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Task-Dependent Adaptations in Closed-Loop Motor
Control Based on Electrotactile Feedback

Jakob L. Dideriksen , Irene Uriarte Mercader, and Strahinja Dosen

Abstract—Humans systematically adapt their strategies for
closed-loop control based on visual feedback according to the
dynamics of the system. Tactile feedback is a key element in many
human–machine interfaces, but it is not known if and how well hu-
man control adapts to changes in system dynamics when informa-
tion about the system state is provided using this type of feedback.
In this study, 11 participants tracked a pseudorandom trajectory
with a virtual, position- or velocity-controlled plant using a joystick.
Visual or electrotactile feedback provided the instantaneous error
between the target and generated trajectory. Frequency-domain
system identification indicated that human control adapted in
similar ways to the different control modes (i.e., position/velocity
control) for both feedback modalities. For the plant dynamics
modeled as gain and integrator, the human controller behaved as
a low-pass filter and gain, respectively (under the assumption of
quasi-linear behavior). However, while tracking quality was largely
similar for both control modes with visual feedback, velocity control
enabled substantially worse control with electrotactile feedback
compared to position control. Furthermore, for both control modes,
the crossover frequency of open-loop transfer functions was lower
for electrotactile feedback (0.9 and 1.1 rad/s) than for visual feed-
back (1.5 and 1.7 rad/s) indicating limited control bandwidth. To
summarize, closed-loop control based on electrotactile feedback
enables natural adaptations in human control strategy, which is
encouraging for tactile feedback-controlled human–machine inter-
faces, but the lower control bandwidth and lower tracking quality
with velocity control may impose functional limitations.

Index Terms—Closed-loop control sensory feedback,
electrotactile stimulation, position control, sensory substitution,
velocity control.

I. INTRODUCTION

THE THEORY of human manual control refers to experi-
mental and theoretical methods to investigate and model

the behavior of a human subject controlling dynamic systems
[1]. These approaches have been developed and used for decades
to study human closed-loop control using visual feedback [2].
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The application area for this type of research is vast, from steer-
ing ground vehicles to gaming and piloting. A typical experi-
mental approach is a human-in-the-loop setup where subjects are
asked to track a desired trajectory [3] using a chosen command
interface [4]. The collected data are then used to estimate human
performance and model the behavior of the human controller,
where the latter captures how the subject responds to tracking
errors [5].

One of the seminal results in this field was that human sub-
jects could adapt their behavior to the dynamics of the system
that they need to control [6]. More specifically, when modeled
as a quasi-linear system, the transfer function of the human
controller would change so that the overall transfer function of
the controller and the plant corresponds to an integrator around
the crossover frequency. Therefore, if the plant behaves as a
gain, the human controller responds as a first-order lag, and vice
versa, if the plant is an integrator, the human would act as a
simple gain. Importantly, a plant that is represented by a gain
or an integrator model corresponds to two widely used control
paradigms in human–machine interfacing: position and velocity
control, respectively. In the former, the human directly controls
the position of the plant (e.g., a computer mouse), whereas, in
the latter, the human command input sets the velocity of plant
movement (e.g., gas pedal in a car).

However, a visual channel is not the only relevant source of
feedback for control in human–machine interfaces. Specifically,
in some situations, visual input is unavailable, limited, or absent
if the user directs the visual attention away from the plant. In such
situations, tactile feedback provided using mechanical (vibration
motors, linear pushers, and squeezing braces [7]) or electrical
stimulation of the skin can provide the information required to
maintain control [8], [9]. Potential applications of tactile feed-
back include providing guidance for visually impaired persons
[10], [11], improving immersiveness in virtual and augmented
reality [12], as well as restoring missing somatosensory signals
in prosthetic limbs [13]. Each of these application scenarios
fit into the context of human manual control. For instance, in
prosthesis control, the finger and wrist positions are controlled
using velocity control since myoelectric activity sets the speed
of movement, whereas the grasping force is controlled in the po-
sition mode (e.g., myoelectric level proportional to the grasping
force). The performance across control schemes in feedforward
control or with visual feedback has been investigated with mixed
outcomes [14]–[16]. However, the properties of the human
controller when the loop is closed using a tactile channel are
much less explored compared to using visual feedback.
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Fig. 1. Graphical representation of the experimental setup. The error between
a predefined pseudorandom target and the instantaneous plant position was
provided to the human operator as either visual or electrotactile feedback. Using
a joystick, the human operator controlled the plant in position or velocity control
(PCM/VCM) to minimize the error.

