical stimulation research [34]. Throughout the experiment, no consistent decrease in the flexion
or extension angles of the target fingers was observed over time. This suggests that the effect of
neuromuscular adaptation was limited under the proposed stimulation protocol.

3.2. Non-target finger coupling

To evaluate the system’s ability to suppress coupling effects in non-target fingers during independent
finger control, the movement angles of non-target fingers were analyzed. Figures 12 and 13 present the
average flexion and extension angles of all fingers when different target fingers were stimulated:

Flexion Mode (Figure 12): Occasionally, non-target fingers adjacent to the target finger exhibited
slight coupling movements. This phenomenon was particularly evident between the middle and ring
fingers, likely due to the shared tendons and anatomical connections of the hand [35].

Figure 12. Flexion angles of each finger during stimulation of different target fingers.

Extension Mode (Figure 13): Coupling movements in non-target fingers were less pronounced
compared to flexion mode but were still observed to a limited extent.
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Figure 13. Extension angles of each finger during stimulation of different
target fingers.

Although movements of adjacent fingers were occasionally observed during stimulation, their angular
displacement was significantly smaller than that of the target finger and did not interfere with the intended
motion. This level of coupling is considered acceptable, especially given the anatomical proximity of
intrinsic hand muscles and tendons. Mechanical coupling between fingers is widely recognized as a
limiting factor for fully independent finger movement [36]. Compared to conventional forearm-based
stimulation methods, the FESGlove’s multi-channel configuration and localized stimulation strategy
substantially enhance finger selectivity and independence.

3.3. Statistical analysis

To further validate the differences in movement angles between target and non-target fingers, one-tailed
T-tests were performed. The T-test was designed to assess whether the movement angles of the target
fingers were significantly greater than those of non-target fingers. The hypotheses were defined as follows:

Null Hypothesis (H0): The mean movement angle of the target finger is less than or equal to that of
non-target fingers.

Alternative Hypothesis (H1): The mean movement angle of the target finger is greater than that of
non-target fingers.

The T-test formula used is as follows:

t =
Xt −Xn√

s2
t

nt
+ s2

n
nn

(1)

where: X̄t = mean of the target finger samples, X̄n = mean of the non-target finger samples, s2
t ,s

2
n =

variances of target and non-target samples, respectively, nt ,nn = sample sizes of target and non-target
fingers, respectively.

To calculate the one-tailed P-value, the cumulative distribution function (CDF) of the t-distribution
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was used:
P = P( T ≥ t) = 1− tcdf(t,df) (2)

where df represents the degrees of freedom, calculated as:

df =

(
s2

t
nt
+ s2

n
nn

)2

(
s2
t

nt

)2

nt−1 +

(
s2
n

nn

)2

nn−1

(3)

Statistical analysis revealed that the movement angles of all target fingers in both flexion and extension
modes were significantly higher than those of non-target fingers (p < 0.05). Table 2 summarizes the T-test
results, confirming the effectiveness of the system in achieving independent single-finger control.

Table 2. P-values for flexion and extension angles of stimulated fingers.

Stimulated Finger Flexion P-value Extension P-value

Thumb 2.0000e–05 NaN
Index Finger 0.0029 0.0029
Middle Finger 0.0014 0.0037
Ring Finger 0.0030 0.0072
Little Finger 0.0041 0.0012

3.4. Specific finger movement control

In addition to experiments on independent single-finger control, we evaluated the FESGlove’s capability
to stimulate multiple fingers simultaneously for more complex hand movements. Figure 14 illustrates the
opposition movement achieved by the simultaneous flexion of the thumb and little finger, while Figure 15
shows a similar movement for the thumb and middle finger. These experiments were conducted on the
same group of participants, using optimized stimulation parameters to elicit the targeted movements.
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Figure 14. An image of a participant performing the thumb-to-little finger
opposition movement.

Figure 15. An image of a participant performing the thumb-to-middle finger
opposition movement.

