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ABSTRACT Modern hand prostheses are used to restore the motor functions lost due to an amputation.
However, the lack of sensory feedback remains a major challenge. Subdermal stimulation is a promising
technique to restore tactile sensations when using prostheses, since it may overcome the disadvantages
of surface electrodes without resorting to surgery that is required for a direct nerve interface. The present
study evaluated the short-term repeatability of the perceptual properties of subdermal electrical stimulation
over eight hours in healthy subjects and compared them to those of surface stimulation. Specifically,
the detection threshold, pain threshold, dynamic range, just noticeable difference, resolution and quality of
evoked sensations were tested and used for short-term repeatability evaluation. The results demonstrated that
the detection threshold was more stable under subdermal stimulation, whereas the short-term repeatability
of the pain threshold and just noticeable difference was better under surface stimulation. On the other hand,
several psychometric parameters (dynamic range, resolution, sensation quality, intensity, and comfort) were
equally stable and did not change significantly across sessions in either surface or subdermal stimulation.
The subdermal stimulation was better localized and elicited fewer unwanted sensation modalities (p< 0.05),
whereas surface stimulation was characterized by a higher resolution (p < 0.05). The results suggest that
subdermal stimulation could be a viable alternative for the implementation of electro-tactile feedback as it
generates sensations that are equally stable as in surface stimulation, and yet it has some important advantages
for the practical applications (e.g., compact interface, permanent placement).

INDEX TERMS Prostheses, sensory feedback, surface electrical stimulation, subdermal electrical
stimulation.

I. INTRODUCTION
It was reported in 2005 that approximately 1.6 million per-
sons in the USAwere living with the loss of an upper or lower
limb [1]. The incidence of limb loss was estimated to reach
3.6 million in 2050 [1]. The quality of life concerning physi-
cal, psychological and vocational aspects can be extremely
impaired after the loss of a limb. Artificial limbs, such as
hand prostheses, have been employed for several decades
to improve the quality of life of amputees. After years of
extensive research and development, the fitting of prostheses
has become highly individualized. Furthermore, prostheses

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

have become more anthropomorphic in the past decade, and
the most advanced systems feature individually controllable
fingers and thereby many grasp types, approaching the dex-
terity of the human hand [2]. These devices are controlled
by translating muscle electrical activity into prostheses com-
mands, which is an intuitive control interface. Nevertheless,
myoelectric prostheses are still not widely accepted among
amputees. As reported in a recent review of user needs,
the amputees were not content with the comfort and func-
tionality of the myoelectric prostheses [3]. The rejection rates
reported in user surveys [4] range between 17% and 80%.
The addition of sensory feedback was proposed as a possible
way to improve the functionality of myoelectric prostheses
(thereby potentially lowering the rejection rate) [5] and it was
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often cited as a desired feature in the list of consumer design
priorities [6]. Apart from a few recent examples with a limited
clinical application [7], [8], none of the commonly used com-
mercial prostheses provide somatosensory feedback to the
user. Indeed, sensory feedback in able-bodied humans plays
an important role in motor control, haptic exploration, and
social communication. Therefore, the integration of sensory
feedback could potentially enhance prostheses’ performance
and utility by closing the control loop through the user [9].

Different methods, such as mechanical stimulation using
vibration motors, electrical stimulation of remaining periph-
eral nerves through implanted interfaces and surface electri-
cal stimulation of the skin, could be used to restore sensory
feedback in a prosthesis [9]–[11]. If delivered to peripheral
nerves or to a phantom map that exists on the residual limb
in some amputees, the stimulation can elicit somatotopic
sensations in the phantom hand [12], or fingers [13], [14].
Electrocutaneous stimulation is a non-invasive technique that
has been studied extensively in the past [15], [16]. In this
approach, low-amplitude electrical pulses are delivered to
the skin of the residual limb to activate cutaneous afferents
and elicit tactile sensations. The feedback information is
transmitted to the user by modulating stimulation parameters.
For example, the prostheses grasping force can be communi-
cated through the intensity of stimulation, i.e., the higher the
force, the stronger the stimulation delivered to the subject.
Typically, the detection and discomfort thresholds are first
measured to obtain the range within which the stimulation
amplitude can be modulated.

Some advantages of electrocutaneous stimulation over
mechanical vibration are the absence of moving parts, steady
contact with the skin, and efficiency concerning power
consumption. Furthermore, the control of electrocutaneous
stimulation parameters (frequency and intensity) ismore flex-
ible compared to vibration motors, where these parameters
are often mechanically coupled (e.g., through a resonance
behavior) [17].

Despite these advantages, electrocutaneous stimulation
suffers from drawbacks, such as the need to reposition surface
electrodes each day, poor consistency of evoked sensations,
occasionally evoking unpleasant sensations and the difficulty
of maintaining skin hydration. Placing electrodes under the
skin may overcome some of these disadvantages, as the elec-
trodes are placed permanently, bypassing the skin impedance.
This can be achieved by using implanted interfaces to directly
stimulate peripheral nerves via circumferential electrodes
[18], [19] or intraneural electrodes [20]–[24], or through
the application of cortical surface stimulation [25], [26] and
intracortical microstimulation [27], [28]. Thesemethods have
led to promising results [9], [29], [30]; however, a surgical
procedure is required which may not be accepted by all
amputees.

Subdermal stimulation is a minimally invasive approach
that does not require surgery, as the wire electrodes are
applied subcutaneously using a hypodermic needle [31], [32].
While the psychometric properties of the peripheral nerve

stimulation [18] as well as surface stimulation [10], [24], have
been characterized, this has not been done for the subdermal
stimulation. Importantly, the utility of artificial stimulation
for sensory feedback relies on its ability to elicit consistent
and repeatable sensations during hours of prosthesis use [33].
However, the short-term repeatability and usability of electro-
tactile sensations generated using subdermal stimulation have
not yet been systematically investigated [31].

This study aimed to assess the short-term repeatability of
the tactile sensations that are elicited using subdermal elec-
trodes over eight hours and compare it to that of conventional
surface electro-tactile stimulation. We evaluated the changes
in the detection threshold (DT), pain threshold (PT), dynamic
range (DR), just noticeable difference (JND), resolution and
quality of evoked sensations. The short-term repeatability of
these perceptual properties was compared to that of surface
stimulation.

II. METHODS
A. SUBJECTS
Fourteen able-bodied subjects (9 males and 5 females,
26 ± 5 years) were recruited from Aalborg University, Den-
mark. All subjects provided written informed consent in
accordance with the Declaration of Helsinki and all of them
joined both surface and subdermal stimulation experiments.
The study protocol was approved by The North Denmark
Region Committee on Health Research Ethics (N-20160021).
The subjects had no visible broken skin or infections in the
application area.

B. EXPERIMENTAL PROCEDURE
During the experiment, the subjects were seated in a chair in a
comfortable posture. An area of approximately 2 cm × 3 cm
in the middle of the non-dominant dorsal forearm was gently
shaved when needed and locally disinfected with a 70%
alcohol swab. Then, the subdermal and surface electrodes
were placed as explained in the next section.

