
Received 15 February 2023, accepted 7 April 2023, date of publication 17 April 2023, date of current version 3 May 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3267963

Reproducing Tactile and Proprioception Based on
the Human-in-the-Closed-Loop Conceptual Approach
SAEED BAHRAMI MOQADAM1, KNOLLIS DELLE2, URSUS SCHORLING3, AHMAD SALEH ASHEGHABADI1,
FARZANEH NOROUZI4, AND JING XU 1, (Member, IEEE)
1State Key Laboratory of Tribology, Beijing Key Laboratory of Precision/Ultra-Precision Manufacturing Equipment Control, Department of Mechanical
Engineering, Tsinghua University, Beijing 100084, China
2Department of Engineering Physics, Tsinghua University, Beijing 100084, China
3Mechanical Department, Leibniz University Hannover, 30167 Hannover, Germany
4Department of Cardiology, Mashhad University of Medical Sciences, Mashhad 13131-99137, Iran

Corresponding authors: Saeed Bahrami Moqadam (Sayd17@mails.tsinghua.edu.cn) and Jing Xu (jingxu@tsinghua.edu.cn)

This work was supported in part by the Beijing Municipal Natural Science Foundation under Grant L192001, in part by the National
Natural Science Foundation of China (NSFC) under Grant 62173198 and Grant 51935010, and in part by the State Key Laboratory of
Tribology of China under Grant SKL2020C15.

This work involved human subjects or animals in its research. Approval of all ethical and experimental procedures and protocols was
granted by the Institution Review Board of Tsinghua University under Application No. 20210136, and performed in line with the Helsinki
Declaration.

ABSTRACT Prosthetic limb embodiment remains a significant challenge for many amputees due to
traditional designs’ lack of sensory feedback. To address this challenge, the effectiveness of non-invasive
neuromuscular electrical stimulation (NMES) controlled by a hybrid proportional-differential (PD)-Fuzzy
logic system was evaluated for providing real-time proprioception and tactile feedback. The study used a
human-in-the-closed-loop approach with ten participants: five upper limb amputees and five non-disabled
individuals as the control group. An applied force, the joint angle of a prosthetic hand’s finger, and surface
electromyography signals generated by the biceps muscle all regulate the intensity of sensory feedback.
Additionally, the C6 and C7 myotomes were selected as elicitation sites. The average threshold for detecting
action motion and force was around 21◦ and 1.524N, respectively. The participants successfully reproduced
desired joint angles within the range of 0◦-110◦ at five separate intervals. In the weight recognition
experiment, the amputee participant’s minimum number of false predictions was four. The highest accuracy
achieved was 80.66% in detecting object size and stiffness. Additionally, unpaired t-tests were performed
for the means of the results of the experiments to determine statistically significant differences between
groups. The results suggest that stimulation of myotomes by NMES is an effective non-invasive method
for delivering rich multimodal sensation information to individuals with disabilities, including upper limb
amputees, without needing visual or auditory cues. These findings contribute to the development of non-
invasive sensory substitution in prostheses.

INDEX TERMS Proprioception, upper extremity amputation, tactile feedback, real-time feedback,
neuromuscular electrical stimulation (NMES), human-in-the-closed-loop, myotome.

I. INTRODUCTION
The loss of upper limb function due to amputations cre-
ates both physical and psychological challenges for those
affected [1]. Commercial prostheses have been developed
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to address motor performance needs. However, they fail to
replicate the vital senses of tactile feedback and proprio-
ception, which are essential for limb embodiment. As the
largest human organ [2], the skin can somatotopically sense
external stimuli, such as tactile sensation, through primary
afferent neurons linked to mechanoreceptors. These sensory
signals are transmitted to the thalamus for pre-processing,
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then to the cerebral cortex, and finally, organized into a
somatotopic map by the primary somatosensory cortex [3].
Without these senses, daily tasks can become difficult for
amputees, as tactile feedback provides information about
objects in contact with the skin, and proprioception provides
body movement awareness.

To address this challenge, researchers have explored
the feasibility of providing prosthesis users with sensory
information via invasive and non-invasive methods such as
mechanotactile, vibrotactile, temperature feedback, auditory
feedback, and electrical stimulation (ES) [4]. However,
ES is generally favoured due to its ease of use, lightweight
nature, and adjustable parameters for stimulating nerve fibres
in the skin and underlying tissues. It is classified into
neuromuscular electrical stimulation (NMES) [5], functional
electrical stimulation (FES) [6], and transcutaneous electrical
nerve stimulation (TENS) [7]. FES and NMES are similar
in their operation during muscle treatment [8]; compared
with TENS units, which provide pain relief, NMES emits
stronger and broader electrical pulses [9]. Generally, ES is
applied on the neck [10], arm [11], wrist [12], tongue [13],
and phantom digits [14] for the transmission of sensory
information.