The experimental results demonstrate that FESGlove is capable of coordinating multi-finger
movements, enabling users to perform functional and relatively complex specific hand gestures. These
findings further validate the potential of FESGlove in hand rehabilitation and the restoration of fine
motor skills.

3.5. Comprehensive evaluation of system performance

The experimental results demonstrate the following key features of the FESGlove’s performance in
controlling independent finger movements:
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High Selectivity: The movement amplitudes of target fingers were significantly greater than those of
non-target fingers in both flexion and extension modes (Figures 10–13). This is attributed to the precision
of the multi-channel stimulation system and the optimized design of the electrode glove.

Adaptability to Individual Differences: Despite variations in hand anatomy and sensitivity to
stimulation among participants, the system’s adjustable parameters enabled effective adaptation to
different users.

Comfort and Stability: All participants reported a comfortable experience during the stimulation
process, with only one participant (Participant 4) noting mild pricking sensations.

Overall, the results validate the FESGlove’s functionality and selectivity. Additionally, the findings
provide valuable insights for further optimization of electrode design and stimulation algorithms.

4. Discussion

This study developed a portable, multi-channel, and parameter-adjustable functional electrical stimulation
(FES) system, combined with a silver fiber-based electrode glove. The aim was to achieve precise,
independent movement control of individual fingers by selectively stimulating the small muscles and
nerves associated with hand and finger movements. This section provides an in-depth discussion of the
study’s findings, highlights the advantages and limitations of the proposed system, and outlines potential
directions for future research.

4.1. Comparison with existing studies

To comprehensively assess the significance and advantages of the proposed multi-channel FES system, a
comparison with existing research on FES-induced independent finger motion was conducted. Table 3
summarizes key methods and outcomes of related studies, highlighting their limitations, such as poor
selectivity, limited control of individual fingers, and undesired finger coupling effects.

While previous studies demonstrated partial success in stimulating selective finger movements, issues
such as finger coupling, inconsistent movement amplitudes, and poor adaptability to individual differences
remain prevalent. In contrast, the proposed system, through its high-density electrode glove and adjustable
stimulation parameters, achieves significantly improved selectivity and reduces unintended finger motion.
This improvement is further validated by experimental results presented in Section 3, where target fingers
exhibit consistently larger movement amplitudes compared to non-target fingers.
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Table 3. Comparison of methods and results for FES-induced independent finger
motion control.

Study Title Methods for Stimulating
Independent Finger Motion

Results and Limitations

FESleeve: A
Functional Electrical
Stimulation System
with Multi-electrode
Array for Finger
Motion Control [37]

12 × 4 multi-electrode array with
auto-calibration algorithm to
enhance selectivity and target
forearm muscles.

Achieved selective motion for most
fingers, but finger coupling issues
remain, especially for index and
middle fingers.

Electrode Placement
on the Forearm
for Selective
Stimulation of Finger
Extension/Flexion [15]

Electrode positions tested across
a 400-point grid system with
monophasic pulses under varying
forearm postures.

Selective stimulation achieved for
most fingers; thumb and little finger
demonstrated limited control.

A Functional Electrical
Stimulation System
of High-Density
Electrodes With
Auto-Calibration for
Optimal Selectivity [17]

32-channel high-density electrode
array with auto-calibration
algorithm optimizing stimulation
parameters.

Selective control achieved for at
least three fingers; finger coupling
issues persisted, particularly in
stroke patients.

Selectivity and
Resolution of
Surface Electrical
Stimulation for Grasp
and Release [14]

Surface electrodes targeting EDC,
FPL, and thenar muscles with
selective range measurements.

Selective middle finger and thumb
stimulation achieved; limited
success for small fingers and high
variability among subjects.

Voluntary and
FES-Induced
Finger Movement
Estimation Using
Muscle Deformation
Features [38]

Forearm muscle deformation
measured using A-mode ultrasound
combined with FES stimulation.

