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Aim: Limb loss is a dramatic event with a devastating impact on a person’s quality of
life. Prostheses have been used to restore lost motor abilities and cosmetic appearance.
Closing the loop between the prosthesis and the amputee by providing somatosensory
feedback to the user might improve the performance, confidence of the amputee, and
embodiment of the prosthesis. Recently, a minimally invasive method, in which the
electrodes are placed subdermally, was presented and psychometrically evaluated. The
present study aimed to assess the quality of online control with subdermal stimulation
and compare it to that achieved using surface stimulation (common benchmark) as well
as to investigate the impact of training on the two modalities.

Methods: Ten able-bodied subjects performed a PC-based compensatory tracking
task. The subjects employed a joystick to track a predefined pseudorandom trajectory
using feedback on the momentary tracking error, which was conveyed via surface and
subdermal electrotactile stimulation. The tracking performance was evaluated using the
correlation coefficient (CORR), root mean square error (RMSE), and time delay between
reference and generated trajectories.

Results: Both stimulation modalities resulted in good closed-loop control, and surface
stimulation outperformed the subdermal approach. There was significant difference
in CORR (86 vs 77%) and RMSE (0.23 vs 0.31) between surface and subdermal
stimulation (all p < 0.05). The RMSE of the subdermal stimulation decreased significantly
in the first few trials.

Conclusion: Subdermal stimulation is a viable method to provide tactile feedback.
The quality of online control is, however, somewhat worse compared to that achieved
using surface stimulation. Nevertheless, due to minimal invasiveness, compactness,
and power efficiency, the subdermal interface could be an attractive solution for the
functional application in sensate prostheses.
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INTRODUCTION

The loss of a hand through amputation has a devastating impact
on the affected persons. Since the hand is an essential instrument
in daily life activities, both the interaction with the environment
and social communication are impaired. Prosthetic systems have
been developed and used to replace the missing limb so that the
motor functions are restored and thereby the quality of life of
amputees is improved (Vujaklija et al., 2016). Currently, the most
advanced devices are myoelectric prostheses, in which muscle
electrical activity is recorded using electromyography (EMG)
and translated into prosthesis commands (Parker et al., 2006;
Fougner et al., 2012). There are many commercial prostheses
with different numbers of active degrees of freedom, from simple
grippers [e.g., Sensor Hand (Ottobock, 2020b)] to dexterous
hands with individually controllable fingers [e.g., Bebionic hand
(Ottobock, 2020a) and i-Limb (Ossur, 2020)]. However, none of
them implement somatosensory feedback (feeling of touch) to
the user, and therefore, the replacement of the hand functions is
only partial (Biddiss et al., 2007; Kyberd et al., 2007). Only a few
recently developed commercial prosthetic hands are advertized
as providing sensory feedback (LUKE arm, 2020; Psyonic Ability
Hand, 2020; VINCENTevolution 2, 2020), though, its clinical
utility is still to be proven. Recent studies have demonstrated
that closing the loop can improve performance (Clemente et al.,
2016; Schiefer et al., 2016; Markovic et al., 2018; Shehata
et al., 2018; Clemente et al., 2019; George et al., 2019; Petrini
et al., 2019), compensate cognitive burden (Risso et al., 2019;
Valle et al., 2020), and facilitate embodiment (Page et al.,
2018; Valle et al., 2018a; Rognini et al., 2019). Therefore, the
development of sensory feedback for myoelectric prostheses is an
important task that is in the focus of the present research efforts
(Sensinger and Dosen, 2020).

To close the loop, a prosthetic device needs to be sensorized.
Supplemental feedback in a prosthesis can be provided using
different methods to elicit tactile sensations. The sensor data
are read, translated into stimulation profiles, which are then
delivered to the natural sensory systems that are still available
in the amputee user. For example, mechanical stimulation can
be delivered to the skin of the residual limb using linear
(Schoepp et al., 2018), rotational (Wheeler et al., 2010), or
vibration motors (Witteveen et al., 2015; Engels et al., 2019;
Pena et al., 2019), while electrical stimulation can be applied
non-invasively to activate skin afferents and peripheral nerves
(Szeto and Saunders, 1982; D’Anna et al., 2017; Osborn et al.,
2018; Shin et al., 2018), and invasively to stimulate peripheral
nerves (Raspopovic et al., 2014), or even brain (Tabot et al.,
2013). The feedback information is transmitted by modulating
stimulation parameters, e.g., the measured grasping force can be
communicated through the intensity or frequency of stimulation
(De Nunzio et al., 2017; Markovic et al., 2018).