A charge-balanced, biphasic, rectangular, and symmet-
ric waveform with a pulse width of 200 µs produced by
a USB-powered constant current stimulator (Inomed, ISIS
Neurostimulator, Emmendingen, Germany)was used for both
surface and subdermal stimulation. The pulse width (200 µs)
was constant in all the tests, whereas the stimulation ampli-
tude and frequency were modulated as described below.
A custom-made LabVIEWprogram controlled the stimulator.

A sterilized fine wire electrode made of Teflon-coated
stainless steel (A-M Systems, Carlsborg, WA, diameter
50 µm) was placed under the skin guided by a 25-gauge
hypodermic needle. The tip of the wire was uninsulated
by 5 mm [34]. A self-adhesive pre-gelled electrode (Ambu
Neuroline 700, 20 mm × 15 mm) was used for surface
stimulation. The two stimulation electrodes were placed in
the middle of the dorsal side of the non-dominant forearm,
as the more reliable sensation was observed dorsally in a
previous study [35]. A self-adhesive pre-gelled electrode
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(PALS Platinum, 40 mm × 64 mm, oval) was used as a
common ground electrode and placed over the wrist on the
dorsal side of the non-dominant forearm. The subdermal
electrode was first inserted into the skin by a well-trained
experimenter and fixed to the skin using 2 cm× 2 cmmedical
tape (Fixomull®stretch). Thereafter, the surface electrode
was positioned 5 mm proximal to the insertion site. The
electrodes placement and stimulation setup were similar as
in our previous study [32], except that only the dorsal side of
the forearm was tested in the present experiment.

Three evaluation sessions were implemented immediately
(0 hour (0 hr)), 4 hours (4 hr) and 8 hours (8 hr) after placing
the electrodes. All three sessions were performed on the same
day and each session lasted approximately one hour. After
each evaluation session, the electrodes were disconnected
from the stimulator. The reusable common ground electrode
was removed from the skin. The surface and subdermal elec-
trodes were covered with an elastic bandage to avoid any
unexpected displacement, as there was no limit to the daily
activities of the subjects between the sessions. When the
subject returned for a new measurement, the common ground
electrode was reapplied, the bandage was removed, and the
surface and subdermal electrodes were reconnected to the
stimulator.

C. PSYCHOPHYSICAL MEASUREMENTS
1) DETECTION, PAIN THRESHOLD AND DYNAMIC RANGE
The DT is the lowest level of electrical stimulus that can be
detected by the subject. The staircase procedure [36] was
employed to measure DT. First, an approximate DT was
determined by delivering single pulses of increasing ampli-
tude at a starting amplitude of 3 mA for surface and 0.3 mA
for subdermal stimulation. Then the pulses were delivered
every 2 s, and the amplitude was increased in steps of 0.5 mA
for surface and 0.3 mA for subdermal stimulation [32]. The
approximate DT was identified when the subject felt the
stimulation for the first time. This value was then used as the
starting amplitude for the staircase procedure. If the subject
did not feel the stimulation, the amplitude of the following
stimulus was increased in steps of 0.05 mA for surface and
0.03 mA for subdermal stimulation; otherwise, the amplitude
was decreased in the same steps. If the subject reported no
detection after a trial of successful detection, or vice versa,
this was defined as a ‘reversal’. The procedure was stopped
when 10 ‘reversals’ were recorded or if the number of stimuli
reached 30. Finally, the DT was calculated as the mean of all
intensities at the ‘reversals’ with the first three excluded.

The PT is defined as the stimulation intensity at which the
subject starts feeling pain. Themethod of limits [37] was used
to measure the PT. Single pulses were delivered every 2 s
with the amplitude increasing in steps of 0.3 mA for surface
and 0.1 mA for subdermal stimulation until a pain sensation
was reported by the subject. This measurement was repeated
three times and three values were obtained. Finally, the PT
was calculated as the mean of the three measurements.

The DR was computed as the ratio between PT and DT
(PT/DT); the higher the DR, the wider the parameter span
that can be used to encode the feedback information (e.g.,
prosthesis grasping force).

2) JUST NOTICEABLE DIFFERENCE AND FEEDBACK
RESOLUTION
The JND is defined as the smallest change in stimulus ampli-
tude that can be perceived by the subject. The JND was
measured with respect to a specific baseline amplitude.

In the present experiment, the baseline amplitude was three
times DT (3×DT) for both surface and subdermal stimu-
lation. When the amplitude of 3×DT was above the PT,
either 2× or 1×DT was used instead (highest amplitude that
was still below the PT). To determine the JND, the baseline
stimulus (single pulse) was first delivered, and after 1 s,
the comparison stimulus (single pulse) was applied. If the
subject reported that he/she could not feel a difference in the
intensity of the two pulses, the amplitude of the comparison
stimulus was increased by 0.03 mA for surface and 0.01 mA
for subdermal stimulation. The iterations stopped when the
subject could feel a difference. The difference between the
amplitude of baseline and comparison stimulus was then
adopted as the JND. The test was repeated three times, and the
mean value of the three JNDs was used for data analysis. The
baseline stimulation amplitude for JND measurements was
not constant among the three sessions, as the DTs were dif-
ferent between sessions. Therefore, the Weber fraction (WF)
was used to evaluate the short-term repeatability of the JND.
According to Weber’s law, the ratio between the JND and the
baseline stimuli is constant [38]. The WF was calculated by
the following equation (1):

k = 1I
/
I (1)

in which1I represents the JND and I is the baseline stimulus
intensity.

The obtained WF was then used to determine the potential
resolution of the respective electro-tactile feedback. The res-
olution was defined as the number of intensity levels that the
subject can discriminate between DT and PT. The resolution
was calculated by the following recursive equation (2):

In = In−1 + In−1 × k (2)

where I0 = DT, k is WF and the recursion stops once
IN > PT. The number N is thereby the feedback resolution.
Higher-resolution represents better ability of the subject to
discriminate stimulation levels.

3) EVALUATION OF SENSATION QUALITY
The quality of sensations elicited by surface or subdermal
stimulation was evaluated using trains of pulses at 20 Hz and
100 Hz. One-second pulse trains at the amplitude of 3×DT
were delivered five times to the subject. For this assessment,
trains of pulses were used to elicit sensations that are clear
and long enough to allow the subjects to perceive the quality
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FIGURE 1. The stimulation parameters used in different psychometric
tests. DT represents the detection threshold; PT represents the pain
threshold and JND represents just noticeable difference.

and intensity. The frequencies of 20 Hz and 100 Hz were
selected based on our previous study [32] since they were
within the range that is typically used for sensory feed-
back. If the intensity of 3×DT was above the PT, either
2× or 1×DT was used. Three one-second pulse trains
with the amplitude of 3×DT and frequency of 50 Hz and
80 Hz, respectively, were used as oddballs. Therefore, a total
of 16 stimuli were randomly presented to the subject for the
surface and subdermal stimulation, respectively. The stimu-
lation pulse parameters used in this study to assess DT, PT,
JND and sensation quality are summarized in Fig. 1.

The elicited sensation was evaluated by a questionnaire
(Table 1) addressing the quality, intensity, comfort, and loca-
tion. Multiple choices of 12 pre-defined words were offered
to describe the perceived sensation quality. A numerical
rating scale (NRS) from 0 to 10 was used to assess the
sensation intensity, where 0 represented no sensation and
10 represented the upper limit of sensation. A Likert-type
scale ranging from 1 to 7 was used to assess comfort, where

TABLE 1. Questionnaire for sensation evaluation.