Accurate estimation of FES-induced
motion; finger coupling persists,
limiting full independent control.

Selective Drive and
Control of Index Finger
Joint Using Multipoint
Functional Electrical
Stimulation [39]

Simultaneous multi-point
stimulation with optimized voltage
intensity and phase difference
targeting finger flexor muscles.

Successfully achieved significant
torque for independent index finger
motion; however, precise parameter
settings and electrode placement are
critical for optimal performance.

FESGlove: A Glove
of Functional Electrical
Stimulation with Good
Selectivity for Finger
Motion Control

10 individually programmable
channels delivering localized
stimulation to intrinsic hand muscles
via glove-integrated electrodes.

Experimental results indicate
that the proposed FESGlove can
achieve selective activation of
individual fingers, despite some
degree of coupling observed in
adjacent fingers.
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4.2. Advantages of the system

The FESGlove system offers significant advancements over existing functional electrical stimulation
technologies, addressing critical challenges in selectivity, adaptability, and user experience for
hand rehabilitation.

Efficient Independent Finger Control: Experimental results demonstrated the system’s capability
to selectively stimulate the target finger, yielding significantly higher movement angles than non-target
fingers (p < 0.05 in t-tests). By optimizing the stimulation parameters and electrode placement, we
enabled most participants to exhibit stable and precise flexion and extension movements of the target
finger. This high level of selectivity was achieved through the system’s multi-channel architecture and the
precision of the silver fiber electrode glove.

Customizable Stimulation Parameters: The system supports user-specific adjustments of key
parameters, including frequency, current amplitude, and pulse width, to accommodate individual
differences in muscle and nerve response. Incremental increases in current amplitude during the
experiments effectively minimized discomfort or pain caused by overstimulation. Through experimental
validation, the combination of a fixed pulse width of 500 µs and a frequency of 35 Hz was found to be
a suitable configuration for most participants, aligning closely with the parameter ranges reported in
previous studies [40–42].

Silver Fiber-Based Electrode Glove: The custom-designed electrode glove integrates silver fiber
fabric with hydrogel electrodes, offering superior wearability, comfort, and stimulation efficiency.
The silver fiber fabric is both soft and highly conductive, ensuring close contact with the skin and
efficient transmission of stimulation signals. The integration of silver fiber fabric into electrode designs,
as supported by studies highlighting its superior conductivity, improved skin-electrode impedance,
and enhanced user comfort compared to traditional electrodes, has been well-documented in recent
research [43–45]. Furthermore, hydrogel electrodes can provide more stable stimulation currents. The
combination of these two materials balances wearability, convenience, and effective stimulation, making
the system more suitable for practical applications.

4.3. Limitations of the system

Despite its promising performance, the FESGlove system has several limitations that warrant further
investigation and optimization to enhance its effectiveness and practicality.

Electrode-Skin Interface Issues: Due to the differences in hand size and proportions among
participants, in some experiments, the flexible silver fiber electrodes showed inconsistent skin contact,
resulting in uneven current distribution and suboptimal stimulation. This issue highlights the need
for improved electrode materials and attachment methods. Additionally, designing electrode gloves
in multiple sizes could better accommodate users with varying hand shapes and sizes, ensuring stable
skin contact.

Non-Target Finger Coupling: Although the system effectively minimized unintended stimulation of
non-target fingers, some participants exhibited finger coupling effects. This phenomenon is likely due
to the inherent physiological and anatomical structure of the hand, where shared tendons and muscles
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contribute to finger interdependence.
Force Limitations Due to Small Muscle Stimulation: Another limitation of this study is that the

force generated by stimulating finger movements is relatively small compared to previous studies. This
is because earlier studies placed electrodes on the forearm to stimulate larger muscle groups, while our
study focused on stimulating smaller intrinsic hand muscles, which inherently produce less force. While
this approach enhances the selectivity of stimulation and reduces unintended finger coupling, it also limits
the strength of the resulting finger movements, which may pose challenges for tasks requiring high grip or
pinch force.