Electrical stimulation is an appealing method for providing
sensory feedback since the electronic stimulator is compact,
power consumption is low, the response is fast since there
are no mechanical components that need to be accelerated
(as in, e.g., vibration motors) and the stimulation parameters
(intensity and frequency) can be independently modulated.

In vibration motors, on the contrary, the parameters are
coupled through mechanical construction (e.g., mass-spring
resonance). In invasive systems (Zollo et al., 2019), electrical
stimulation is typically delivered by placing the electrodes
around (cuff) (Tan et al., 2015; Graczyk et al., 2018) or
inside (intraneural) peripheral nerves (Oddo et al., 2016; Valle
et al., 2018a; George et al., 2019). In both cases, a surgical
procedure is required, and some amputees, especially those
that suffered traumatic injuries, might be reluctant to undergo
additional surgical interventions (Geng et al., 2018). In non-
invasive systems, the stimulation electrodes are placed on the
surface of the skin. This is convenient, but the electrodes
must be reapplied, and the electrode–skin interface has a
high-impedance which is variable and unstable [e.g., sweating
(Riso et al., 1989)].

Another possibility to apply electrical stimulation, which
might combine good sides of both techniques (implanted and
surface), is to use subdermal electrodes. They are inserted in the
subdermal region of the skin using a hypodermic needle; hence,
the procedure is minimally invasive, and yet, the electrodes avoid
the high impedance of the skin layer. This approach has been
proposed before (Riso et al., 1989), but it has not been thoroughly
investigated. In recent studies, we have evaluated the sensation
quality and psychometric properties of subdermal stimulation
(Geng et al., 2018) as well as the stability of these parameters
across hours (Dong et al., 2020b) and days (Dong et al., 2020a)
and compared them to those of surface stimulation. The results
demonstrated that subdermal electrical stimulation was able to
produce similar sensation quality as surface stimulation while
outperforming the latter in terms of energy efficiency (Geng
et al., 2018). Nevertheless, in psychometric tests, the subject is a
passive recipient of the stimulation, and he/she is only asked to
verbally report on the sensation quality and quantity. Therefore,
this assessment does not provide information on how useful
subdermal stimulation is for online control.

The present study aimed to assess the quality of closed-
loop control when subdermal and surface stimulation was used
to provide tactile feedback on the ventral and dorsal side of
the forearm. To this aim, the subjects were asked to perform
a compensatory tracking task in which momentary tracking
error was transmitted through the tactile feedback. Therefore,
the subjects had not only to perceive the stimulation (as in
psychometric testing) but also to interpret it and decide on the
appropriate control action. The quality of online closed-loop
control with subdermal tactile feedback was compared to that
achieved using “conventional” surface stimulation (benchmark).
The control has been tested across multiple trials to assess the
impact of training on the two stimulation modalities.

MATERIALS AND METHODS

Subjects
Ten able-bodied subjects (28.9 ± 2.7 years, six male, four female,
nine right-handed) were recruited. The study was approved by
the North Denmark Region Committee on Health Research

Frontiers in Neuroscience | www.frontiersin.org 2 February 2021 | Volume 15 | Article 580385

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-580385 February 16, 2021 Time: 13:49 # 3

Dong et al. Closed-Loop Control With Subdermal Stimulation

Ethics (N-20160021) and conducted according to the Declaration
of Helsinki. All subjects provided written informed consent.