Zhang et al. proposed electrical stimulation via biphasic
pulse alternating current (AC) with parameters of 7mA,
50Hz, and 600µs. They applied this stimulation for 12 hours
to stimulate phantom limb digits and reproduce the tactile
sensation. Even though they reported that participants
successfully recognized three different sizes of grasped
objects during their trials, their experiment was conducted
on only one trans−radial amputee, and proprioception was
not considered in their investigation [15]. Abbass et al. also
elicited tactile feedback via electrical stimulation in the mode
of current-controlled, charge-balanced biphasic pulses with a
current amplitude of 0−10mA, frequency of 1 to 400Hz, and
pulse width of 50 to 500µs. They used a custom-made multi-
point electronic skin with matrix electrodes for spatial and
patterned electrical stimulation on the forearm [16]. However,
since their study did not include prostheses, valuable data
on how their work can affect or benefit amputees was
missed.

Additionally, Gu et al. presented simultaneous tactile feed-
back through ES for soft hand prostheses. In this closed−loop
control system, the trigger to generate an electrical pulse
had stable pulse variables with an amplitude of 4mA,
a pulse width of 200µs, and a pulse frequency of 20Hz
to stimulate phantom limb digits [17]. In this investigation,
using pattern recognition, surface electromyography (sEMG)
signal features were classified into four gestures to control the
hand prosthesis. However, no control modulationmethod was
used to adjust the electrical pulse variable.

Although the ES is a non−invasive approach for electrical
impulses, it is characterized by interference in sEMG signals,
resulting in reduced accuracy and prosthesis control due to
frequency interference [18]. Additionally, this method does
not allow users to perceive accurate movements because it is

not well modulated for activating deep muscles, which are
crucial to unlocking proprioception [19].

An alternative to ES sensory feedback for prostheses can be
NMES. TheNMES impulses are similar to impulses naturally
produced by the nervous system and injected by electrodes
placed on the skin near the target muscles. In this approach,
the electrodes’ polarity switching modes can be configured
in monopolar and bipolar [20].

To have rich sensory-motor information (i.e., motor control
with sensory feedback), electrical stimulation could be
evoked in afferent and efferent nerves [21]. To this end, this
paper proposes neuromuscular electrical stimulation, which
involves the application of electrical impulses to a group of
muscles (myotomes) and peripheral nerves. By this approach,
we aimed to overcome the challenges of non-invasive ES to
stimulate deep muscles and non-somatotopically reproduce
proprioception and tactile sensation by using the NMES
controlled and regulated intensity by the hybrid proportional-
differential (PD)-Fuzzy, which was operated by our custom-
made myoelectric prosthetic hand to reach a sophisticated
prosthesis.

As a result, our proposed approach allows the user
to distinguish three different levels of force and stiffness
intuitively. In summary, the contributions of this paper are
as follows. Firstly, we studied myotomes as new stimulation
sites to distinguish sensory feedback. Secondly, the closed-
loop control system extends the human-in-the-closed-loop
approach, giving real-time force and position feedback
in conjunction with the users’ tactile and proprioception
awareness. Amputees and non-disabled participants expe-
rienced sensory stimulation on their myotomes to control
prosthesis with EMG signals. This improved the prostheses’
manipulation accuracy, reliability, and embodiment through
sensory feedback and recall of proprioception and tactile
feedback.

The rest of this paper is organized as follows:
Section II describes our method and system overview. Then,
in Section III, we present the experiments conducted and the
results in detail, and the discussion and conclusions are given
in Sections IV and V.

II. METHODS AND MATERIALS
A. STUDY DESIGN
In order to study whether the sensory information reproduced
can be utilized by users in a closed-loop control system
synchronized with an artificial limb, we employed C6 and C7
myotomes located near the elbow joint (outside and inside,
without functionally overlapping). The C7 myotome region
was stimulated to retrieve the tactile feedback, and C6 was
elicited to recall proprioception information. In this case-
control investigation, the trials were planned to evaluate the
capability of participants to balance the grasping force and the
angle of closure of the index finger of a bionic hand according
to the outputs of a hybrid PD-Fuzzy controller to determine
the size and physical properties of objects. The production of
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TABLE 1. Participant characteristics.

