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Abstract—Most of current prostheses can offer motor
function restoration for limb amputees but usually lack
natural and intuitive sensory feedback. Many studies
have demonstrated that Transcutaneous Electrical Nerve
Stimulation (TENS) is promising in non-invasive sensation
evoking for amputees. However, the objective evaluation
and mechanism analysis on sensation feedback are still
limited. This work utilized multi-channel TENS with diverse
stimulus patterns to evoke sensations on four non-disabled
subjects and two transradial amputees. Meanwhile,
electroencephalogram (EEG) was collected to objectively
assess the evoked sensations, where event-related
potentials (ERPs), brain electrical activity maps (BEAMSs),
and functional connectivity (FC) were computed. The
results show that various sensations could be successfully
evoked for both amputees and non-disabled subjects by
customizing stimulus parameters. The ERP confirmed the
sensation and revealed the sensory-processing-related
components like N100 and P200; the BEAMs confirmed
the corresponding regions of somatosensory cortex were
activated by stimulation; the FC indicated an increase of
interactions between the regions of sensorimotor cortex.
This study may shed light on how the brain responds to
external stimulation as sensory feedback and serve as a
pilot for further bidirectional closed-loop prosthetic control.

Index Terms— Prosthesis, sensory feedback, transcuta-
neous electrical nerve stimulation, electroencephalogram.
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[. INTRODUCTION

ROSTHETIC hands may provide a solution for upper-
limb amputees to interact with surrounding environments
behaving like a intact limb [1], [2]. Most commercial pros-
thetic hands have made significant progress to help amputees
regain motor control and are integrated with sophisticated
mechanical components, human skin-like electrodes, and
advanced control algorithms. However, the existing prostheses
are far away from users’ expectations and the lack of tactile
feedback has been recognized as a major problem causing
abandonment and rejections of prostheses [3]. Users have to
rely on their visual feedback which could gain only relatively
accurate manipulation but without sensing the environments
through their prosthetic hands. Thus, it is vital to develop
advanced prostheses with sensory feedback to build a bidirec-
tional human-machine interaction that helps amputees restore
not only motor but also sensation functions [4], [5].
Many studies have concentrated on providing amputees with
a natural and intuitive sensory feedback [6], [7], [8], but most
achievements are still in an early stage and cannot be directly
applied in clinical usage at the moment. Generally, there are
two mainstream methods for restoring sensory paths: invasive
and non-invasive approaches. The invasive methods [9], [10],
[11] are often limited due to their inextricable technical
challenges such as surgical risks, extra medical care, biological
compatibility, power supply, and etc. Thus, the non-invasive
stimulation approaches [12], [13], [14], [15] often serve as a
substitution to transfer sensory information by stimulating the
nerves underneath skin of residual limbs. Generally, the tactile
sensation can be evoked through mechanotactile stimulation,
vibrotactile, and electrotactile stimulation. The mechanotactile
stimulation (MS) [16], [17], [18] involves applying physi-
cal pressure or deformation to skin surface, activating the
mechanoreceptors beneath and producing tactile sensations.
MS could provide fine-grained feedback and spatial informa-
tion, enhancing the perception of surrounding environments.
However, the precision and subtlety of mechanotactile stimuli
can be challenging to control, and prolonged exposure to
mechanical pressure might lead to discomfort and fatigue.
The vibrotactile stimulation (VS) [19], [20], [21] constitutes a
transmission of vibration to skin surface, eliciting tactile sen-
sations thereby. These vibrations vary in frequency, amplitude,
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and duration, offering a wide range of perceptual experiences.
VS is particularly effective in conveying fruitful information
over the body with tiny actuators that can be integrated as
wearable devices, while the stimulation precision might be
limited and the sensation of vibrations could potentially lead
to desensitization over time. The electric stimulation [6], [9],
[22] relies on an application of electrical currents to the skin
that triggers multiple tactile sensations. The evoked sensations
mainly depend on stimulation parameters (current, voltage,
geometric contact area), electrode types (size, material, geo-
metric contact area), and skin properties (thickness, hydration,
location, and receptor intensity).