Experimental Procedure
Experimental Setup
The subject was seated in a comfortable chair facing a PC
monitor placed on a table approximately 60 cm away. The
middle areas of the volar and dorsal side of the forearm
(dominant hand), one-third of the forearm length distally from
the elbow, were gently shaved. The subdermal electrodes made
of Teflon-coated stainless steel with the end 5 mm exposed (A-
M Systems, Carlsborg, WA, United States, diameter 50 µm)
were inserted just below the skin using a hypodermic needle,
as explained in Geng et al. (2018). To prevent the electrode
from moving, the wire was taped to the skin using medical
tape. The surface self-adhesive electrodes (Ambu Neuroline 700,
20 mm × 15 mm) were then placed next to the insertion
site of the subdermal electrode. The latter was inserted under
an angle so that the tip of the wire was approximately below
the surface electrode. One surface and one subdermal electrode
were placed/inserted on each side of the forearm. The common
ground electrode (PALS Platinum, 40 mm × 64 mm, oval)
was positioned over the radial aspect of the wrist. The forearm
of the subject was placed on the table so that he/she could
hold the joystick in his/her hand comfortably. The joystick
(APEM HF22X10U) allowed movement around two axes but
only a single axis was used in the present experiment (one-
dimensional tracking). The stimulation was delivered using
a USB-powered stimulator (TremUNA, UNASystems, Serbia).
TremUNA is a current-controlled stimulator that generates
biphasic compensated electrical pulses. The stimulator integrates

eight stimulation channels, but only two have been used in
the present tracking study. The stimulation parameters can
be adjusted independently for each channel. The ranges and
increment/decrement steps for frequency are 0–50 Hz and 1 Hz,
for pulse amplitude are 0–5 and 0.1 mA and for pulse width
are 50–1,000 µs and 10 µs, respectively. The joystick and the
stimulation unit were connected to the PC via a USB port. The
stimulation was controlled online by sending text commands
from the host PC to the stimulator via the USB port.

Experimental Task
The subject was asked to perform a one-dimensional
compensatory tracking task using a joystick (see Figure 1),
which is a commonly used experimental paradigm to evaluate
human manual control (Mcruer and Weir, 1969; Dosen et al.,
2014; Paredes et al., 2015). Therefore, the task for the subject was
to track a reference trajectory relying on tactile feedback only
(no visual feedback). Importantly, the target trajectory was not
directly communicated to the subject but instead, the feedback
provided a momentary deviation from the target trajectory (i.e.,
the tracking error). The subject moved the joystick to compensate
for the tracking error (Figures 1B,C). With the visual feedback,
which was used to introduce the task, the error was represented
by a marker (blue, Figure 1), and the subject needed to move
the joystick such that the blue marker remained over the static
red target (zero error). With the electrotactile feedback, the error
was conveyed through two electrodes. The dorsal electrode was
active if the error was positive and oppositely, the volar electrode
was active if the error was negative. The magnitude of the error
was conveyed as the intensity of the stimulation adjusted by
changing the pulse width. Therefore, the subject needed to move

FIGURE 1 | The illustration of the experimental setup. (A) The closed-loop control system for compensatory tracking using electrotactile feedback. The feedback
was delivered via surface and subdermal electrodes placed on the dorsal and volar side of the forearm (B,C). The task for the subject was to track a reference
trajectory based on the feedback of the momentary tracking error. When using visual feedback, the tracking error was represented as the difference in position
between the controlled cursor (blue square) and the stationary reference (red dot). For tactile feedback, the stimulation was presented to the ventral (dorsal) forearm
when the controlled cursor moved to the left (right) of the reference position (red dot). In response, the subject moved the joystick to the right (left) to bring the cursor
back to the reference. The subjects were blinded (without visual feedback) during the experiment trails.
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the joystick to minimize the intensity of the electrical stimulation
(no stimulation = zero tracking error). The active electrode
indicated the direction (left or right) in which the joystick should
be moved to compensate for the error while the stimulation
intensity was the cue for the size of this movement (e.g., larger
error, stronger stimulation, and hence larger joystick movement).
The online compensatory tracking task has been implemented
using a test bench for human manual control (Dosen et al., 2015)
based on Simulink Desktop Real-Time.