Individual Differences in Response: The considerable variability in participants’ responses to
electrical stimulation, including limited flexion or extension movements and reduced sensitivity to
electrical current, aligns with findings that individual differences in cortical excitability, sensory thresholds,
and body composition significantly influence the effectiveness of stimulation protocols [46, 47]. This
highlights the need for further optimization of personalized stimulation parameters and electrode
configurations to better accommodate individual differences.

4.4. Future research directions

The development of the FESGlove represents a significant step toward achieving precise, independent
finger control for neurorehabilitation. However, the current system also highlights several areas for
improvement and further exploration. Future research should aim to address the limitations identified in
this study while expanding the system’s functionality to meet broader clinical and practical needs. By
integrating advanced technologies and tailoring the system to diverse patient populations, the FESGlove
has the potential to become a comprehensive solution for hand motor function recovery. This section
outlines key directions for future research and development.

Expanding to Multi-Finger Coordination Control: Building on the success of independent finger
control, future studies could explore multi-finger coordination, enabling complex hand functions such as
grasping and pinching. Achieving this goal will require not only optimized electrode designs but also the
integration of more advanced control algorithms.

Closed-Loop Feedback Control: In future versions, closed-loop feedback mechanisms could be
introduced to improve individual adaptability and stability of stimulation effects. Real-time sensing of
finger joint movement using IMUs, flex sensors, or surface EMG could enable the system to dynamically
adjust stimulation intensity based on actual motor response. Similar strategies have been successfully
applied in gait rehabilitation, where sensory feedback-driven stimulation increased ankle control precision
during walking [48]. Additionally, optimization of stimulation parameters has proven effective in other
neuromuscular systems, such as ocular muscle control for strabismus treatment [34], and could be adapted
to enhance fine motor rehabilitation in the hand. Such closed-loop control may significantly enhance the
robustness and personalization of the FESGlove system.

Integration with Exoskeleton Systems: Combining the FES system with wearable exoskeleton
devices could provide mechanical assistance during neurorehabilitation training, enabling patients to
perform more stable and precise functional movements. At present, there have been several studies on
hybrid systems combining FES and exoskeletons applied to the lower limbs, as well as the elbow and
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wrist joints of the upper limbs. However, research focusing on the hand is relatively scarce [49, 50]. This
hybrid approach shows great potential for improving the recovery of hand motor function.

Integration with Brain-Computer Interfaces: Building upon the high selectivity and adaptability of
the developed FES system, future research could explore its integration with brain-computer interfaces
(BCIs) to create a closed-loop rehabilitation framework. BCIs decode neural activity to interpret the
user’s motor intentions, which can then be used to guide the timing, intensity and selective stimulation
channels of FES stimulation. This integration has the potential to enhance neurorehabilitation outcomes
by aligning electrical stimulation with the patient’s voluntary motor efforts, thereby reinforcing neural
pathways through neuroplasticity. The FES with BCIs systems has made significant progress in recent
studies, highlighting the potential of closed-loop frameworks in promoting neuroplasticity and improving
rehabilitation outcomes [6, 51].

Clinical Trials and Patient Feedback: Future research should focus on conducting clinical trials
with patients suffering from stroke, spinal cord injuries, and other neurological disorders to evaluate the
system’s practical efficacy. Incorporating patient-reported outcomes and feedback mechanisms could
further enhance user experience and therapeutic effects.

5. Conclusion

The proposed system FESGlove demonstrated good selectivity and stability in controlling independent
finger movements. The combination of a multi-channel, customizable stimulator and a silver fiber-based
electrode glove enabled precise stimulation on muscles and nerves of individual fingers. The performance
of FESGlove was verified via experiments on some healthy subjects. Satisfactory results show that
FESGlove is a promising tool for hand rehabilitation or assistance in future.
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