Transcutaneous Electrical Nerve Stimulation (TENS) [23],
[24], [25], [26] is one of the most used electrical stimulation
methods, which involves an application of electrical currents
through the skin to stimulate nerves, modulate neural path-
ways, and elicit physiological responses. Unlike those invasive
methods, TENS bypassed the need of surgical implantation,
reducing the risk of infections, tissue trauma, and proce-
dural complications significantly. The TENS technology has
evolved considerably, enabling a precise targeting of specific
nerve fibers and neural networks through various electrode
placements and stimulation parameters. This customization
feature enhances its therapeutic efficacy across a wide range
of applications, spanning pain management [27], [28], neu-
rological rehabilitation [29], [30], and even psychological
disorders [31], [32]. The ease of application, portability of
devices, and potential for home-based treatment regimens fur-
ther enhance the attractiveness of TENS as a patient-friendly
alternative to traditional methods. Many studies have sug-
gested that TENS can be considered a plausible non-invasive
approach to convey tactile information from prosthetic devices
to amputees, inducing a sense of perceptual embodiment
in non-disabled subjects with a visual-tactile illusion and
missing limbs of amputees with stimulation of afferent nerves.
Zarei et al. [25] investigated the effect of conventional,
high-frequency TENS on brain activation and perceived sen-
sations on 40 healthy subjects. Jadidi et al. [24] explored
the cortical modulation by pulse width modulation of TENS
on the somatosensory cortex for the first time and con-
ducted a comparative analysis with conventional TENS with
recorded sensory evoked potentials. Vargas et al. [13] placed a
2 x 8 electrode grid along the upper limbs of neurologically
intact subjects to determine if tactile feedback evoked by
TENS can be used to perceive the objects’ shape and surface
topology. Chai et al. [33] recruited two non-disabled subjects
and two unilateral transradial amputees to illustrate that elec-
trotactile feedback enhancing grip force aids in improving
sensorimotor control of prosthetic hands, enabling recognition
of object stiffness. Besides, in the discipline of TENS-induced
sensory feedback, a useful concept of phantom hand map
(PHM) was introduced in many works [34], [35]. It refers to
a region on the residual limb, where sensations corresponding
to the amputated hand or even each individual finger can
be evoked by proper non-invasive stimulation. It is reported
that not all but most limb amputees have PHM and intuitive
sensations can be induced by stimulating the PHM.

Up to now, most existing studies focus on the methods to
evoke sensory feedback for limb amputees, but the relation-
ships among stimulation parameters, evoked sensations, and
cortex activation, together with the mechanism and process by
which cerebral cortex handles the evoked sensory information,
are still less explored. Some studies showed that TENS could
evoke natural and intuitive sensations that are similar to
real touch, and more sensory modalities and richer sensation
types could be realized by exploring stimuli parameters since
the involvement of more nerves located deeply beneath skin
surface. However, most previous studies rarely quantify the
relationship between TENS and induced sensations from an
objective perspective, or some EEG analyses were performed
but the brain functional connectivity corresponding to sensa-
tion evoking was neglected, i.e., the study on cortical activation
behaviors by sensory feedback is insufficient [36]. Thus, the
goal of this study is to characterize the PHM of evoked
tactile sensations on residual limbs induced by TENS and
to explore the brain connectivity and activated brain regions
when stimulation is applied. In this study, subjective feelings
reported by subjects and electroencephalogram (EEG) record-
ings synchronized with stimulation were combined to evaluate
the performance of stimulation. Besides, the event-related
potential (ERP), brain electrical activity map (BEAM), and
functional connectivity (FC) were computed and analyzed
among the non-disabled and amputated subjects to objectively
evaluate the sensory feedback performance and explore the
relationship between stimuli parameters and evoked EEG sig-
nals. We believe the characterization of evoked sensations and
perceptual threshold may be helpful for further development
of closed-loop and bidirectional bionic hands.

Il. MATERIALS AND METHODS
A. Subjects

Four non-disabled volunteers (65-75 kg in weight,
175-180 cm in height, and 24-28 years in age) and two right
transradial amputees (50-70 Kg in weight, 168-170 cm in
height, and 35-40 years in age) were recruited in this work. All
the non-disabled volunteers and amputees are right-handed.
The health assessment revealed that all subjects were in a
positive mental condition and fully capable of participating in
the entire experiment. The experiment protocol was approved
by the Institutional Review Board of the Shenzhen Institute
of Advanced Technology, Chinese Academy of Sciences (/RB
Number: SIAT-IRB-190315-H0325). All subjects agreed to
participate in the study and signed informed consent permis-
sion for the publication of data for scientific and educational
purposes.