FIGURE 1. The C6 myotome is located at the cubital fossa’s tendon of the
biceps brachii muscle. The C6 controls elbow flexion, and it is innervated
by the thumb by the median nerve branches. The C7 myotome is located
at the tendon of the triceps brachii muscle, posterior to the elbow. The C7
controls the elbow extension, which is rooted to the arm’s back and into
the middle finger.

data modulation resulting from the controller system, directly
and indirectly, affected the intensity of NMES based on
recorded data from the force resistance sensor (FSR), a flex
sensor, and the generated sEMG signal by the user.

The experiments took place for six weeks, with each
session being about 60 minutes long and occurring once a
day every week for each person involved.

B. SUBJECT RECRUITMENT
Five non-disabled as the control group (three males and
two females, 24±2.91 years old) and five amputees (five
males, 42±4.12 years old) were involved in the experiments
(Table 1). All participants were informed about the study’s
potential benefits and risks before signing a written informed
consent form for participation. The experimental protocols
complied with the Declaration of Helsinki. Subjects with
amputated limbs had normal sensory-motor function. None of
them had other neurological, muscle tissue loss, psychiatric,
or medical problems apart from those listed in Table 1. Also,
the participants had not experienced NMES before the trials.
This study received ethical approval from the Institutional
Review Board of Tsinghua University under registration
number 20210136.

C. BIDIRECTIONAL PROSTHESIS WITH REAL-TIME
HYBRID CONTROL
A general review of the closed-loop system controlled by the
hybrid PD-Fuzzy configuration is illustrated in Figure. 2. Our
proposed multimodal sensory feedback system for closed-
loop control of a prosthetic hand contains five modules:
A) signal acquisition, B) signal processing, C) signal

conversion, D) myotome stimulation, and E) biofeedback
control.

The varied amplitude of the voltage of the sensory
stimulation was modulated based on the force, position, and
intensity of the sEMG signal (which is fed back into the
control system). We exploited the bidirectional prosthesis
layout based on a combination of custom-made hardware and
software code to realize the proposed method. We installed
the sensory closed-loop system on our customized prosthetic
hand with seven degrees of freedom (DOFs) controlled by the
sEMG signal.

The hardware created (Figure 3) was made up of
an STM32F103C9T6 microcontroller (from ST Micro-
electronics in the US) with a 72MHz speed and 12-bit ADC
ports. The hybrid PD-fuzzy controller was written on the
microcontroller using the Arduino IDE platform. Figure 4
demonstrates the flowchart of the software design.

In this investigation, two pairs of flexible self-adhesive
electrodes (cathode and anode, 40 × 20mm) were proposed
to meet the comfort needs of daily routine activities. The
low number of electrodes could reduce the possibility of
desensitization and spatial interference. Also, the muscular
response elicited by electricity may cause a decrease in
muscular activity and shift the power spectrum to a higher
frequency, leading to a decreased amplitude of the sEMG
signal [22]. On the other hand, the frequency of electrical
stimulation plays a crucial role in impacting sEMG signal
discrimination. An inappropriate or inconsistent frequency
may cause frequency interference from the electrical stim-
ulation artefact [23], [24], leading to low accuracy in
sEMG signal identification. Thus, the ‘‘elbow-flexion’’ (C6)
and ‘‘elbow-extension’’ (C7) [25], [26] myotomes were
selected to stimulate specific efferent and afferent nerves
due to being innervated by distinct spinal nerves [25],
avoid muscles overlapping, and have a high density of
mechanoreceptors [27], Figure 1.

Self-adhesive electrodes were placed near sEMG sensors
with low numbers to prevent desensitization and interference.
A sinusoidal pulse current with an amplitude from 0 to 60mA
and a constant frequency of 2Hz was used for stimulation
to enhance reliability and prevent interference with sEMG
signals’ frequency domain. The polar shifting of electrodes
was adjusted in monopolar mode to avoid electrode polarity
changes and evade stimulating other myotomes.

Furthermore, we separated the myoelectric control sys-
tem’s electrical sources (batteries) and the main control board
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FIGURE 2. Flowchart of force and position sensory feedback by NMES on myotomes: (A) Signal acquisition.
(B) Signal processing. (C) Signal conversion. (D) Myotome stimulation. (E) Biofeedback control.

FIGURE 3. The developed hardware: (A) Main control board (B) Driver of
NMES generator machine.

FIGURE 4. Flowchart of the software design.

to prevent electrical stimulation interference. The ‘‘Myotome
Stimulation’’ segment and ‘‘Biofeedback Control’’ also had
different electrical sources. The data received from the
‘‘Signal Processing’’ module was transmitted wirelessly
to the ‘‘Signal Conversion’’ module to protect the main
electronic board from the electrical stimulation artefacts.