So far, the most complete investigation of such adaptations in
human control based on haptic feedback was done by Jagacinski
et al. where subjects controlled a virtual plant using a joystick
with an in-built device coding the feedback in the physical
displacement of a bar pushing into the subject’s hand [17]. This
study found that those subjects that performed best in controlling
a plant in position and velocity control adapted their transfer
function in the same ways as observed for visual feedback:
a low-pass filter for position control and a gain for velocity
control. In addition to this study, which investigated the full
force feedback, only few other studies explored “pure” tactile
feedback. Vibrotactile and air jets stimulation was evaluated
in [18] demonstrating that the overall transfer function of the
controller and a velocity-controlled plant resembled a low-pass
filter. Closed-loop control with electrotactile stimulation was
assessed in several studies [19]–[24] but they focused on char-
acterizing performance without estimating the model of the
human controller. To the best of our knowledge, just two studies
reported the human transfer functions when using electrotactile
feedback; however, only for position control mode, showing
that the transfer functions resembled low-pass filters [25], [26].
The findings for tactile feedback are so far in agreement with
the theory of human manual control, but as described above,
the assessment was overall scarce. This is in sharp contrast
to the fact that tactile interfaces are rich in stimulation and
encoding methods, leading to feedback implementations that
may be processed by the central nervous system in different
ways. Consequently, it is not possible to draw general conclu-
sions about task-dependent adaptations in human control based
on tactile feedback; in particular, for electrotactile stimulation
which is among the most commonly used feedback modalities.
A deep understanding of if and how well human control adapts
to different control paradigms with tactile feedback is critical for
the design of effective closed-loop human–machine interfaces.
For example, in the above-mentioned application scenario of
prosthetic control, very few commercial prostheses currently
offer tactile feedback; in part because there is no consensus about
how such systems should be designed [13].

Therefore, in the present study, we investigated the impact of
the system dynamics on the quality of closed-loop control using
electrotactile feedback. We employed concentric electrodes,
which are commonly used to deliver electrotactile stimulation

since they produce superficial and confined current flow to elicit
localized tactile sensations [27]. We assessed the performance
and estimated the model of the human controller in both control
modes (position versus velocity) when the feedback was deliv-
ered using encoding in stimulation frequency. While most pre-
vious studies employed amplitude modulation (e.g., [19]–[22]),
frequency modulation was selected since we have shown that it
enables superior performance in the same type of closed-loop
control task as used in this study [26]. Our a priori expectation
was that a human controller adapts to different plant dynamics
using electrotactile feedback in the same way it adapts when
the feedback is transmitted visually. Furthermore, we assessed
if both control modes lead to similar control performance.

II. METHODS

A. Participants

Eleven able-bodied participants (5 males and 6 females, age:
26 ± 3 years) performed the experiment. The participants
signed an informed consent form before the experiment. The
experiment complied with the declaration of Helsinki and was
approved by the North Denmark Region Committee on Health
Research Ethics (N-20160021).

B. Experimental Setup

The experimental setup implemented a human-in-the-loop ap-
proach where the participant controlled the position or velocity
of a virtual plant based on visual or electrotactile feedback (see
Fig. 1). The plant was controlled by moving a joystick (APEM
HF22X10U) around a single axis (left/right) with the dominant
hand. The feedback was given on a computer screen positioned
approximately 50 cm in front of the subject (visual condition),
or by a stimulation unit (TremUNA, UNA Systems, Belgrade,
Serbia) activating two concentric electrodes (Spes Medica 50
mm × 50 mm) positioned on each side of the forearm of the
dominant hand (electrotactile condition). The aim was to control
the plant so that its position followed a predefined reference tra-
jectory. However, the trajectory was not disclosed to the subject
explicitly. Instead, both types of feedback conveyed to the par-
ticipant the instantaneous error between the plant position and
a predefined target trajectory. This is a so-called compensatory
tracking paradigm [6], in which the task performance depended
exclusively on the participant’s reaction to the stimulus and not
on anticipatory control.