Each tracking trial lasted 90 s. The reference trajectory for the
tracking was a pseudorandom multi-sine signal computed as a
sum of nine sinusoids with randomized phases. The frequency of
the sinusoids was selected by logarithmically dividing the range
of frequencies between 0.01 and 0.5 Hz. The generated multi-
sine was 30 s long, but this basic segment was then repeated
three times resulting in a 90-s trial. The basic segment was long
enough for the subject not to notice this repetition. A different
signal was generated for each trial. For the subjects, therefore, the
trajectory appeared to be random and impossible to predict. The
amplitude of the trajectory was ±0.9 arbitrary units. The output
of the joystick was also normalized (i.e., ±1 au). When using
tactile feedback via electrical stimulation, the normalized tracking
error was mapped linearly to the dynamic range of each subject:
[0, 1]⇒ [DT + 0.1× DR, PT − 0.1× DR], where DT, PT, and
DR = PT − DT represent detection threshold, pain threshold,
and dynamic range, respectively. Linear encoding is often used
to implement tactile feedback in prostheses (Valle et al., 2018b;
Mastinu et al., 2020). The mapping was selected so that the tactile
feedback leads to a clear but not painful sensation.

Experimental Protocol
The DT and PT were determined for both surface and subdermal
electrodes. The pulse amplitude was set to 3.5 and 3 mA in
surface stimulation and 1.5 and 1 mA in subdermal stimulation
for the dorsal and volar electrode, respectively. The frequency was
fixed at 100 Hz throughout the experiment since this provides
a clear and fused sensation that facilities closed-loop control
(Paredes et al., 2015). The detection and pain thresholds were
established using the method of limits (Kingdom and Prins,
2009). To this aim, the pulse width was increased from 50 µs
in steps of 10 µs until the subject indicated that he/she felt the
stimulation for the first time (DT). The increment step was then
increased to 50 µs and the stimulation was delivered until the
subject indicated that the sensation became uncomfortable. This
procedure was repeated three times, and the average of the three
values was adopted as the detection and pain threshold. If the
muscle response was registered during the test, the location of
the surface electrode was changed. If the muscle response could
not be avoided, the stimulation amplitude leading to muscle
activation was used as the upper threshold (instead of the pain
threshold). Finally, in case PT could not be reached, the initial
pulse amplitude was increased in steps of 0.5 mA and the
aforementioned procedure was repeated.

Before starting the experimental trials, the subject first
received training. They performed one trial of tracking using
a simple sine wave with the visual feedback on the screen to
understand the task. Then, they repeated the same task but

this time with electrical stimulation delivered. Therefore, they
could see the tracking error and feel the tactile sensations
simultaneously. In this way, the subjects could associate the
tracking error to the location (dorsal, volar) and intensity of the
stimulation. After this, the subjects performed two trials where
they tracked a pseudo-random multi-sine with visual feedback
only and with simultaneous visual and electrotactile feedback.
The aim was to train the tracking of a more complex trajectory.
Finally, the subjects conducted eight experimental tracking trials
only using tactile feedback. After each trial, they were informed
about their performance to motivate them to improve their
closed-loop control. The order of the two stimulation conditions
was randomized across subjects.

Outcome Measures
The outcome measures were the peak of the cross-correlation
function (CORR), the root mean squared tracking error (RMSE),
and the time delay (TD) between the generated and desired
trajectory. The CORR assessed the similarities in the shapes,
RMSE measured the absolute deviation and TD evaluated
the time shift between the two trajectories. Importantly, TD
corresponds to the time delay between the input and output of
the closed-loop control system, and it, therefore, reflects pure
delays (perceptual and motor processing) as well as the dynamics
(transfer function) of the human controller. Note that TD was
computed first by locating the maximum of cross-correlation
function, and then CORR and RMSE were calculated using a
time-shifted version of the generated trajectory. Therefore, the
time shift between the trajectories did not affect the RMSE and
CORR. Better quality of tracking is indicated with higher CORR
and lower RMSE or TD.