By performing these setups, the participants could control
the bionic hand using arm muscles while simultaneously
receiving relevant tactile and proprioceptive information
employing NMES operated on myotomes.

Although we attempted to eliminate the electrical stimula-
tion interference generated by NMES onto sEMG signals (to
provide high-resolution sensory feedback with a comfortable
feeling), this study did not quantify the impact of isolation
on the electrical stimulation artefacts and frequency interfer-
ence, as these were beyond the scope of this study.

a: SIGNAL ACQUISITION
In the signal acquisition of embedded sensors, a force-sensing
resistor (FSR) sensor (Taidacent , China, 20g-2kg) and a flex
sensor (SEN10264, Sparkfun, United States) were mounted
on the prosthetic hand’s index digit. A Wheatstone bridge
was used to measure the small changes in the resistance of
the sensors. Then the INA128 amplified the data to improve
the measurement accuracy. Finally, the applied force ranged
from 50 to 550g of gravitational force, and the joint angle
was from 0◦-110◦. With muscle contraction, the sEMG signal
was acquired from the biceps muscle by an sEMG electrode
(13E200, OttoBock , Germany). The sampling rate frequency
of the sEMG electrode was 1kHz. The raw sEMG signal was
sequentially filtered by an infinite impulse response fourth-
order Butterworth filter between 15 and 375Hz, and a notch
filter removed noise at 50Hz.

b: SIGNAL PROCESSING
The data from the ‘‘Signal Acquisition’’ segment is filtered by
a low-pass filter in the ‘‘Signal Processing’’ section and then
transmitted to the hybrid PD-fuzzy controller. The modulated
data was wirelessly transmitted to the ‘‘Signal Conversion’’
module.

In ‘‘Signal Conversion,’’ an external driver adjusted the
voltage amplitude of themachine’s stimulation power accord-
ing to received data, which consists of sensory information
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about the joint angle and the applied force based on the sEMG
signal state gathered from the signal processing module.

In the ‘‘Myotome Stimulation’’ module, two channels of
the NMES generator machine (Medisana, Germany) excite
the myotomes with self-adhesive electrodes. The hybrid
PD-Fuzzy controls the driver based on sEMG, force, and
position feedback. The controller consists of two sections:
inner and outer control loops. The outer loop controls the
force. The inner loop controls the outer loop (force) and
optimal position. PD controllers consist of two parallel types:
derivative controllers and integral controllers. The derivative
controller follows changes caused by proportional action and
adapts to changes in the input based on the difference between
the calibrated sEMG amplitude and the input force (ef ). The
inner control loop, the fuzzy logic controller, was then used
to improve the anti-interference performance and tune the
system parameters used by the position error fuzzy controller
input. In the outer control loop, the relationship between the
applied force (Fi) and resistance variation can be expressed
as [28]:

Fi = (
1

(( VsVG ) − 1)mRL
) −

n
m

(1)

The relation between the constantsm and n can be revealed
by curve fitting. RL is the resistance from the FSR sensor to
the Wheatstone bridge, and Vs/VG is the resistance variation,
where Vs and VG are the input and output voltages of
the Wheatstone bridge, respectively. The input error (ef ) of
the PD controller is the FSR sensor output subtracted by the
voltage of the sEMG signal multiplied by a ratio coefficient
α, which can be calibrated for each participant. Through
the calibration, the PD-fuzzy controller applies the optimal
stimulation intensity (Fd ) of the applied force between the
tip of the index finger and a grasped object:

Fd = Kfpef + Kfd ėf (2)

where Kfp and Kfd are the proportional and differential coef-
ficients, the relationships between the resistance variations
R(φ) and the bending angle φ of the flex sensor can be
expressed as [29]:

R0 = R0sheet
L
W

(3)

where L is the length and R0sheet is the constant sheet
resistance. Therefore, in practical testing, D(φ) is calculated
based on the values of R(φ), R0, and W . Then, for further
simplification, D(φ) = φ ∗ τ is considered, where τ is a
constant variable obtained from experiments. As a result, φ

with a range of 0◦-110◦ is used as the input of the fuzzy
controller, with the error of the position (Pe) expressed as:

Pe = βFd − D(φ) (4)

In this paper, the PD controller adjusts the optimal force of
the index finger. The coefficients α and β were in the range of
practice tests based on each participant. In an early stage, after
adjustment by the PD controller, the position error is the input

FIGURE 5. Single-input and multiple-output fuzzy logic units.

FIGURE 6. Triangular membership functions selected for input and
output.