B. Platform

The experiment platform, as shown in Fig. 1, contains an
electrical stimulation system and an EEG acquisition system
(64-channel Quick-cap; Amplifier: SynAmps 2, Neuroscan,
USA). The electrical stimulation system includes four parts:
a waveform generator (CED Micro 1401-4, Digitimer, UK),
a bipolar constant current stimulator (DS5, Digitimer, UK),
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Fig. 1. Schematic show of the experiment platform.

and a pair of hydro-electrodes (5 mm in diameter). The
wave-form generator was used to generate pulses and
transmit trigger signals to the EEG acquisition amplifier to
synchronize the EEG and TENS systems. The bipolar constant
current stimulator outputs stimulus currents corresponding
to the signals from waveform generator. The customized
multichannel switch controller can be manipulated manually
to select stimulation channels. The subjects were asked to sit
on a chair in an electro-magnetic shielding room comfortably,
while the stimulation devices were set outside of the room.
A pair of self-adhesive surface electrodes (5 mm in diameter)
were used for stimulation. Prior to the electrode attachment,
the stimulated area was sanitized by using alcohol pads to
eliminate grease and cuticle, enhancing the conductivity of
the electrode-skin interface.

C. Sensation Evoking

1) Stimulation Positions: The PHM distribution for the
amputated subjects were firstly explored. Usually, mesh matri-
ces can be used to identify optimal stimulus sites, which
were marked on the residual limbs with a surgical marker
pen, as shown in Fig. 2. Then, a tiny rod was used to
apply mechanical stresses on the marked areas and the sub-
jective feelings of the amputees, i.e., the evoked phantom
sensations, were recorded to draw the maps of preliminary
PHM distribution to locate the potential stimulus positions.
After that, the symmetric, rectangular, and biphasic waveform
electrical stimulations were performed on these positions, and
the subjective feedbacks from the subjects were recorded to
determine the final positions for the following experiments.

2) Stimulation Patterns: To explore the sensations evoked by
different stimulation parameters, bipolar square-wave pulses
involving various amplitudes, frequencies, and pulse widths
were designated, as illustrated in TABLE 1. For each test
cycle, the stimulus period contained 10 bipolar square pulses
and lasted for 1 s in all, and the rest period lasted for 5 s.
A total of 50 continuous cycles were repeated in each stimulus
trial which lasted for 300 s, as shown in Fig. 3. Once feeling
the stimulation, subjects reported the evoked sensation types,
intensities, and finger positions subjectively. The intensity of
sensation is ranked in a scale from O to 10, where O indicates
“no phantom finger sensation” and 10 indicates “extremely

Fig. 2. The mesh matrix marked on an amputee’s residual limb to
localize the stimulation position.

TABLE |
PARAMETERS OF TENS FOR SENSATION EVOKING

Frequency (Hz)
Wave width (us)
Amplitude (mA)

5,30, 50, 75, 100, 150, 200
50, 100, 150, 200, 250, 300, 350, 400
1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0,6.0

Wave width

Totally

Amplitude 50 trials

A Stimulus

)
A Resting i
Period i

Period

1trial,6s

Fig. 3. Interpretation of stimulation patterns.

stimulated sensation”. The subjective report of intensity is used
to obtain the current threshold when a subject can recognize
a slightly evoked sensation. The stability and generality of
sensation-evoking rule were studied through long-term track-
ing, and the experiments were repeated every five to seven
days to optimize the parameters. Besides, the same TENS
experiments were applied for the non-disabled subjects, where
the stimulus positions were their wrist areas corresponding to
ulnar, median, and radial nerves, and the stimulus parameters
were selected based on the results of amputees.