Data Analysis
The data were not normally distributed (Lilliefors test) and
therefore non-parametric tests were used to assess statistically
significant differences. To evaluate the effect of training, the
Friedman test was applied to compare the outcome measures
across trials for each simulation modality. If the test indicated
significant differences, post hoc pairwise comparison was run
using Tukey’s honestly significant difference criterion. To
compare the modalities, the average performance for each
subject was computed over the last five trials (steady-state) while
the first three trials were associated with familiarization and
training and the outcome measures were compared between the
modalities using the Wilcoxon sign rank test. Additionally, the
velocity of joystick movement was computed by low-pass filtering
(2nd order Butterworth, 6 Hz cutoff) and then differentiating
the generated joystick trajectory. Since the reference trajectory
comprised three repeated segments, mean and maximum
absolute velocity were computed over these segments of the
generated trajectory and averaged across trials for each subject.
The obtained results, namely the subject-specific average mean
and maximum, were then compared between subdermal and
surface conditions using a paired t-test, as the Lilliefors test
indicated normal distributions. The threshold for the statistical
significance was set at p < 0.05. The statistical tests have been
performed in IBM SPSS version 25 and Matlab, 2020a.
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RESULTS

The stimulation amplitude and pulse width range are listed
in Table 1. Note that the pulse amplitude for the subdermal
stimulation was from two to three times lower compared to the
surface stimulation. The dynamic range of the pulse width was
similar between the modalities as well as between the dorsal and
volar side of the forearm.

The average mean and maximum joystick velocities were
similar in the two conditions: 4.6 ± 0.7 au/s (subdermal) versus
4.9 ± 1.2 au/s (surface) for maximum, and 0.46 ± 0.14 au/s
(subdermal) versus 0.47 ± 0.13 au/s (surface) for the mean.
Hence, the stimulation modality did not affect how fast the
subjects manipulated the joystick to respond to the tracking
error. Note the large difference between the average mean
and maximum values. This reflects the shape of the velocity
profile which comprised a sequence of short peaks (fast
corrections) separated by periods of slow or no movements.
Such profiles were characteristic of both modalities, and
therefore imply similar tracking strategies with the two
stimulation methods.

The representative tracking trajectories generated by one
subject with surface and subdermal stimulation in trials 1 and
8 are presented in Figure 2. The CORRs between reference
and generated trajectories are 89 and 78% for trials 1 of
surface and subdermal stimulation (Figures 2A,B), and 92% for
trials 8 of surface and subdermal stimulation (Figures 2C,D),
respectively. Note that the subjects improved their performance
across trials in both modalities (higher CORR and lower RMSE).
Initially, they had trouble tracking the positive segment of
the trajectory, and this was especially expressed in subdermal
stimulation. Nevertheless, in the final trial, the tracking was
good in both directions, and the quality of tracking was
better with surface stimulation, where the subject was able
to reproduce even small wiggles in the trajectory. In the

subdermal condition, on the other side, he/she reproduced only
the general trend.

The effect of training is summarized in Figure 3, which
shows all outcome measures for each of the eight trials averaged
across subjects. The trend of increasing performance (decrease
in RMSE, increase in CORR) is visible in both modalities. This
trend is gradual for the surface stimulation, while in subdermal
stimulation, there is a more pronounced increase in the first three
trials. And indeed, the linear regression fit indicated statistically
significant trend for the decrease in RMSE (p < 0.05) with
surface stimulation, while the Friedman test revelaed statistically
significant (p < 0.01) change in performance across trials for the
RMSE in subdermal condition. The post hoc tests indicated that
RMSE decreased significantly from the 1st (0.38 ± 0.07) to 4th

(0.3± 0.07) and 5th (0.29± 0.05) trial.
Figure 4 shows a summary performance for the two

stimulation modalities averaged across the last 5 trials (steady-
state). The surface stimulation significantly outperformed the
subdermal tracking in RMSE (p < 0.01) and CORR (p < 0.05),
with median (interquartile range) of 0.23(0.09) versus 0.31(0.10)
for RMSE and 86(14%) versus 77(18%) for CORR, respectively.
There was no significant difference in TD between the two
modalities, although the mean TD of subdermal stimulation
was consistently higher across trials (Figure 3). The median
(interquartile range) was 626(88) ms for surface and 689(176) ms
for subdermal stimulation.

DISCUSSION

The current study assessed the performance of subdermal
and surface stimulation for providing tactile sensory feedback
during the online compensatory tracking task. We have selected
online compensatory tracking to compare the two interfaces
under identical and general conditions, which do not depend

TABLE 1 | The stimulation amplitude and pulse width range.