1 represented ‘very comfortable’, 4 represented ‘neutral’
and 7 represented ‘very uncomfortable’. The words ‘Local’,
‘Radiation’ and ‘Referred’ were used to describe the per-
ceived location of the stimulus. ‘Local’ defined a percep-
tion located under or around the electrodes. ‘Radiation’
defined a perception spreading out away from the electrodes.
‘Referred’ defined a perception that appeared further away
from the place where the electrode was positioned (e.g.,
paresthesia in the hand while stimulating the forearm skin).
Answers to all the questions were recorded and saved on the
computer for later analysis.

D. DATA ANALYSIS
To evaluate the short-term repeatability of surface and sub-
dermal stimulation (within-modality comparison), the psy-
chometric measures across sessions were assessed by using
one-way repeated measures ANOVA, if the data were nor-
mally distributed (Shapiro-Wilk test); otherwise, the Fried-
man test was used. The Greenhouse-Geisser correction was
applied when the data violated the assumption of sphericity
(Mauchly’s test). This was followed by post hoc tests if a
significant difference was detected. The paired t-test was
used for normally distributed data, and the Wilcoxon signed-
rank test was used otherwise, with Bonferroni correction.
To compare the psychometric parameters between the two
stimulation modalities, paired t-test was used to assess the
difference between surface and subdermal stimulation in each
session (i.e., 0 hr, 4 hr, and 8 hr) if the data were nor-
mally distributed; otherwise, the Wilcoxon signed-rank test
was used.

Regarding the analysis of sensations, the subject’s data
were excluded if the stimulus amplitude was not consis-
tent (different multiple of DT) across the three sessions.
Overall, the amplitudes were less consistent in subdermal
stimulation, and in total, the data from 12 (surface stim-
ulation) and 8 (subdermal stimulation) subjects were used
for the analysis. In each session, the subjects provided five
answers (one-second pulse trains at the amplitude of 3×DT
were delivered five times to the subject) for each stimu-
lation frequency (20 and 100 Hz) to evaluate the sensa-
tion quality and location. The answer ‘yes’ was recorded
as a ‘1’, and the answer ‘no’ was recorded as a ‘0’. Then,
the ratio of ‘yes’ answers (selection ratio) was used to
evaluate the short-term repeatability. The heat map fig-
ures were used to show the selection ratio in which blue
represents smaller rates (near 0) and red represents higher
rates (near 1). Since the number of subjects was not matched
between the modalities (n=8 for subdermal and n=12 for
surface), the data were compared using unpaired t-test or
Mann-Whitney test.

The statistical analysis was performed using the IBM
SPSS version 25, and the significance threshold was set
to p < 0.05. The results are reported in the text using
the median and interquartile range (IQR) in the format of
median (Q1-Q3).
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FIGURE 2. The boxplots of DT and PT for surface and subdermal
stimulation across the three sessions, ∗ p < 0.05. 0 hr, 4 hr, and 8 hr
represent the three evaluations immediately, 4 hours and 8 hours after
placing the electrodes, respectively. DT represents the detection threshold
and PT represents the pain threshold.

III. RESULTS
A. DETECTION, PAIN THRESHOLD AND
DYNAMIC RANGE
The summary of the results for DT and PT is presented
in Fig. 2. The medians (IQR) in three sessions for DT
were 5.15 (3.74-7.85) mA, 4.53 (2.80-6.79) mA and 4.94
(2.81-6.57) mA for surface stimulation and 0.84 (0.66-1.32)
mA, 0.84 (0.63-1.13) mA and 0.77 (0.58-1.19) mA for
subdermal stimulation. One-way repeated-measures ANOVA
with a Greenhouse-Geisser correction showed that the mean
DT for surface stimulation changed significantly across ses-
sions (p < 0.01), whereas the Friedman test revealed that
there was no significant change in the DT for subdermal
stimulation across sessions. The post hoc pairwise compar-
isons (paired t-test) revealed that the mean DT of surface
stimulation significantly decreased at 4 hr (p < 0.001) and
8 hr (p < 0.01) with respect to the initial test (0 hr). In each
session, the DT for the surface stimulation was significantly
higher (all p < 0.001 for three sessions, Wilcoxon signed-
rank test) than those for the subdermal stimulation.

The medians (IQR) in three sessions for PT were
11.72 (9.45-14.48) mA, 10.87 (8.25-12.26) mA and 11.58
(8.87-12.90) mA for surface stimulation and 2.62 (1.77-4.53)
mA, 2.22 (1.42-4.26) mA and 1.96 (1.41-4.19) mA for sub-
dermal stimulation. One-way repeated measures ANOVA
showed that the mean PT for surface stimulation did not
exhibit differences across sessions. For subdermal stimula-
tion, Friedman’s test revealed that there was a significant

difference (p < 0.05) in the PT across the three sessions;
however, the post hoc comparisons did not indicate signif-
icant pairwise differences. In each session, the PT for the
surface stimulation was significantly higher (all p< 0.001 for
three sessions, Wilcoxon signed-rank test) than those for the
subdermal stimulation.

The medians (IQR) for DR were 2.22 (1.83-2.76), 2.27
(1.74-2.70) and 2.39 (1.80-3.25) for surface stimulation, and
3.41 (1.77-4.04), 2.47 (1.73-4.23) and 2.75 (2.22-3.36) for
subdermal stimulation. Friedman test indicated no signifi-
cant difference across the sessions for DR of surface and
subdermal stimulation, suggesting that DR was equally sta-
ble for both stimulation modalities. Furthermore, there was
no significant difference (Wilcoxon signed-rank test) in DR
between the surface and subdermal stimulation in any of the
sessions.

B. WEBER FRACTION AND STIMULATION RESOLUTION
The summary of the results for WF is presented in Fig. 3.
The medians (IQR) of WF for surface stimulation were
0.02 (0.01-0.03), 0.02 (0.01-0.03), 0.01 (0.01-0.05) and sub-
dermal stimulation were 0.09 (0.04-0.20), 0.05 (0.02-0.11),
0.05 (0.02-0.08) across the three sessions. The Friedman
test revealed that the WF for subdermal stimulation changed
significantly across sessions (p < 0.05), and the post hoc
pairwise comparisons indicated that the WF decreased sub-
stantially from 0 hr to 8 hr (p < 0.05, Wilcoxon signed-rank
test). However, there was no significant difference (Friedman
test) across sessions in the WF for the surface stimulation.
The WF for the surface stimulation was significantly smaller
(p < 0.01 at 0 hr, p < 0.01 at 4 hr, and p < 0.05 at 8 hr,
Wilcoxon signed-rank test) compared to that for subdermal
stimulation in each session.

The Friedman test indicated that in both stimulation
modalities, the medians (IQR) of the resolution were 54.00
(35.00-86.25), 51.50 (21.25-119.50), 66.00 (21.50-126.25)
for surface stimulation, and 10.50 (6.75-24.25), 15.50
(8.75-52.00), 21.50 (11.75-42.00) for subdermal stimula-
tion, and they did not change significantly across sessions.