D. Data Analysis

EEG signals were analyzed by using Python (3.8) and
EEGLAB (vi4.1.2). The data were band-pass filtered from
0.5 to 45 Hz corresponding to five EEG frequency bands
with an 8™ order zero-phase Butterworth filter with the
MATLAB function “filtfilt”, and a 4™ Butterworth notch filter
with 49 Hz was used to remove the baseline noise. Two
earlobes, M1 and M2, were used as the referenced elec-
trodes to ground EEG signals. In the experiments, TENS was
applied and EEG signals were collected simultaneously, and
markers were used to accurately synchronize the stimulation
and signal recording. Thus the signals were segmented into
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50 epochs by markers, which were synchronous with the
stimulus. The epochs with large-amplitude drift or extremely
contaminated by biological artifacts like EOG and EMG
were removed by visual inspection and manual operation.
Subsequently, the components related to eye movements and
muscle activity were detected and extracted by the independent
component analysis algorithm (Fast-ICA). The ADJUST [37]
algorithm was used to identify and eliminate artifactual com-
ponents based on an unsupervised learning method. Thereafter,
an artifact-free EEG was reconstructed by the rest components.
The ICA-processed data were averaged into one epoch and
extracted into 1000 ms, i.e., from —200 to 800 ms relative to
the stimulus start. Finally, the baseline correction was used to
remove the pre-stimulus interval offset and individual ERP was
computed by averaging epochs from various EEG channels.
The EEG data were extracted from the very beginning of
500 ms after the stimulation, and a 10 ms window was
applied to divide the data into segments. The BEAM in each
time window was plotted by the EEGLAB with a function
named “topoplot”. The BEAM results could be adopted to
explore the brain’s electrical activities in spatial distribution
and the activated brain regions when subjects receive stim-
ulation. According to the BEAM results, the EEG channels
corresponding to activated brain regions were finally selected
for ERP analysis, including a comparison among different
stimulus parameters.

E. Functional Connectivity Metrics

The synchronization of neuronal oscillations across different
brain regions is widely used as a fundamental mechanism
facilitating interaction between various brain regions. Some
studies hypothesized that electrical stimulation has profound
impacts on the sensorimotor cortical functional interactions,
and the FC analysis of EEG could uncover the cooperation
of different brain cortexes [30]. In this study, the FC matrices
were computed based on phase-locked value (PLV) and coher-
ence, and the FC matrices of the non-disabled and amputated
subjects in both static and stimulated states were compared.

Coherence [38] is an important approach to estimate
the functional connectivity and spatial relationships in EEG
signals. It quantifies the degree of synchronization and con-
sistency between the oscillatory activities of different electrode
pairs on the scalp. Essentially, coherence reflects the extent to
which two brain regions are engaged in a coordinated neural
activity. When EEG electrodes exhibit high coherence, it sug-
gests that the electrical signals are likely to be functionally
connected. Mathematically, given to time series xi(¢) and y;()
recorded from two channels, the coherence Cohyy is defined
as:

1Py (P2
Pix(f) e Pyy(f) '
where Pxy(f) is the cross-spectrum (in practice, averaged
over EEG data in many epochs) and Pyx(f) and Pyy(f) are
the power spectrum of signals in channel x and channel y,
respectively.
Phase-Locking Value (PLV) [38] is another essential metric
used for EEG connectivity analysis. Unlike the coherence,

Coh,, = (1)

the PLV quantifies the degree of phase consistency between
two signals. It assesses whether the phase of oscillatory
components at specific frequencies across electrode pairs is
synchronized. High PLV values indicate that the phase rela-
tionship between two signals can remain stable over time,
suggesting a strong functional connectivity between the corre-
sponding brain regions. Given bandpass-filtered brain signals
from two EEG channels, the phase-locking value is defined
as:

PLV = , )

1
N

N
S et
t=1

where N is the number of trials and Py, is the difference
between the instantaneous phases x and y of the two signals at
time ¢. The PLV falls within a range of [0, 1], where “0” sig-
nifies the absence of phase synchronization and “1” indicates
the relative phase between two signals can remain consistent
and identical across multiple trials.

[1l. RESULTS
A. Sensation Evoking

In general, most non-disabled and amputated subjects in this
work had similar feedbacks when they perceived stimulations.
All subjects reported that the sensory intensities escalated pro-
portionally with the stimulus amplitude and different subjects
had different sensory threshold. Overall, most subjects could
not detect an evoked sensation until the stimulus amplitude
surpassed 1.5 mA and perceived some uncomfortable feelings
when the amplitude reached 5 mA, while the pain threshold
would be higher for amputated subjects. All the amputees
reported that the stimulation applied on the amputated side
would cause more slight sensations compared to the that
on the healthy side, and their just notified threshold (JNR)
and pain threshold would be higher than the non-disabled
subjects. Besides, it is observed that the sensory types were
predominantly determined by the stimulation frequency, which
could evoke the sensation of flapping, vibrating, and pressing
at around 5, 50, and 200 Hz, respectively. The parameters of
TENS and types of evoked sensations are shown in TABLE II.
The corresponding relationships between evoked sensations
(type and intensity) and stimulus parameters (amplitude, pulse
width, and frequency) remained consistent across the whole
experiment cycle of this work lasting for more than eight
months.