Subjects Surface stimulation Subdermal stimulation

Dorsal side Volar side Dorsal side Volar side

Pulse width
range (µs)

Pulse width
range (µs)

Pulse width
range (µs)

Pulse width
range (µs)

Amplitude (mA) Lower Higher Amplitude (mA) Lower Higher Amplitude (mA) Lower Higher Amplitude (mA) Lower Higher

1 3.5 205 912 3 187 658 1.5 115 443 1 172 612

2 3.5 185 539 2.5 197 511 2 137 697 1 128 622

3 3.5 156 521 3 232 618 1.5 178 909 1 119 665

4 3.5 177 390 3 240 427 1.5 121 399 1 139 371

5 3.5 158 596 3 206 571 1.5 115 635 1 110 398

6 3.5 139 341 3 167 492 1 110 590 0.3 104 353

7 3.5 177 331 2.5 224 440 1 154 802 1 113 620

8 3 220 913 3.5 190 910 0.8 152 624 0.7 110 590

9 3.5 165 552 3 122 354 1 141 682 1 139 741

10 3.5 166 404 3 158 329 1.5 107 486 1 110 560

Mean 3.5 174.80 549.90 2.95 192.30 531.00 1.33 133.00 626.70 0.90 124.40 553.20

Frontiers in Neuroscience | www.frontiersin.org 5 February 2021 | Volume 15 | Article 580385

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-580385 February 16, 2021 Time: 13:49 # 6

Dong et al. Closed-Loop Control With Subdermal Stimulation

FIGURE 2 | Trajectories generated by one subject during tracking using surface [(A) trial 1 and (C) trial 8] and subdermal stimulation [(B) trial 1 and (D) trial 8].
Notation: RMSE, root mean square error; CORR, correlation; TD, time delay.

on the characteristics of the specific device and/or task. As
such, the tracking results cannot be directly related to a
prosthesis application. In fact, during the actual prosthesis use,
the deviation from the desired goal (the tracking error) will
not be available, but instead, the subject will need to estimate
this quantity. Nevertheless, online tracking allows an objective
comparison of the two interfaces since the results are not
affected by the dynamics of the system or task requirements.
In the latter case, the results can be specific to the context in
which the test has been performed. For instance, the feedback
modalities can perform similarly with one prosthesis or for a
particular number of force levels, whereas the difference can
be significant if the number of force levels is increased or
if the prosthesis is changed (from slower to faster). Finally,
compensatory tracking was used routinely in the past for the
evaluation of human manual control (of which prosthesis use
is one example) to investigate the characteristics of both visual
(McRuer and Krendel, 1959; Mcruer and Weir, 1969) and
electrotactile feedback (Schori, 1970; Schmid and Bekey, 1978;
Paredes et al., 2015).

The results demonstrated that surface stimulation resulted in
a better quality of tracking as demonstrated by a significantly
higher CORR and lower RMSE compared to subdermal
stimulation. The surface stimulation decreased RMSE and
increased CORR for approximately 33% and 10%, respectively.
In our recent study (Dong et al., 2020b), we have demonstrated
that the surface stimulation leads to a higher number of
discriminable levels of tactile sensations that can be elicited
between the detection and pain thresholds. The present

study suggests that higher psychometric resolution leads
to better closed-loop control. Nevertheless, both stimulation
modalities led to a good quality of closed-loop control
(see Figures 2, 3, CORR > 75%) and the subdermal
stimulation has some important advantages for practical
application, as discussed below. Also, there was no significant
difference in TD between the two stimulation modalities,
which indicated that the reaction time after perceiving surface
and subdermal stimulation was similar. Finally, there is a
trend for the effects of training in both modalities (see
Figure 3, RMSE panel).