Using the joystick, the participant determined the position
of the virtual plant in either position control mode (PCM) or
velocity control mode (VCM). In PCM, the position of the
joystick was proportional to the plant position. In this way,
moving the joystick fully to the left implied that the plant was
in the maximum left-most position and vice versa for the right.
In VCM, the position of the joystick determined the velocity of
the plant, and so a constant nonzero joystick position implied a
constant plant velocity in either left or right direction. In PCM,
the transfer function of the plant was a gain. For VCM, the
transfer function was an integrator with a gain. The values of both
gains were determined in pilot tests as the configurations that
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optimally allowed rapid but well-controlled plant movement. In
both modes, the plant position was limited in the range of [−1:1]
in arbitrary units. The normalized plant position was mapped to
the normalized visual and electrotactile feedback, as described
in the following.

The target trajectory was a pseudorandom signal formed by
the sum of nine sinusoids with logarithmically spaced frequen-
cies between 0.2 and 6.3 rad/s. Across trials, the phase of each
sine wave was assigned a new random value. The range of sine
wave frequencies is similar to the ranges used in previous studies
(see [18, Table I]). The amplitudes of the five sine waves with
lowest frequencies (≤1 rad/s) were twice as high as the ampli-
tude of the other four sine waves to decrease the task difficulty
while maintaining the desired bandwidth. For compensatory
tracking tasks with visual feedback, a larger difference (factor
of 10) between low- and high-frequency components has been
used traditionally [28]. However, to reduce the risk that the
magnitude of the high-frequency sine waves would be below
the just noticeable difference for the frequency of electrotactile
feedback, a lower factor was used in this study, similarly as in
previous studies with tactile feedback [17], [26]. The amplitude
of the target trajectory was normalized to the range of [−0.9:0.9]
in arbitrary units.

With visual feedback, the instantaneous error was represented
as a cursor (green square) shown on a horizontal axis. In the
middle of the axis, a reference line indicated an error of zero.
With electrotactile feedback, the magnitude of the error was
coded in the frequency of stimulation pulses in one of the two
electrodes, depending on the sign of the error. As in our previous
study [26], one electrode (ventral side) communicated negative
errors, while the other electrode (dorsal side) communicated
positive errors. The normalized tracking error was mapped
linearly to a range of stimulation frequencies of 7-63 Hz. In
this way, 63 Hz implied maximum error, while perfect tracking
(i.e., no error) would imply no stimulus in any of the electrodes.
Frequency modulation in this range was selected because we
have demonstrated in a recent study [26] that it leads to better
performance compared to intensity modulation. In addition,
the ability of humans to differentiate stimulation frequencies
decrease at higher frequencies [29].

The stimulation parameters and timing as well as the visual
feedback were controlled using a toolbox for closed-loop human
manual control [30] running on a standard PC.

C. Experimental Protocol

The participant was seated comfortably in a chair in front of
a table with the experimental setup (joystick, stimulator, and
PC). The skin on the forearm was cleaned using a wet cloth,
and the stimulation electrodes were placed. One electrode was
positioned on the ventral side of the forearm halfway between the
elbow and the wrist. The other electrode was positioned on the
dorsal side, one-third of the length of the forearm distally from
the elbow. For each electrode, the detection and pain threshold
for stimulation pulsewidth were determined using the method
of limits [31]. The pulsewidth was incremented in the steps of
10 μs at a stimulation frequency and amplitude of 70 Hz and 3.5

mA, respectively. When the subject reported that she/he felt the
stimulation (detection threshold), the increment was increased
to 50 μs and the stimulation stopped when the subject indicated
that it became painful. This intensity corresponded to the pain
threshold. The thresholds were determined three times and the
average value was computed.

Next, the participant was familiarized with the tracking tasks
using visual feedback. The participant was instructed to move
the joystick to cancel the tracking error by maintaining the
cursor indicating the plant position, as close as possible to the
reference line. The subjects received no instructions about which
strategies could be applied for joystick control (e.g., continuous
or “tapping” movements) and were left to explore such strategies
themselves during the familiarization trials. First, each partici-
pant performed two 90-s trials with PCM followed by two trials
with VCM. This was followed by two trials for each control
mode (PCM and VCM) with visual and electrotactile feedback
delivered simultaneously. The aim here was for the subject to
learn to interpret the electrotactile feedback associating it to
the tracking error shown visually. The subject was instructed
to compensate for the delivered stimulation, e.g., if he/she felt
it on the dorsal electrode, he/she would move the joystick in
the direction of the volar electrode and vice versa. It was also
explained that faster stimulation indicates larger errors. Finally,
another two trials were conducted per control mode with electro-
tactile feedback only. In the trials with electrotactile feedback,
the stimulation pulsewidth was set to a duration of 80% of the
width at the pain threshold. This value was selected to elicit a
clear but nonpainful sensation.