TABLE 2. Rules of the FLC.

of Mamdani’s fuzzy inference system [30]. The fuzzy logic
unit (FLU) is a single-input, multiple-output (SIMO) system
with input (Pe) in the range of (-20 to 50) from practical tests
and eight triangular membership functions (MFs). Moreover,
the FLU has two outputs (within the range of 0 to 255)
with four triangular membership functions (MFs). The FLU
outputs were named force and position.

Three parameters affect the input of the FLU (Pe).
To control the stimulation intensity on myotomes, two output
parameters (the force and position) from the FLU were
extracted as pulse width modulation (PWM) signals between
0 and 255, which were directly imported to the driver (as
controlling signals) of the Medisana TDP machine. The
input of the FLU (Pe) was clustered into eight segments:
high-force and zero-position (HfZp), medium-force and
low-position (MfLp), zero-force and zero-position (ZfZp),
high-force and medium-position (HfMp), medium-force and
medium-position (MfMp), medium-force and high-position
(MfHp), low-force and medium-position (LfMp), and zero-
force and high-position (ZfHp). Moreover, every output
(position or force) of the FLU was clustered into four
segments: (Off), low position (LP), medium position (MP),
and high position (HP) for the position; and (Off), low force
(LF), medium force (MF), and high force (HF) for the force.
The FLU membership functions and rules are demonstrated
in Figure 6, and Table 2 and Table 3, respectively. Addi-
tionally, the surface plot of the designed rules is depicted
in Figure 7.
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TABLE 3. Input and outputs ranges defined for FLU.

FIGURE 7. The surface plot of the designed rules.

c: SIGNAL CONVERSION, MYOTOME STIMULATION, AND
BIOFEEDBACK CONTROL
In the ‘‘Signal Conversion’’ section, the output data from
the FLU was transmitted wirelessly by the AT-09 Blue-
tooth 4.0 BLE Module (HiLetgo, China) to the driver of
the Medisana TDP machine to determine the stimulation
intensity in the form of PWM signals. Moreover, a DC-
DC booster (MSDU20-XL6009, China) with a separate
electric source was used as the voltage supplier and
driver of the Medisana TDP machine due to its limited
output voltage and the need to isolate other electronic
circuits from electrical stimulation artefacts interference.

FIGURE 8. (a) The examiner stimulated myotomes. (b) Sensory feedback
with noninvasive stimulation of myotomes with the help of the Medisana
TDP machine (Medisana, Germany).

In the ‘‘Myotome Stimulation’’ module, the stimulation of
myotomes with low-frequency monophasic sinusoidal pulses
was exploited at 2Hz.

In this paper, the sEMG signal had two controlling
functions: opening and closing the prosthesis and defining
the fingers’ motion velocity; in this regard, motion velocity
wasmodulated based on the voltage amplitude of the received
sEMG signal. Another function was a biofeedback role for
the hybrid PD-fuzzy controller. The recorded voltage of the
sEMG signal is passed through a proportional controller
with a calibrated gain factor α, which the user generates
in the ‘‘Biofeedback Control’’ module by contracting the
muscle (Biceps) to open or close the prosthetic hand’s
digits based on the perceived intensity of stimulation on the
myotomes.

D. STATISTICS AND DATA ANALYSIS
All data were analyzed using SPSS (Statistical Program for
Social Sciences, version 22). We used the mean, standard
deviation (SD), and percentage for descriptive statistics.
In addition, the quantitative variables were expressed as mean
SD, and the qualitative variables in numbers and percentages.
All randomization for the experiment was accomplished
with the random number generator in MATLAB (2020b
version). Furthermore, the data’s normality was initially
tested with the Kolmogorov-Smirnov test when it was
recorded. The unpaired two-sample t-test with a 95% con-
fidence interval was performed to compare the means of the
significantly independent groups (control and amputee) in the
experiments.

III. EXPERIMENTS AND RESULTS
A. EXPERIMENTAL DESIGN
Five amputees and five non-disabled participants sat sep-
arately on a chair during experiments while isolated from
their auditory and visual feedback. Amputee participants

VOLUME 11, 2023 41899



S. B. Moqadam et al.: Reproducing Tactile and Proprioception

FIGURE 9. (A) The overall average detection threshold for changes in the prosthesis finger’s angular movement obtained from the amputee participants
was 21.13◦ and that of the non-disabled was 16.33◦. (B) The complete range of the [0◦-110◦]. (C) Reproduction variability per requested position. (D) The
detection threshold for the applied force of the index finger in healthy and amputee participants. (E) An example of recalling the applied force based on
the perception of sensory stimulation by the entered gravitational force. (F) Details of the sensed threshold of the applied force.

symbolically used the prosthesis socket due to their
remaining muscles’ different sizes and lengths, as shown
in Figure 8.