B. Event-Related Potential

According to the BEAM results that will be shown in
the next section, the somatosensory cortex is activated by
stimulation, and thus the corresponding electrode Fz was
chosen to plot the ERP curves. Fig. 4 shows the ERP curves
of the Fz channel under different stimulation parameters for
the four non-disabled subjects (Figs. 4a-4d, with 0, 1.5, 2.5,
and 3.5 mA under 200 us and 200 Hz) and two amputees
(Figs. 4e and 4f, with 0, 4, 5, and 6 mA under 200 us
and 200 Hz). As can be seen, two ERP components, i.e.,
N100 and P200, can be determined, where the time intervals
of 80-140 ms and 180-250 ms are selected as the N100 and
P200 components, respectively.
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Fig. 4. The ERP curves of the Fz channels by different stimulus amplitudes of 0, 1.5, 2.5, and 3.5 mA for the four non-disabled subjects (a, b, c,

and d) and 0, 4, 5, 6 mA for the two amputees (e and f).

TABLE I
PARAMETERS OF TENS AND TYPES OF EVOKED SENSATIONS

Stimulation Parameters

Types of Sensations

Frequency (Hz) Wave width (ps)
5 200 Taping
50 200 Vibration
200 200 Pressing

1) N100: The N100 is a negative deflection occurring
approximately 100 ms after the presentation of a stimulus,
often associated with early sensory processing and atten-
tional mechanisms. For N100, in the amputee group, the
mean latency is 111.04+4.0 ms and the mean amplitude is
—4.38+2.21 pv; in the non-disabled group, the mean latency
15 99.5.0£12.6 ms and the mean amplitude is —6.48+3.14 wv.
The latency of amputees is close to that of non-disabled
subjects, but the amplitudes of amputees are generally smaller
than those of the non-disabled subjects by the same stimulus
current.

2) P200: The P200 is commonly linked to the responses
to stimulation of varying significance or novelty. For P200,
in the amputee group, the mean latency is 243.0+£2.0 ms and
the mean amplitude is 9.28+1.80 uV; in the non-disabled
group, the mean latency is 202.75+22.14 ms and the mean
amplitude is 13.52+5.29 pV. Compared to the amputees, the
non-disabled subjects have shorter latency and higher potential
than amputees.

C. Brain Electrical Activity Map

Fig. 5 illustrates the BEAM of a stimulated state for a
representative amputee, with 50 segmented time windows from
the beginning of to 500 ms after the stimulation. The primary
somatosensory cortex is only activated when phantom finger
sensations are evoked, and noticeable electrical activities can
be observed within the time around 210 to 280 ms after

the stimulus beginning, generally corresponding to the P200
component.

D. Functional Connectivity

Fig. 6 shows the FC matrices for a representative
non-disabled subject and the same amputee in Fig. 5, with
the results of PLV and coherence. The subgraphs Figs. 6a
and 6b are for the non-disabled subject without and with
stimulation, respectively; Figs. 6¢ and 6d are for the amputee
with stimulation on his amputated and healthy side, respec-
tively. It is clear that there is no obvious activation on the
brain regions without a stimulation, and the somatosensory
cortex is activated for both non-disabled and amputee subjects
when they receive stimulations. Besides, the stimulus on the
amputee’s amputated side and healthy side results in similar
patterns in FC matrices. The FC analysis for the other amputee
shows similar results but is not displayed here due to the
limited space of the paper. Additionally, we conducted two
times of one-way ANOVA statistical analysis to study the
difference between four groups of data (for the non-disabled:
“stimulation” and “non-stimulation”; for amputees: “stimula-
tion on the healthy side” and “stimulation on the amputated
side”) in the functional connectivity analysis, where the results
of p <0.05 were achieved in both statistical tests. Considering
the parameters for the two statistical analyses are independent,
it can be proved that there are significant differences in the data
from respective non-disabled and amputated subjects.