After the training trials, the participants started the closed-
loop tracking. The experiment was organized into four blocks (2
feedback types × 2 control modes), where each block included
six 90-s trials. The order of the four blocks (each consisting of six
trials) was randomized. The six trials within the same block were
separated by a break of at least 1 min, and a break of 5 min was
given between blocks. For each trial (including familiarization
trials), a new target trajectory was randomly generated to avoid
that the subjects switched to feedforward control by learning to
predict the trajectory.

D. Data Analysis

Four time-domain parameters were derived from the tracking
data in each trial. First, the cross-correlation between the target
and plant trajectory was computed to quantify the similarity
between the target and plant trajectories. The peak of this
function (henceforth referred to as correlation) and the time
delay at this peak were identified. Note that the time delay is
an estimate of the time shift between the two trajectories, which
is different from the time delay of the human controller (de-
scribed later). Furthermore, the root-mean-square error (RMSE)
between the target and the plant trajectory was calculated, after
compensating for the time delay between these two signals.
This compensation was done since even a small delay would
imply a large RMSE for very similar trajectories. Together,
these three parameters characterized the quality of the tracking
performance. The fourth time-domain parameter characterized
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Fig. 2. Representative tracking data for one participant (subject #10) across the four conditions (2 feedback types × 2 control modes). Each panel represents a
30-s period from the last of the six trials in one of the conditions. In all panels, the black line indicates the pseudorandom target trajectory. For position control,
the gray lines indicate the control signal (joystick output) and plant position (equivalent in position control). For velocity control, the control signal is shown as
the dashed gray line, whereas the plant position is the solid gray line. All signals are provided in arbitrary units. Each panel also reports correlation (Corr), RMSE,
time delay (TD), and zero-crossing rate for the first derivative of the control signal (ZCR) achieved in each case.

the tracking strategy. Specifically, the rate of zero crossings in
the first derivative of the joystick output signal was obtained
to characterize how often the subject changed the direction
in which she/he moved the joystick. Before this analysis, the
joystick output signal was low-pass filtered (cutoff frequency:
2.5 Hz).

The data were normally distributed, as determined using the
Shapiro–Wilk test. Therefore, the outcome measures were ana-
lyzed using three-way ANOVA (factors: trial, feedback type, and
control mode) for each of the four time-domain parameters. The
level of significance was set to p < 0.013 due to the Bonferroni
correction. In case of significant interaction effects between two
of these factors, the average value across the third factor for
each of the two interaction factors was compared using paired
t-test. For the outcome of the ANOVA analysis, effect sizes were
estimated using partial η2. The values 0.01, 0.06, and 0.14 were
adopted as lower limits for small, medium, and large effect
sizes, respectively. Furthermore, the correlation between the
zero-crossing rate and the three other time-domain parameters
were investigated using linear regression for each combination
of control mode and feedback type.

In addition, frequency-domain analysis was performed to
estimate the frequency characteristics of the human controller
across the four conditions (2 feedback types × 2 control modes)
using a previously described method [26], [32]. To summarize,
the frequency characteristics of the human controller (assuming
that it is quasi-linear) were determined by calculating the ratio
of the cross-spectrum between the target and plant trajectories

and between the target trajectory and the error. This provided
an estimate of the gain and phase characteristics of the human
controller for each of the nine frequencies that comprised the
target trajectory. For each control mode and feedback modality,
a transfer function was fitted to the average frequency response
across all subjects. The gain and time delay of the human
controller were estimated from the fitted function. While this
delay characterizes the reaction time of the human subject, the
delay computed in the time-domain analysis is between the input
and output of the overall system. Therefore, the latter includes
the time shift due to the pure time delay of the human controller
as well as the offset introduced by the system dynamics of the
human and the controlled plant. Furthermore, the open-loop
transfer functions were computed by multiplication of the trans-
fer function of the human controller and the transfer function of
the plant. The latter was used to estimate the crossover frequency,
representing the effective control bandwidth (i.e., the maximum
error signal frequency that can be successfully perceived and
compensated by the subject) and the phase margin quantifying
whether the system is stable and how far it is from the margin of
stability. These are standard parameters to describe the model
of the human controller [6].