Although they had not received lengthy and regular
training, they understood how to manipulate the bidirectional
prosthesis. Five experiments were conducted. The detection
of threshold in active motion and force (n = 50 and
n = 15, repetitions of the experiment, respectively), joint
angle reproduction, weight recognition, size, and stiffness
identification (n = 25). The following sections will explain
how these trials were conducted.

a: PRE-EXPERIMENTS PREPARATION
Before the experiments, all control structures and parameters,
such as adjusting the hybrid control system, the electrode
location, and stimulation intensity, were calibrated based on
the participant’s comfort level. A clinical expert identified
the optimal distance between the anode and cathode to
prevent skin irritation. Because a shortened distance results
in a tingling sensation at both the cathode and anode,
and a long distance prevents users from feeling sensory
impulses [30]. Moreover, an optimal distance between the
sensory mediator electrodes and the sEMG sensor was tried
to avoid electrical interference and prevent skin irritation.
Each participant experienced the initial preparations sepa-
rately to verify the effects of sensory stimulation on the
amputee’s ability to embody the prosthesis. Also, if sensory

impulses on this part of the myotome were inconve-
nient, another area of the myotome was employed as an
alternative site.

Training sessions to demonstrate active prosthesis control
through an sEMG signal were held with short-term general
training sessions (<15min). First, participants observed
hand states (open and close) while grasping objects using
auditory and visual feedback without NMES. Second,
to ensure the perception of sensory input before the
trials, the examiner passively put the prosthetic hand’s
digit into the desired angular intervals ((0◦-22◦), (22◦-44◦),
(44◦-66◦), (66◦-88◦), and (88◦- 110◦)). Each participant was
asked to observe the artificial hand’s digit position and
perceive the intensity changes of impulses in each angular
interval.

Afterward, the participants were asked to demonstrate
the artificial hand’s digit positions on their healthy index
finger (participant A5 was excluded due to the type of
his amputation). Third, we tested if participants could feel
simultaneous feedback from two sensory channels by asking
them to hold objects of different properties and sizes and
report any sensations. We repeated the calibration process
three times per myotome. None of the participants reported a
cross-talk sensation while simultaneously, myotomes C6 and
C7 were stimulated. Finally, the Medisana TDP machine’s
stimulation power was calibrated using the average minimum
and maximum intensities to adjust α and β.
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FIGURE 10. (A) The number of errors before the participants provided the desired answers and more details for the comparison of amputee and healthy
performance. (B) The overall average number of correct responses and variations within a data set of healthy and amputee participants in 25 repeated
trials. (C) The overall performance with both inputs and remapped proprioception in different objects. (D) The overall performance of the amputee
participants for remapped proprioception (S-R = ‘‘small-rigid,’’ M-R = ‘‘medium-rigid,’’ and L-F = ‘‘large-flexible’’).

b: DETECTION OF THRESHOLD IN ACTIVE MOTION
AND FORCE
Five individuals with amputations and five non-disabled ones
participated in experiments to find their sensory thresholds
(the lowest amount of stimulation a participant can sense) by
actively controlling the prosthesis. To calibrate the intensity
of the sensory stimulation, two levels were selected: ‘‘low-
level’’ and ‘‘high-level.’’ The ‘‘low-level’’ was the minimum
amount of power with which participants could perceive
sensory impulses. Meanwhile, the ‘‘high-level’’ was the
maximum intensity that made every participant uncomfort-
able. Myotomes C6 and C7 were stimulated separately in
the proprioception and tactile threshold experiments. In the
proprioception threshold experiment, the participants were
asked to change the index digit of the prosthesis voluntarily
by their own sEMG signal from 0◦ (without the intensity
of stimulation, fully opened) to 110◦ (maximum intensity
of stimulation, fully closed) and vice versa, from 110◦ to
0◦. The participants reported that as soon as stimulation (C6
myotome) was sensed or cut off, then the examiner recorded
the angular position according to the angle monitored by
the prosthesis. The experiment was repeated 50 times at a
constant speed of approximately 7◦/s for each participant
(Figure 9(A)(B)). In another experiment, the examiner
measured participants’ sense of touch thresholds by putting
different standard weights (ZunateFditCalibrationWeight ,
Germany) on the index finger. The participants reported

impulses on the C7 myotome as soon as they were
perceived. This experiment was repeated 15 times
(Figure 9(D)(E)(F)).