FIGURE 3. The boxplots of WF for surface and subdermal stimulation
across the three sessions, ∗ p < 0.05. 0 hr, 4 hr, and 8 hr represent the
three evaluations immediately, 4 hours and 8 hours after placing the
electrodes respectively. WF represents Weber fraction.
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FIGURE 4. The heat map of selected sensation modalities across the
three sessions for surface and subdermal stimulation at 20 Hz and
100 Hz. The selection ratio for muscle twitch at 100 Hz and the sensation
of movement at both 20 Hz and 100 Hz were significantly higher in each
session for surface stimulation than subdermal stimulation (p < 0.05).
0 hr, 4 hr, and 8 hr represent the three evaluations immediately, 4 hours
and 8 hours after placing the electrodes respectively.

The resolution of the surface stimulation was significantly
higher (p < 0.001 at 0 hr, p< 0.05 at 4 hr, and p< 0.05 at 8 hr,
Wilcoxon signed-rank test) compared to that of subdermal
stimulation in all the three sessions.

C. EVOKED SENSATIONS
The heat map (Fig. 4) shows the ratio for reporting a spe-
cific sensation quality during surface and subdermal stimu-
lation. In general, fewer sensation modalities were elicited
by subdermal stimulation with respect to surface stimula-
tion (e.g., less blue color (near 0) in the map for surface
stimulation). The Friedman test indicated that there were no
significant differences in the ratios in any of the selected
sensationmodalities across sessions, implying that the quality
of sensation was equally stable for surface and subdermal
stimulation. Mann-Whitney U test showed that there were
no significant differences between surface and subdermal
stimulation in selection ratios for most of the modalities. The
only exceptions are the selection ratio for muscle twitch at
100 Hz (all p < 0.05, for three sessions) and sensation of
movement at both 20 Hz (all p < 0.05, for three sessions)
and 100 Hz (all p < 0.05, for three sessions), which were
significantly higher in each session for surface stimulation
than for subdermal stimulation.

Fig. 5 (upper plot) presents the summary results for the per-
ceived intensity of stimulation. The intensity at 100 Hz was
significantly higher in every session compared to the intensity
at 20 Hz, (p < 0.05 at 0 hr, p < 0.01 at 4 hr and p < 0.05 at
8 hr for surface stimulation, paired t-test) and (all p< 0.05 for
three sessions of subdermal stimulation, Wilcoxon signed-
rank test). However, the intensity of surface stimulation was
not different from that of subdermal stimulation in either of
the sessions, at both 20 Hz and 100 Hz. This means that
similar intensity was perceived in surface and subdermal
stimulation (despite the difference in stimulation parameters).
The one-way repeated measures ANOVA (20 Hz for surface,

FIGURE 5. The amplitude for intensity and comfort of the three
sessions. ∗ p < 0.05. 0 hr, 4 hr, and 8 hr represent the three evaluations
immediately, 4 hours and 8 hours after placing the electrodes respectively.

100 Hz both for surface and subdermal) and Friedman test
(20 Hz for subdermal) revealed that the perceived intensity
was not significantly different across sessions.

Fig. 5 (lower plot) depicts the summary of the perceived
comfort of stimulation. The comfort at 20 Hz was not differ-
ent (p > 0.05) compared to the comfort at 100 Hz for both
surface and subdermal stimulation in either of the sessions.
The comfort of surface stimulation was not different in either
of the sessions compared to subdermal stimulation. The one-
way repeated measures ANOVA demonstrated that the com-
fort for both surface and subdermal stimulation at 20 Hz,
as well as both surface and subdermal stimulation at 100 Hz,
did not change significantly across sessions.

The heat map of the perceived location was presented
in Fig. 6. Mann-Whitney U test showed that there was no sig-
nificant difference in selection ratios in most of themodalities
between the surface and subdermal stimulation, except that
less referred sensations (p< 0.05) were elicited by subdermal
stimulation compared with surface stimulation at 100 Hz
in 8 hr session. The likelihood of reporting referred sensation
increased over time in surface stimulation at 100 Hz (Fried-
man test, p < 0.05), and the post hoc pairwise comparisons
indicated that selection ratios increased at 4 hr and 8 hr (all
p < 0.05, Wilcoxon signed-rank test) compared to 0 hr.

IV. DISCUSSION
The present study explored the short-term repeatability of
several psychometric properties in subdermal and surface
stimulation. Specifically, the short-term repeatability of DT,
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FIGURE 6. The heat map of the selected location of sensation across the
three sessions, for surface and subdermal stimulation at 20 Hz and
100 Hz. Less referred sensations were elicited by subdermal stimulation
compared to surface stimulation at 100 Hz in an 8 hr session (p < 0.05).
The likelihood of reporting referred sensations increased over time in
surface stimulation at 100 Hz (p < 0.05), and the post hoc pairwise
comparisons indicated that selection ratios increased at 4 hr and
8 hr (p < 0.05) compared to 0 hr. 0 hr, 4 hr, and 8 hr represent the three
evaluations immediately, 4 hours and 8 hours after placing the electrodes
respectively.

PT, DR, JND, resolution and sensation quality were assessed
in three sessions 4 hours apart.

The study demonstrated that subdermal stimulation might
be an attractive option for providing sensory feedback. Most
psychometric parameters (DR, resolution, sensation quality,
perceived intensity, and comfort) remained similar across
time in both stimulation modalities. However, DT changed
significantly in surface stimulation, and PT (weakly) andWF
in subdermal stimulation. Therefore, none of the stimulation
modalities was superior in terms of short-term repeatability
over time. However, subdermal stimulation is advantageous
when considering the aspects of practical application in pros-
theses such as the need to mount and remove surface elec-
trodes each day [10]. The sensations elicited by subdermal
stimulation will not be necessarily somatotopic compared to,
for example, direct stimulation of peripheral nerves. Nev-
ertheless, the application is much simpler (no surgery) and
therefore it could still be an attractive solution for prosthesis
users who are reluctant to undergo additional surgery.

With subdermal stimulation, the DT was more stable,
whereas the DT of surface stimulation decreased over time.
This was likely because the impedance of the electrode-
skin interface changed during the eight hours of placement
(gel impregnation and sweating) [39], thereby decreasing the
minimal current required to activate the afferents. However,
there was no significant change in DT in subdermal stimula-
tion, despite possible acute inflammation [40] and swelling
around the subdermal electrode hours after placement, which
could influence the impedance of the electrode [41]. With
sensory feedback, unpleasant sensory modalities should be
avoided, such as ‘tingling’, ‘pinprick’, ‘itch’ ‘muscle twitch’,
‘pinch’ and ‘pain’. This study revealed that muscle twitchwas
elicited more frequently by surface stimulation at a higher
stimulation frequency (100 Hz). Whereas, muscle twitch and
movement were rarely elicited by subdermal stimulation at
both lower (20 Hz) and higher (100 Hz) stimulation fre-
quency. This was consistent with the results reported in a pre-
vious study [32]. Furthermore, surface stimulation requires
higher current amplitude to activate afferent fibers, which
contributes to a higher chance of eliciting unwanted motor

responses, such as muscle twitch and movement. In this
regard, subdermal stimulation may be more acceptable than
surface stimulation for providing sensory feedback.