Interestingly, the improvement in performance for subdermal
stimulation is especially expressed in the first three trials.
We hypothesize that the training is more dominant in the
subdermal stimulation due to the more invasive nature of
the interface. The stimulation is delivered below the skin
and the subjects used initial trials to adapt to the new
sensation. This might have been due to physiological factors
(e.g., different recruitment of mechanoreceptors) and/or purely
psychological effects (e.g., anxiety due to invasiveness). The
same factors could have contributed to the general difference
in performance between the two modalities. An advantage of
subdermal stimulation is that it could bypass the scar tissue at
the residual limb. This depends on the condition of the skin
(scar tissue depth). The subdermal electrode can be inserted
into the intact tissue beneath the scar, thereby potentially
improving the sensitivity. We expect that similar conclusions,
as in the present study, would be obtained if the electrodes
would be applied to a different location or even a different
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FIGURE 3 | Summary performance (mean ± standard deviation) for CORR, RMSE, and TD across trials. The symbol * indicates a statistically significant difference
(p < 0.05). RMSE, root mean square error; CORR, correlation; TD, time delay.
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FIGURE 4 | Boxplots showing summary performance for CORR, RMSE, and
TD for the last 5 tracking trials (steady-state). The horizontal line is the mean
value, the box indicates interquartile range, and whiskers are minimum and
maximum values. The symbol * indicates a statistically significant difference
(p < 0.05). RMSE, root mean square error; CORR, correlation, TD, time delay.

segment, as long as both electrode types would be applied to
the same skin area.

Practically, the long-term use of the stimulation modalities for
providing sensory feedback should be considered. The advantage
of subdermal stimulation is that it leads to significantly lower
power consumption (see Table 1). In addition, the subdermal
interface can be designed and manufactured as an implantable
electrode with stretchable materials (Musick et al., 2015;
Thompson et al., 2016), which could endure the local tissue

stretching during body movements and long-term implantation.
However, the subdermal interface in any form is still a minimally
invasive solution with the risk of infections and some pain
during insertion and removal, especially in case of percutaneous
approach, as well as unclear long-term stability (months to
years), and possible complications after long-term implantation.
Nevertheless, a recent study demonstrated a successful chronic
application of a novel button-type percutaneous electrode for
EMG recording (Hahne et al., 2016). Finally, the subdermal
electrodes could be used as a fully implanted solution, where
both the stimulation electronics and electrode pads are placed
just below the skin.

A simple linear encoding has been used in the present study
to map the feedback variable into stimulation intensity. Another
encoding could affect the quality of tracking (Szeto, 1977), but as
long as the same encoding is used for both stimulation modalities,
we assume that this would not affect the relative performance
(comparison). Furthermore, a unique advantage of electrotactile
interface is that the stimulation parameters (intensity and
frequency) can be changed independently. Therefore, it would
be interesting to test the quality of online control when using
frequency modulation and compare it to that achieved with
pulse width modulation (present experiment), particularly since
recent studies have reported conflicting results (Valle et al.,
2018b; Dideriksen et al., 2020). The two schemes can be even
combined [i.e., simultaneous change in amplitude and frequency
(George et al., 2019)] to exploit the full range of sensations.
And indeed, different coding schemes might change the relative
performance of the two stimulation modalities, and this needs to
be investigated in future studies.

Overall, both modalities result in good closed-loop control,
and the subdermal stimulation has potential advantages
concerning applicability. Therefore, the latter method can
be a promising technique to provide sensory feedback in
a prosthesis. In our previous work, we have investigated
“static” psychometric properties of subdermal stimulation
(Geng et al., 2018), assessed their stability within hours
(Dong et al., 2020b) and days (Dong et al., 2020a), and in
the present study, we have evaluated this method within an
online control loop. These results provide relevant knowledge
for the application of subdermal stimulation in amputee
subjects using a sensate prosthesis, which is indeed the next
step in our research. In this case, it would be relevant to
compare the performance with and without tactile feedback
to assess the added value of the subdermal interface. As
reported in a recent review (Sensinger and Dosen, 2020), both
non-invasive and invasive approaches to restoring sensory
feedback can improve performance and user experience, yet
this is not a simple relation but depends on many factors.
The functional test will allow comparing potential benefits
to the challenges related to the application of the subdermal
interface (e.g., minimal invasiveness). Also, a multichannel
subdermal interface should be designed and tested to truly
exploit the benefits of this technique (e.g., compactness). Since
the electrode is small (a tip of a wire), many channels could
be easily positioned closed to each other in an array or a
matrix configuration.
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