Fig. 7 exhibits the EEG connectivity map [39] for the
same amputee in Fig. 5 when he received stimulation on his
amputated side, in different frequency bands of Delta, Theta,
Alpha, Beta, Gamma, and all spectrum. The result shows that
the connectivity efficiency is higher in low-frequency bands
(Delta, Theta, and Alpha) and lower in high-frequency bands
(Beta and Gamma).

IV. DISCUSSION

For the individuals grappling with limb amputation, pros-
theses emerge as a viable option to restore their basic
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Fig. 5. The brain electrical activity map across 50 segmented time windows from the beginning of to 500 ms after the stimulation, when the
amputee received stimulation (amplitude = 6 mA, frequency = 200 Hz, pulse width = 200 us) and a pressing sensation on this phantom finger was
evoked by TENS.
a) , 1.0
; 0.8
PLV
0.6
0.4
Coh .
0.2
0.0

Fig. 6. The functional connectivity matrices for an non-disabled subject and the same amputee in Fig. 5, with the metrics of phase locked value
and coherence, for a) the non-disabled subject without stimulation; b) the non-disabled subject with stimulation; c) the amputee with stimulation on

his amputated side; d) the amputee with stimulation on his healthy side.

motor function. However, the absence of sensory feedback in
most current prostheses hampers the user’s ability to interact
seamlessly with the environments. The deficiency in sensory
function not only compromises the overall experience but also
poses a challenge in performing everyday tasks with confi-
dence. Thus, exploring a possible way to establish intuitive
sensory feedback for limb amputees has been a hot spot
in the discipline of neurorehabilitation and human-machine
interaction.

Numerous studies have achieved noteworthy successes in
eliciting diverse intuitive phantom finger sensation for upper-
limb amputees by applying invasive electrical stimulation
either on sensory cortexes or peripheral nerves [9], [10], [11].
Although these discoveries mark a substantial advancement
in recovering sensory perceptions for amputees, the invasive
nature of this approach may present many risks. The clinical
operation is always constrained and the acceptance of an
invasive procedures is generally lower, which is primarily
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Fig. 7. The EEG connectivity map for the same amputee in Fig. 5 when he received stimulation on his amputated side, in different frequency bands

of Delta, Theta, Alpha, Beta, Gamma, and all spectrum.

due to the potential complications arising post-surgery. These
complications, ranging from infection to more intricate
issues, contribute to the hesitancy surrounding the widespread
adoption of invasive stimulation in rehabilitation of sensory
function for amputees.

Conversely, the non-invasive stimulation methods are much
more acceptable by most amputees and can still gain relatively
satisfactory performance [12], [13], [14], [15]. Mechanical
stimulation has shown some capacity to induce sensations for
limb amputees, albeit with limit in the diversity of sensation
types that can be evoked [16], [17], [18]. On the other hand,
TENS stands out as a versatile and promising alternative,
which has been demonstrated to evoke a broader spectrum of
intuitive sensations, making it a suitable candidate for enhanc-
ing sensory feedback for amputees [23], [24], [25], [26]. Some
pilot studies have successfully demonstrated the feasibility of
TENS in evoking natural and intuitive sensations [40], [41].
However, the exploration of brain activities connected with
sensation evoking upon different stimulus configurations is
inadequate and unsatisfactory. Therefore, this work intended
to study the TENS-based sensation evoking performance from
the aspect of EEG, which may serve as a crucial objective tool
to assess the brain activation behaviors. Comparisons between
the amputees and non-disabled subjects, and between the
amputees’ amputated and healthy sides, were both explored.

Implementing mechanical stresses on amputees’ stump sur-
face can unveil their PHMs corresponding to different phantom
fingers, offering valuable guidance for localization of pre-
cise TENS positions. The modulation of TENS parameters,
including amplitude, wave width, and frequency, plays a
crucial role in eliciting various sensations [40]. Notably, ampli-
tude and wave width are primary determinants of sensation
intensity, influencing the perceived sensation strength and
depth experienced by subjects. Higher amplitudes or larger
wave widths generally result in more pronounced and intense
sensations, which can be explained by the enhanced energy
transfer to the stimulated nerves. In another aspect, a variance
in frequency will leads to different sensation types, where
increasing frequency can cause a sensation from flapping to
vibrating, and eventually to pressing [40], [41]. This phe-
nomenon is likely attributed to the activation of different
nerve fibers in response to stimulus frequency change. The
rationale behind this behavior lies in the logical progression
where high-frequency flapping triggers a vibrating sensation,
and similarly, the brain interprets high-frequency vibrating

as a continuous pressing sensation. It is worth noting that a
mixture of sensations for different fingers was pretty common
in subjects, which may be attributed to the co-activation of
different nerve fibers corresponding to different fingers.