The WF decreased significantly over time in subdermal
stimulation. This was a potentially useful result for the appli-
cation of electro-tactile feedback because this means that
the subjects’ ability to discriminate the stimulus amplitudes
increased over time. Interestingly, the WF was higher for
subdermal stimulation than for surface stimulation, which
contradicts our previous work [32]. This may be because
the JND was obtained on the dorsal forearm in the present
work, whereas in the previous study, the tests were per-
formed over the ventral forearm. This could be since the
ventral and dorsal forearm sides belong to separate der-
matomes [42] and they have different sensitivity to electro-
tactile stimulation [43]. However, it could be also due to
potential small differences in the application of the intra-
muscular electrode in the two studies (e.g., the depth of
insertion). This finding implies that a comparison of the
two stimulation modalities may depend on the exact location
of the application. In any case, the surface stimulation was
characterized by a higher resolution compared to subdermal
stimulation, despite decreasing WF in the latter. However,
as demonstrated in several studies, the high resolution was
not necessary to implement effective feedback. The feedback
was often ‘‘discretized’’ into several levels and/or communi-
cated spatially [44], [45] to ease the discrimination for the
subject. In spatial coding, for example, the feedback vari-
able was communicated not by modulating the amplitude of
stimulation, but by activating different stimulation channels
(e.g., electrode 1, 2 and 3 indicate low, medium and high
grasping force).

With surface stimulation, the PTwas stable across the three
sessions [33], whereas the PT changed for subdermal stimu-
lation. Practically, this means that both stimulationmodalities
might be used sub-optimally over time if we assume that
the electro-tactile feedback system was calibrated only once
at the beginning (0 hr). More specifically, after some time,
the subjects might be able to detect smaller or tolerate lower
amplitudes in surface and subdermal stimulation, respec-
tively, than what was determined through initial calibration.
To address this, fast re-calibration could be conducted during
prostheses use.

Different current amplitudeswere used for surface and sub-
dermal stimulation, as the DT and PT of surface stimulation
were significantly higher (p < 0.001) than that of subdermal
stimulation. The current amplitude of three times the DT
(3×DT) [32] was used for the assessment of the JND and
sensation quality (sensation quality, intensity, comfort, and
sensation location). The current amplitude for these tests was
referenced to DT in order to produce a clear and painless
sensation with both stimulation modalities. A single pulse
was used to test DT, PT and JND, whereas a one-second pulse
train was applied when assessing the sensation quality. A sin-
gle pulse was a brief stimulus that elicits a short sensation
(single tap), which was therefore not enough to appreciate the
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difference in quality. However, the trains of pulses produced
clear and longer sensations that could be compared in quality.

The drawbacks of surface stimulation are the need to
reposition surface electrodes each day, poor consistency of
evoked sensations, occasionally evoking unpleasant sensa-
tions and the difficulty of maintaining skin hydration [31].
Subdermal stimulation, on the other side, has a minimal risk
of infection due to the use of the needle and the electrode
wire penetrating the skin (percutaneous application). A super-
ficial infection rate of only 3.1% over a 12-week period was
reported in previous studies, and the infections can be treated
with topical sterilization and oral antibiotics; no removal was
needed afterward [46]. The infection rate of only 0.4% was
reported by Memberg et al. within 710 implanted electrodes
for months to years, and they could be treated by a local
antibiotic, even though removal of the electrode was needed
sometimes [47]. In the present study, there was no sign of
visible swelling or irritation during eight hours and none of
the subjects reported infection afterward.

The approach of subdermal stimulation is minimally inva-
sive, and this could be more accepted by amputees that
can be hesitant to undergo an additional surgical procedure.
However, in this case, there is a challenge in interfacing the
implanted subdermal electrodes to the outside of the body.
Nevertheless, the electrodes are close to the surface, just
below the skin, and this can be beneficial in establishing
the radio link. Furthermore, an interface has been presented
recently [48] where a subdermal electrode, envisioned for
chronic applications in prosthetics, has been placed in the skin
with a percutaneous connection point (‘‘button’’).

The electrical stimulation for providing sensory feedback
would affect the electromyographic (EMG) signals that are
used for the myoelectric prosthesis control [49]. The subder-
mal electrode produces a smaller electrical field, and it might,
therefore, generates less interference; however, this is still to
be tested.

The psychometric procedures in the present study were
selected based on time constraints since many tests were
performed in a single session. More robust results could
have been obtained by using more advanced methods (e.g.,
a staircase procedure with the two-alternative forced-choice
task [50] to determine DT, PT and JND). Nevertheless,
the same methods were used for both stimulation modalities
(surface and subdermal) and their comparison was indeed the
most important aim of the present study.

The evaluation period in this study lasted only eight hours;
however, for its ultimate use in prostheses, the long-term
repeatability of subdermal stimulation remains to be further
evaluated in future studies. The present study aimed to inves-
tigate potential differences in the quality and/or quantity of
elicited sensations during this time in response to changes in
the electrode-skin interface or in subjective experience due to
prolonged electrode application. The interval of eight hours
has been selected since this is the duration of a typical work-
ing day. We assume that an amputee will don the prosthesis in
the morning and then wear it throughout the working hours.

The surface electrodes will remain in constant contact with
the skin during this time. Therefore, we have selected eight
hours as a functionally relevant interval to compare surface
and subdermal stimulation in the same conditions (electrodes
on/in the skin). A long-term (7 days) study evaluating the
variability of psychophysical measurements with subdermal
stimulation in amputees has been planned. Also, the sensory
adaptation to electro-tactile stimulation [51] is an important
phenomenon when considering the clinical application and
it should be therefore investigated if there is any difference
in habituation between surface versus subdermal stimulation.
This is an important goal for future work.

As demonstrated recently [12]–[14], [52], surface stimula-
tion can be used to provide somatotopic feedback by eliciting
referred sensations ‘located’ in phantom hand/fingers. In the
present study, subdermal stimulation also evoked referred
sensations, but they occurred less frequently, which means
that it could be more difficult to provide somatotopic feed-
back using this approach. Nevertheless, this likely depends
on multiple factors (e.g., depth of insertion, size of the unin-
sulated tip, stimulation amplitude, etc.) and these should be
investigated systematically in future work. In the present
study, the stimulation was delivered to the forearm. Never-
theless, we expect that the elicited sensations and general
conclusions would be similar if the stimulation is delivered to
the skin of the upper arm. Therefore, subdermal stimulation
could be applicable both to trans-radial and trans-humeral
amputations.

Finally, it is important to emphasize that direct comparison
between the surface and subdermal stimulation may not be
on the same grounds as the surface electrode is bigger than
the subdermal electrode and they are placed on/in different
layers of the skin. Nevertheless, this was not the goal of the
present study. Instead, the aim was to compare the short-term
repeatability of the psychometric parameters overtime when
the two stimulation modalities were delivered using setups
that are representative of the future clinical applications.

V. CONCLUSION
The present study found that subdermal stimulation might be
a promisingmethod to provide stable electro-tactile feedback.
The comparison with surface stimulation suggests that the
two stimulation modalities were equally stable in most mea-
sures (DR, resolution, sensation modalities, and intensity).
The application of subdermal stimulation needs to be tested in
the amputee population using a sensate prosthesis to accom-
plish functional tasks. We expect that the general conclu-
sions related to the difference between subdermal and surface
stimulation would remain valid; nevertheless, the absolute
values characterizing the tactile sensitivity (e.g., DT and PT)
might change between healthy subjects and amputees due to
stump conditions (e.g., scar tissue, phantom limb). In addi-
tion, subdermal electrodes could be inserted in the regions of
the skin, activating the phantom map, which would provide
somatotopic feedback [53] and might decrease the phantom
limb pain [54].