c: JOINT ANGLE REPRODUCTION
We designed this experiment to reproduce the prosthetic
hand’s digit’s angular motion to determine the proprioception
quality of amputee participants. In this trial, the healthy and
amputee participants were instructed to position the index
finger of the prosthesis into the five angular intervals by
perceiving stimulation on myotome C6 with self-generated
EMG. Participants actively moved the index finger from 0◦

with a constant speed of approximately 7◦/s to the five desired
angular intervals within the range of 0◦ to 110◦. This trial
was repeated until the finger had been located in the desired
angular interval, see Figure 9(C).

d: WEIGHT RECOGNITION
We evaluated the accuracy of tactile feedback by having
participants determine the weight on the index finger of
the prosthetic hand and report relative weight levels (light,
moderate, and heavy) based on stimulation intensity on the
C7 myotome. Using only three standard weights (50g, 100g,
and 200g) placed on the FSR sensor, we repeated the above
exercise until the participants could correctly distinguish the
weights (Figure 10(A)). The steps involved creating a list of
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the three weight options and randomly mixing them up. Each
participant was then given a weight in the order of the list.

e: SIZE AND STIFFNESS IDENTIFICATION
This experiment aimed to simulate daily routine activities
by integrating proprioception and tactile feedback while
grasping objects with the prosthetic hand. The trial involved
non-disabled and amputee participants identifying the size
and stiffness of objects. Participants were asked to report the
type of grasped objects with 25 repetitions of the test. Three
cylindrical bottles with different diameters (3cm, 4.5cm,
and 5.46cm) and material types (flexible and rigid) were
employed; they were designated as ‘‘small-rigid,’’ ‘‘medium-
rigid,’’ and ‘‘large-flexible’’ cylinders, respectively, as shown
in Figure 10(B)(C)(D). Participants randomly grabbed the
objects with active control of the prosthesis based on the
protocol described earlier.

B. RESULTS
a: DETECTION OF THRESHOLD IN ACTIVE MOTION
AND FORCE
In the proprioception thresholds experiment, the overall
average sensory threshold for amputee participants was
21.13◦ in the whole range of (0◦- 110◦); for non-disabled
participants, it was 16.33◦, as shown in Figure 9(A). More-
over, in the sense of touch thresholds experiment, as shown
in Figure 9(E), the results showed that the mean and standard
deviation (M±SD) of the sensory thresholds for amputee
participants A1 to A5 were 152g±76.61, 166g±73.85,
154g±60.33, 44g±78.81, and 146g±89.90, respectively,
Figure 9(F). The overall average sensory threshold for healthy
and amputee individuals was 120.7g and 152.4g, as shown in
Figure 9(D). The unpaired two-sample t-test observed in the
detection of threshold in force had a statistically significant
difference in mean between the two groups (T(8) = 2.91,
P-value = 0.007).

b: JOINT ANGLE REPRODUCTION
Amputees and non-disabled participants tested joint angle
control on the prosthetic index finger by changing stimulation
intensity proportional to angular position. Results showed
no difference in sensory threshold in the opening/closing
direction. However, accuracy was limited in identifying
angular positions between 0-22◦ due to overlap with the
mean 21◦ sensory threshold. Only one amputee and one non-
disabled participant could control the index finger at this
range. Leading to themeans and standard deviations (M±SD)
recorded by amputee participants were in the ranges of
22.96◦

±8.70, 31.98◦
±10.34, 53.34◦

±15.60, 76◦
±13.80 and

93.40◦
±10.71. Likewise, non-disabled participants reported

21.08◦
±6.21, 31.88◦

±7.67, 57.90◦
±8.99, 78.60◦

±10.44 and
97.92◦

±8.22, as shown in Figure 9(C). The unpaired two-
sample t-test observed only in one angular interval, [88◦-
110◦], the statistically significant difference in mean between
the two groups (T(98) = 2.36, P-value = 0.03).

c: WEIGHT RECOGNITION
The minimum and maximum numbers of false predictions
were as follows: The best performance was reported for
A4 (amputee participant) and H5 (healthy participant) with
four errors, and eighteen errors for A3 (amputee participant)
were recorded as the worst performance, as shown in
Figure 10(A). The unpaired two-sample t-test showed no
statistically significant difference in the mean of faults of
weight predictions between the two groups (T(8) = 0.61,
P-value = 0.53).