The synchronously acquired EEG data may provide a way
to objectively evaluate the sensory feedback performance,
where various EEG analyses including ERP, BEAM, FC, and
connectivity map, were implemented in this study. According
to the experimental results, distinct ERP peaks were observ-
able only upon stable electrical stimulation. Both amputees
and non-disabled subjects exhibiting similar ERP components,
which might prove the evoked sensations on amputees are
as natural and intuitive as the non-disabled subjects. The
N100 wave, associated with the initial phase of sensory
processing that occurs independently of conscious awareness
of stimulus, is believed to primarily originate from the sec-
ondary somatosensory cortices. The P200 is considered to
be responsible for translating a perceived stimulation into a
conscious perception [25], [41]. Therefore, the ERP findings
featuring N100 and P200 in the experiments may be suggested
as a cognitive biomarker for sensory processing induced by
TENS, offering a means to validate the reliability of the
evoked sensations. Besides, compared with the non-disabled
subjects, the amputees’ ERP curves have smaller amplitudes
even by a more intense stimulation, which may indicate that
the amputees need a stimulus with higher amplitude or larger
wave width, i.e, more energy transfer, to evoke a sensation,
and therefore they have a higher JNR. This phenomenon
could be attributed to the fact that individuals who have
undergone amputation surgery may possess fewer effective
or sensitive nerve fibers to perceive external stimulations,
requiring a higher stimulus intensity for sensation evoking.
Another possible explanation may be that the peripheral nerve
fibers are regenerated in the stump, and these fibers may have
different structures, performance, and characteristics from the
original ones before amputation. The BEAM results show that
the somatosensory cortices are noticeably activated only when
sensations are effectively induced by electrical stimulation, and
the activation time indicated by BEAM is in agreement with
the time for the ERP curves, which would jointly confirm the
reliability of TENS-evoked sensory feedback.

The FC matrices and EEG connectivity maps for amputees
and non-disabled subjects are compared, which demonstrate
that sensory stimulations can elicit measurable effects on
the whole-brain cortical functional connectivity among all
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the subjects. The FC analysis shows similar results when
applying TENS on the non-disabled subjects, the amputees’
healthy side, and the amputees’ amputated side, which proves
the hypothesis that TENS could induce sensations for the
amputees as natural and intuitive as for the non-disabled
subjects. Besides, the FC matrices and connectivity maps both
indicate that the sensory stimulation can lead to an increased
speed of information transfer and number of interactions
between the brain regions of sensorimotor cortex, which
enhances functional interactions between the somatosensory
and multisensory processing systems [30].

Overall, this study re-established a sensory pathway
between the external environment and brain for transradial
amputees through TENS, which is validated by a
comprehensive analysis of synchronous EEG recordings.
Considering the small sample size is a limitation of this
work, more amputees with different amputation conditions
will be recruited to generalize the present findings in the
future. Furthermore, a precise stimulation may enable targeted
activation of specific nerves with proper spatial resolution,
and thus some novel microelectrodes like microneedle
array electrodes are suggested to be a possible solution
for more precise sensation evoking. Compared with the
invasive sensory feedback method, the non-invasive approach
consistently grapples with the limitation of pattern diversity.
For future efforts, it is recommended to explore different
combinations of multi-parameters to enhance and diversify
the sensory feedback for upper- and low-limb amputees.

V. CONCLUSION

In this work, four non-disabled subjects and two transradial
amputees were recruited to explore an effective non-invasive
sensory feedback method in restoring the lost sensory
function for upper-limb amputees. Phantom finger sensations
were successfully evoked by TENS for amputees and
different sensation types were generated by modifying the
stimulus configurations. The synchronously acquired EEG
with multiple analysis of ERP, BEAM, and FC was used
to objectively evaluate the brain’s response to the evoked
sensations. The subjective feelings reported by the subjects
and objective EEG evaluation together proved that TENS
can be utilized to evoke natural and intuitive sensations and
recover the sensory function for amputees.
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