63990 VOLUME 8, 2020



J. Dong et al.: Short-Term Repeatability of Subdermal Electrical Stimulation for Sensory Feedback

REFERENCES
[1] K. Ziegler-Graham, E. J. MacKenzie, P. L. Ephraim, T. G. Travison,

and R. Brookmeyer, ‘‘Estimating the prevalence of limb loss in the
united states: 2005 to 2050,’’ Arch. Phys. Med. Rehabil., vol. 89, no. 3,
pp. 422–429, Mar. 2008.

[2] M. S. Johannes, J. D. Bigelow, J. M. Burck, S. D. Harshbarger,
M. Van Kozlowski, and T. Van Doren, ‘‘An overview of the developmental
process for the modular prosthetic limb,’’ Johns Hopkins APL Tech. Dig.,
vol. 30, no. 3, pp. 207–216, Jan. 2011.

[3] K. Østlie, I. M. Lesjø, R. J. Franklin, B. Garfelt, O. H. Skjeldal, and
P. Magnus, ‘‘Prosthesis rejection in acquired major upper-limb amputees:
A population-based survey,’’ Disab. Rehabil., Assistive Technol., vol. 7,
no. 4, pp. 294–303, Jul. 2012.

[4] L. Resnik and S. Klinger, ‘‘Attrition and retention in upper limb prosthetics
research: Experience of the VA home study of the DEKA arm,’’ Disab.
Rehabil., Assistive Technol., vol. 12, no. 8, pp. 816–821, Nov. 2017.

[5] A. Chadwell, L. Kenney, S. Thies, A. Galpin, and J. Head, ‘‘The reality of
myoelectric prostheses: Understanding what makes these devices difficult
for some users to control,’’ Frontiers Neurorobotics, vol. 10, Aug. 2016,
Art. no. 7.

[6] F. Cordella, A. L. Ciancio, R. Sacchetti, A. Davalli, A. G. Cutti,
E. Guglielmelli, and L. Zollo, ‘‘Literature review on needs of upper limb
prosthesis users,’’ Frontiers Neurosci., vol. 10, May 2016, Art. no. 209.

[7] Vincent Evolution 2. Accessed: Mar. 2020. [Online]. Available:
https://vincentsystems.de/en/prosthetics/vincent-evolution-2/

[8] The Psyonic Ability Hand. Accessed: Mar. 2020. [Online]. Available:
http://www.psyonic.co/abilityhand

[9] G. S. Dhillon and K. W. Horch, ‘‘Direct neural sensory feedback and
control of a prosthetic arm,’’ IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 13, no. 4, pp. 468–472, Dec. 2005.

[10] K. A. Kaczmarek, J. G. Webster, P. Bach-y-Rita, and W. J. Tompkins,
‘‘Electrotactile and vibrotactile displays for sensory substitution systems,’’
IEEE Trans. Biomed. Eng., vol. 38, no. 1, pp. 1–16, Jan. 1991.

[11] C. Antfolk, C. Balkenius, B. Rosén, G. Lundborg, and F. Sebelius, ‘‘Smart-
Hand tactile display: A new concept for providing sensory feedback in
hand prostheses,’’ J. Plastic Surg. Hand Surg., vol. 44, no. 1, pp. 50–53,
Feb. 2010.

[12] E. D’Anna, F. M. Petrini, F. Artoni, I. Popovic, I. Simanić, S. Raspopovic,
and S. Micera, ‘‘A somatotopic bidirectional hand prosthesis with transcu-
taneous electrical nerve stimulation based sensory feedback,’’ Sci. Rep.,
vol. 7, no. 1, Dec. 2017, Art. no. 10930.

[13] G. Chai, X. Sui, S. Li, L. He, and N. Lan, ‘‘Characterization of evoked
tactile sensation in forearm amputees with transcutaneous electrical nerve
stimulation,’’ J. Neural Eng., vol. 12, no. 6, Dec. 2015, Art. no. 066002.

[14] M. Li, D. Zhang, Y. Chen, X. Chai, L. He, Y. Chen, J. Guo, and X. Sui,
‘‘Discrimination and recognition of phantom finger sensation through
transcutaneous electrical nerve stimulation,’’ Frontiers Neurosci., vol. 12,
Apr. 2018, Art. no. 283.

[15] E. A. Pfeiffer, ‘‘Electrical stimulation of sensory nerves with skin elec-
trodes for research, diagnosis, communication and behavioral condition-
ing: A survey,’’ Med. Biol. Eng., vol. 6, no. 6, pp. 637–651, Nov. 1968.

[16] A. Y. J. Szeto and F. A. Saunders, ‘‘Electrocutaneous stimulation for sen-
sory communication in rehabilitation engineering,’’ IEEE Trans. Biomed.
Eng., vols. BME-29, no. 4, pp. 300–308, Apr. 1982.

[17] M. Azadi and L. A. Jones, ‘‘Vibrotactile actuators: Effect of load and body
site on performance,’’ inProc. IEEEHaptics Symp. (HAPTICS), Feb. 2014,
pp. 23–26.

[18] E. L. Graczyk,M.A. Schiefer, H. P. Saal, B. P. Delhaye, S. J. Bensmaia, and
D. J. Tyler, ‘‘The neural basis of perceived intensity in natural and artificial
touch,’’ Sci. Transl. Med., vol. 8, no. 362, pp. 142–362, Oct. 2016.

[19] F. J. Rodríguez, D. Ceballos, M. Schüttler, A. Valero, E. Valderrama,
T. Stieglitz, and X. Navarro, ‘‘Polyimide cuff electrodes for peripheral
nerve stimulation,’’ J. Neurosci. Methods, vol. 98, no. 2, pp. 105–118,
Jun. 2000.

[20] C. M. Oddo, S. Raspopovic, F. Artoni, A. Mazzoni, G. Spigler,
F. Petrini, F. Giambattistelli, F. Vecchio, F. Miraglia, L. Zollo, G. Di Pino,
D. Camboni, M. C. Carrozza, E. Guglielmelli, P. M. Rossini, U. Faraguna,
and S. Micera, ‘‘Intraneural stimulation elicits discrimination of textural
features by artificial fingertip in intact and amputee humans,’’ eLife, vol. 5,
p. e09148, Mar. 2016.

[21] W. L. C. Rutten, H. J. van Wier, and J. H. M. Put, ‘‘Sensitivity and
selectivity of intraneural stimulation using a silicon electrode array,’’ IEEE
Trans. Biomed. Eng., vol. 38, no. 2, pp. 192–198, Feb. 1991.

[22] S. Wendelken, D. M. Page, T. Davis, H. A. C. Wark, D. T. Kluger,
C. Duncan, D. J. Warren, D. T. Hutchinson, and G. A. Clark, ‘‘Restoration
of motor control and proprioceptive and cutaneous sensation in humans
with prior upper-limb amputation via multiple utah slanted electrode arrays
(USEAs) implanted in residual peripheral arm nerves,’’ J. NeuroEng.
Rehabil., vol. 14, no. 1, p. 121, Dec. 2017.