d: SIZE AND STIFFNESS RECOGNITION
Grasped bottles with different sizes and stiffness evoked
different angular positions and forces on the index finger in
the embedded sensors of the prosthetic hand, allowing users
to identify objects’ size and hardness according to sensory
information fed back on their myotomes. Figure 10(B)(C)
shows the state of the objects grasped by the prosthetic hand
and the overall average number of correctly reported results
by the amputee and non-disabled participants in 25 repeti-
tions. Amputee participants’ overall average accuracy was
68%; the accuracy was recorded at 67% for ‘‘small-rigid,’’
61% for ‘‘medium-rigid,’’ and 76% for ‘‘large-flexible’’
cylinders. In addition, the overall performance of integrating
proprioception and tactile feedback for the amputee partici-
pants was reported as a confusionmatrix, in which participant
A3 recorded the best average performance at 80.66%,
as shown in Figure 10(D). Also, non-disabled participants’
overall average accuracy was 78.3%, and reported as 75%
for ‘‘small-rigid,’’ 77% for ‘‘medium-rigid,’’ and 83% for
‘‘large-flexible,’’ as shown in Figure 10(B), with no statistical
difference accuracy between the two groups (t(4) = 2.07;
P-value = 0.07).

IV. DISCUSSION
This study showed that NMES, regulated by the hybrid PD-
fuzzy controller, allows amputees to control their prostheses
in real-time and simulate proprioception and tactile feedback
while grasping objects. The performance of the closed-
loop system was evaluated through dexterous manipulation
simulations of daily tasks. The hybrid PD-fuzzy controller
adjusted stimulation intensity based on feedback from the
force, position, and sEMG signal. Both amputees and non-
amputees (control group) felt changes in the stimulation
intensity on their muscles, demonstrating efficient and
synchronized delivery of proprioception and tactile informa-
tion. Participants could sense small changes in stimulation
intensity during movement, force, weight, and joint angle
tests, although results varied for individual participants.

The trial of ‘‘joint angle reproduction’’ illustrated that the
participants could achieve well-defined perception caused by
sensory substitution through the closed-loop control system
in the bidirectional prosthetic hand. In healthy fingers,
the sensory threshold had been reported between 1.5◦ and
6.5◦ [35], while with the invasive method in amputee
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TABLE 4. Comparison between investigations on non-invasive sensory feedback using ES.

individuals, the median of the joint angle was determined
to be 9.1◦ [35]. Although in [35], a prosthetic hand with
fingers having three links (knuckles) was utilized, we used the
customized bionic hand with two knuckles in this research.
Even though fingers with a three-link structure have more
shape-adaptivity and are more accurate in locating desired
angular positions than other designs, this limitation did not
affect the functionality of our prosthetic hand. We noted,
however, that in our proposed method, the joint angle did
not fit accurately at the 0◦-22◦ angular interval. In the ‘‘size
and stiffness identification’’ trial, the participants recognized
three different cylinders, indicating their ability to distinguish
between two channels of sensory stimulation, of which the
results were as follows: 67% (small-rigid cylinder), 61%
(medium-rigid cylinder), and 76% (large-flexible cylinder)
for amputees and non-disabled were 75% for small-rigid,
77% for medium-rigid, and 83% for large-flexible.

Compared to the invasive method that D’ Anna et al. had
proposed, their results (89% for the ‘‘small-hard’’ object,
62% for the ‘‘large-soft’’ object, and 73% for the ‘‘large-
hard’’ object) show that NMES has a reasonable prospect of
recalling sensory information.

These trials show that each sensory substitution channel
primarily conveys information about a single aspect of an
object with no statistically significant difference between
amputees and non-disabled, such as stiffness or size. The
improved performance achieved by using multiple sensory
feedback channels suggests that the proposed method could
increase the number of channels while retaining high
performance.

Table 4 compares our method with others from the
past five (5) years. Other methods lack the recruit-
ment of amputees for testing and functional experiments,
with stimulation mainly in the forearm or wrist. Most
studies did not use a control strategy for conveying
sensory information, but our study tries to address these
limitations.

Our future research will be concentrated on increasing
the number of fingers studied by using different myotomes,
investigating other perceptions that could be elicited by this
method, and finally integrating the presented sensory closed-
loop method with further investigations [36], [37].

V. CONCLUSION
In conclusion, this study shows that using NMES as biofeed-
back for bidirectional prosthetic hands is an influential trend
that allows both non-disabled and amputee participants to use
a multisensory fusion approach to reproduce proprioception
and tactile sensation. The results achieved in the detection
of thresholds in motion (16.33◦ and 21.13◦, respectively)
and weight (120.7g and 152.4g, respectively), joint angle
reproduction, and size-stiffness identification (78.3% and
68%, respectively) verify that the prosthesis users can
instantaneously employ the two sensory information channels
for dextrous manipulation. Furthermore, our study attempts
to demonstrate a clinical method to reproduce the sensory-
motor function of daily routine tasks. Ultimately, our
motivation for conducting this study was to pave the way for
sophisticated prosthetic limbs to provide richer non-invasive
feedback.
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APPENDIX A
HARDWARE SPECIFICATIONS
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