[23] E. D’Anna, G. Valle, A. Mazzoni, I. Strauss, F. Iberite, J. Patton, F. Petrini,
and S.Micera, ‘‘A closed-loop hand prosthesis with simultaneous intraneu-
ral tactile and position feedback,’’ BioRxiv, vol. 4, p. eaau8892, Feb. 2018.

[24] F. Clemente, G. Valle, M. Controzzi, I. Strauss, F. Iberite, T. Stieglitz,
G. Granata, P. M. Rossini, F. Petrini, S. Micera, and C. Cipriani, ‘‘Intra-
neural sensory feedback restores grip force control and motor coordination
while using a prosthetic hand,’’ J. Neural Eng., vol. 16, no. 2, Apr. 2019,
Art. no. 026034.

[25] D. J. Caldwell, J. G. Ojemann, and R. P. N. Rao, ‘‘Direct electrical
stimulation in electrocorticographic brain-computer interfaces: Enabling
technologies for input to cortex,’’ Frontiers Neurosci., vol. 13, Aug. 2019,
Art. no. 804.

[26] S. V. Hiremath, E. C. Tyler-Kabara, J. J. Wheeler, D. W. Moran,
R. A. Gaunt, J. L. Collinger, S. T. Foldes, D. J. Weber, W. Chen,
M. L. Boninger, and W. Wang, ‘‘Human perception of electrical stimula-
tion on the surface of somatosensory cortex,’’ PLoS ONE, vol. 12, no. 5,
May 2017, Art. no. e0176020.

[27] S. N. Flesher, J. L. Collinger, S. T. Foldes, J. M. Weiss, J. E. Downey,
E. C. Tyler-Kabara, S. J. Bensmaia, A. B. Schwartz, M. L. Boninger,
and R. A. Gaunt, ‘‘Intracortical microstimulation of human
somatosensory cortex,’’ Sci. Transl. Med., vol. 8, no. 361, pp. 141–361,
Oct. 2016.

[28] M. A. Salas, L. Bashford, S. Kellis, M. Jafari, H. Jo, D. Kramer,
K. Shanfield, K. Pejsa, B. Lee, C. Y. Liu, and R. A. Andersen, ‘‘Pro-
prioceptive and cutaneous sensations in humans elicited by intracortical
microstimulation,’’ eLife, vol. 7, p. e32904, Apr. 2018.

[29] D. W. Tan, M. A. Schiefer, M. W. Keith, J. R. Anderson, J. Tyler, and
D. J. Tyler, ‘‘A neural interface provides long-term stable natural touch
perception,’’ Sci. Transl. Med., vol. 6, pp. 138–257, Oct. 2014.

[30] M. Schiefer, D. Tan, S. M. Sidek, and D. J. Tyler, ‘‘Sensory feedback by
peripheral nerve stimulation improves task performance in individuals with
upper limb loss using a myoelectric prosthesis,’’ J. Neural Eng., vol. 13,
no. 1, Feb. 2016, Art. no. 016001.

[31] R. R. Riso, A. R. Ignagni, and M. W. Keith, ‘‘Electrocutaneous sensa-
tions elicited using subdermally located electrodes,’’ Automedica, vol. 11,
pp. 25–42, Sep. 1989.

[32] B. Geng, J. Dong, W. Jensen, S. Dosen, D. Farina, and E. N. Kamavuako,
‘‘Psychophysical evaluation of subdermal electrical stimulation in relation
to prosthesis sensory feedback,’’ IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 26, no. 3, pp. 709–715, Mar. 2018.

[33] C. N. Sang, M. B. Max, and R. H. Gracely, ‘‘Stability and reliability
of detection thresholds for human A-Beta and A-Delta sensory afferents
determined by cutaneous electrical stimulation,’’ J. Pain Symptom Man-
age., vol. 25, no. 1, pp. 64–73, Jan. 2003.

[34] E. N. Kamavuako, E. J. Scheme, and K. B. Englehart, ‘‘Combined sur-
face and intramuscular EMG for improved real-time myoelectric control
performance,’’ Biomed. Signal Process. Control, vol. 10, pp. 102–107,
Mar. 2014.

[35] J. Dong, B. Geng, and E. N. Kamavuako, ‘‘Reliability of sensation quality
evoked by surface and sub-dermal electrical stimulation,’’ in Proc. IFESS,
London, U.K., 2017, p. 79.

[36] T. N. Cornsweet, ‘‘The staircase-method in psychophysics,’’ Amer. J.
Psychol., vol. 75, no. 3, p. 485, Sep. 1962.

[37] G. A. Gescheider, ‘‘Psychophysical measurement of thresholds: Absolute
sensitivity,’’ in Psychophysics: The Fundamentals, 3rd ed. Mahwah, NJ,
USA: Lawrence Erlbaum Associates, 1997, pp. 16–44.

[38] H. T. Lawless and H. Heymann, ‘‘Physiological and psychological founda-
tions of sensory function,’’ in Sensory Evaluation of Food: Principles and
Practice, 2nd ed. New York, NY, USA: Springer, 2010, pp. 19–23.

[39] J. J. Almasi and O. H. Schmitt, ‘‘Systemic and random variations of ECG
electrode system impedance,’’ Ann. New York Acad. Sci., vol. 170, no. 2,
pp. 509–519, Jul. 1970.

[40] J. M. Anderson, G. Cook, B. Costerton, S. R. Hanson,
A. Hensten-Pettersen, and N. Jacobsen, ‘‘Host reactions to biomaterials
and their evaluation,’’ in Biomaterials Science: An Introduction to
Materials in Medicine. Amsterdam, The Netherlands: Elsevier, 1996,
pp. 293–304.

VOLUME 8, 2020 63991



J. Dong et al.: Short-Term Repeatability of Subdermal Electrical Stimulation for Sensory Feedback

[41] H.-C. Hu, J. K.-C. Chen, C.-M. Tsai, H.-Y. Chen, T.-H. Tung, and
L. P.-H. Li, ‘‘Evolution of impedance field telemetry after one day of
activation in cochlear implant recipients,’’ PLoS ONE, vol. 12, no. 3,
pp. 1–10, Mar. 2017.

[42] J. Sam, ‘‘Upper limb,’’ in Human Anatomy: A Clinically-Orientated
Approach, J. Sam, Ed. London, U.K.: Churchill Livingstone, 2007, ch. 2,
pp. 5–49.

[43] M. Isaković, J. Malešević, T. Keller, M. Kostić, and M. Štrbac, ‘‘Optimiza-
tion of semiautomated calibration algorithm of multichannel electrotac-
tile feedback for myoelectric hand prosthesis,’’ Appl. Bionics Biomech.,
vol. 2019, Mar. 2019, Art. no. 9298758.

[44] T. Rosenbaum-Chou, W. Daly, R. Austin, P. Chaubey, and D. A. Boone,
‘‘Development and real world use of a vibratory haptic feedback system
for upper-limb prosthetic users,’’ J. Prosthetics Orthotics, vol. 28, no. 4,
pp. 136–144, Oct. 2016.

[45] S. Dosen, M.Markovic, M. Strbac, M. Belic, V. Kojic, G. Bijelic, T. Keller,
and D. Farina, ‘‘Multichannel electrotactile feedback with spatial and
mixed coding for closed-loop control of grasping force in hand prosthe-
ses,’’ IEEE Trans. Neural Syst. Rehabil. Eng., vol. 25, no. 3, pp. 183–195,
Mar. 2017.

[46] Y. Shimada, K. Sato, H. Kagaya, N. Konishi, S. Miyamoto, and
T. Matsunaga, ‘‘Clinical use of percutaneous intramuscular electrodes for
functional electrical stimulation,’’ Arch. Phys. Med. Rehabil., vol. 77,
no. 10, pp. 1014–1018, Oct. 1996.

[47] W. D. Memberg, P. H. Peckham, G. B. Thrope, M. W. Keith, and
T. P. Kicher, ‘‘An analysis of the reliability of percutaneous intramuscular
electrodes in upper extremity FNS applications,’’ IEEE Trans. Rehabil.
Eng., vol. 1, no. 2, pp. 126–132, Jun. 1993.

[48] J. M. Hahne, D. Farina, N. Jiang, and D. Liebetanz, ‘‘A novel percutaneous
electrode implant for improving robustness in advanced myoelectric con-
trol,’’ Frontiers Neurosci., vol. 10, May 2016, Art. no. 114.

[49] C. Hartmann, S. Došen, S. Amsuess, and D. Farina, ‘‘Closed-loop con-
trol of myoelectric prostheses with electrotactile feedback: Influence of
stimulation artifact and blanking,’’ IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 23, no. 5, pp. 807–816, Sep. 2015.

[50] F. Kingdom and N. Prins, Psychophysics: A Practical Introduction, 2nd ed.
London, U.K.: Academic, 2016.

[51] E. L. Graczyk, B. P. Delhaye, M. A. Schiefer, S. J. Bensmaia, and
D. J. Tyler, ‘‘Sensory adaptation to electrical stimulation of the somatosen-
sory nerves,’’ J. Neural Eng., vol. 15, no. 4, Aug. 2018, Art. no. 046002.

[52] H. Shin, Z. Watkins, H. Huang, Y. Zhu, and X. Hu, ‘‘Evoked haptic sensa-
tions in the hand via non-invasive proximal nerve stimulation,’’ J. Neural
Eng., vol. 15, no. 4, Aug. 2018, Art. no. 046005.

[53] A. Björkman, U. Wijk, C. Antfolk, I. Björkman-Burtscher, and B. Rosén,
‘‘Sensory qualities of the phantom hand map in the residual forearm of
amputees,’’ J. Rehabil. Med., vol. 48, pp. 365–370, Mar. 2016.

[54] C. Dietrich, K. Walter-Walsh, S. Preißler, G. O. Hofmann, O. W. Witte,
W. H. R. Miltner, and T. Weiss, ‘‘Sensory feedback prosthesis reduces
phantom limb pain: Proof of a principle,’’ Neurosci. Lett., vol. 507, no. 2,
pp. 97–100, Jan. 2012.

JIAN DONG was born in Changchun, Jilin, China,
in 1982. He received the B.S. degree in clinical
medicine from the College of Medicine, Yanbian
University, Yanji, China, in 2007, and the M.D.
degree in clinical medicine, in 2009. Since 2016,
he has been a Guest Researcher with the Depart-
ment of Health Science and Technology, Faculty of
Medicine, Aalborg University. His research inter-
ests include diagnosis and treatment of spine and
spinal cord disorders, and restore sensory feedback

of upper limb amputees by electrical stimulation.

ERNEST NLANDU KAMAVUAKO received
the master’s and Ph.D. degrees in biomedical
engineering from Aalborg University, Denmark,
in 2006 and 2010, respectively. He was an Assis-
tant Professor and an Associate Professor with
AalborgUniversity, from 2010 to 2014 and 2014 to
2017, respectively, with excellent teaching and
supervision skills. From 2012 to 2013, he was a
Visiting Postdoctoral Fellow with the Institute of
Biomedical Engineering. From February 2017 to

September 2017, he was an Academic Visitor with the Department of Bio-
engineering, Imperial College London, U.K. Since January 2017, he has
been an Adjunct Professor with the Department of Electrical and Computer
Engineering, University of New Brunswick, Canada. He has been a Senior
Lecturer with the Department of Engineering, King’s College London, since
October 2017. He has good publication record with main research interests
related to the use of EMG recordings in the control of upper limb prostheses.
He is also an Associate Editor of the IEEE TRANSACTIONS ON NEURAL SYSTEMS

AND REHABILITATION ENGINEERING.

STRAHINJA DOSEN (Member, IEEE) received
the Diploma of Engineering degree in electrical
engineering and the M.Sc. degree in biomed-
ical engineering from the Faculty of Techni-
cal Sciences, University of Novi Sad, Serbia,
in 2000 and 2004, respectively, and the Ph.D.
degree in biomedical engineering from Aalborg
University, Denmark, in 2009. From 2011 to 2017,
he was a Research Scientist with the University
Medical Center Göttingen, Georg-August Univer-

sity, Germany. He is currently an Associate Professor with the Center for
Sensory-Motor Interaction, Department of Health Science and Technology,
Aalborg University. He has published more than 50 articles in peer-reviewed
journals in the field of biomedical engineering. His research interests include
movement restoration and control, rehabilitation robotics, sensory feedback,
and human–machine interfacing for sensory-motor integration. He is a
member of IEEE EMBS.

WINNIE JENSEN received the Ph.D. degree in
bioengineering from Aalborg University, Den-
mark, in 2001. She is currently working as a Pro-
fessor of neural engineering with the Department
of Health Science and Technology, Aalborg Uni-
versity. Her research focus is on improving qual-
ity of life for people with impaired sensory or
motor capabilities through development of inno-
vative, implantable technological solutions that are
inspired by human biology, and by bridging animal

and human research to create unique knowledge and novel rehabilitation
systems.

BO GENG received the master’s degree in sig-
nal and information processing from the Insti-
tute of Electronics, Chinese Academy of Sciences,
China, in 2005, and the Ph.D. degree in biomedical
engineering from Aalborg University, Denmark,
in 2013. She has been an Assistant Professor with
Aalborg University. Her main research interests
include sensory substitution and the use of sensory
feedback to modulate brain plasticity for phantom
limb pain and chronic low back pain relief.

63992 VOLUME 8, 2020


	INTRODUCTION
	METHODS
	SUBJECTS
	EXPERIMENTAL PROCEDURE
	PSYCHOPHYSICAL MEASUREMENTS
	DETECTION, PAIN THRESHOLD AND DYNAMIC RANGE
	JUST NOTICEABLE DIFFERENCE AND FEEDBACK RESOLUTION
	EVALUATION OF SENSATION QUALITY

	DATA ANALYSIS

	RESULTS
	DETECTION, PAIN THRESHOLD AND DYNAMIC RANGE
	WEBER FRACTION AND STIMULATION RESOLUTION
	EVOKED SENSATIONS

	DISCUSSION
	CONCLUSION
	REFERENCES
	Biographies
	JIAN DONG
	ERNEST NLANDU KAMAVUAKO
	STRAHINJA DOSEN
	WINNIE JENSEN
	BO GENG