III. RESULTS

Fig. 2 shows representative data from the last (sixth) trials
for different combinations of control mode (PCM and VCM)
and feedback (visual and electrotactile) for one subject. For
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Fig. 3. Four time-domain parameters describing tracking performance and strategy: (a) and (b) Correlation, (c) and (b) RMSE, (e) and (f) time delay, and (g) and
(h) zero-crossing rate for the first derivative of the joystick control signal. In panels (a), (c), (e), and (g), the average parameters for all subjects are shown across
the six trials for each of the four conditions. Panels (b), (d), (f), and (h) show average values across the six trials of individual subjects (light gray lines) and across
all subjects (symbols). In all panels, error bars indicate standard deviation. ∗indicate statistical significance.

PCM, the plant position (generated trajectory) was proportional
to the control signal (joystick movement), whereas in VCM,
the integrated joystick position determined the position of the
plant. The control strategies applied in VCM varied across
subjects and conditions. Some subjects controlled the plant
by a series of rapid taps to the joystick with varying ampli-
tude, whereas others, like the subject shown in Fig. 2, used a
higher degree of continuous joystick control. Note, however, that
even in this case, the continuous modulation was supplemented
with tapping-like movements that are not present in PCM. There-
fore, the subject has substantially changed the control approach
between the two modes. The employed control signals (joystick
movements) in Fig. 2 for PCM are substantially different from
those in VCM (e.g., compare smooth modulation in the top-left
panel to abrupt left/right deviations in the bottom-left panel). In
the representative subject, the two control modes enabled control
of approximately the same quality for visual feedback. For
electrotactile feedback, however, PCM enabled better control,
although, for both modes, the control was worse than for visual
feedback.

This trend was confirmed by Fig. 3, which illustrates the
average results across all subjects and trials for the feedback
and control modes. Overall, the performance with electrotac-
tile feedback was consistently better during PCM than VCM,

whereas control mode had only a minor effect on performance
in the case of visual feedback. Specifically, for electrotactile
feedback, average correlation was 9.6 percentage points higher,
average RMSE was 0.14 lower, and average time delay was
541 ms shorter with PCM than for VCM. Conversely, for vi-
sual feedback, the average differences across control modes
were much smaller: 0.26 percentage points (correlation), 0.006
(RMSE), and 204 ms (time delay). As illustrated in Fig. 2, the
zero-crossing rate of the control signal was lowest in PCM.
Specifically, the difference was 0.84 and 0.53 zero crossings per
second for electrotactile and visual feedback, respectively. For
all parameters, ANOVA indicated significant effects of control
mode [correlation: p<0.013 partial η2: 0.10 (medium effect
size); RMSE: p<0.013 partial η2: 0.14 (large effect size); time
delay: p<0.013 partial η2: 0.33 (large effect size); p<0.013;
partial η2: 0.35 (large effect size)] and significant interaction ef-
fects between feedback type and control mode for all parameters
but the zero-crossing rate [correlation: p<0.013; partial η2: 0.09
(medium effect size); RMSE: p<0.013; partial η2: 0.12 (medium
effect size); time delay: p<0.013; partial η2: 0.09 (medium effect
size)]. This indicates that the significant effects of control mode
could be attributed mainly to the differences in electrotactile
feedback. This was confirmed by the t-tests, that showed sig-
nificant differences across control modes only for electrotactile
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Fig. 4. Representative examples of how subjects responded to the error signal
received by electrotactile stimulation in PCM (A, C) and VCM (B, D) during
the sixth trial in each condition. In all panels, the black line indicates the
instantaneous tracking error and the gray line the control signal (joystick output).

feedback for correlation [p<0.013 for electrotactile; p = 0.87
for visual; Fig. 3(b)] and RMSE [p<0.013 for electrotactile; p
= 0.73 for visual; Fig. 3(d)]. For time delay and zero-crossing
rate, however, the differences in control mode were significant
(p<0.013) for both feedback types [see Fig. 3(f)].

For all time-domain parameters except the zero-crossing rate,
there were significant effects of feedback type (correlation:
p<0.013 partial η2: 0.42 (large effect size); RMSE: p<0.017
partial η2: 0.31 (large effect size); time delay: p<0.017 partial
η2: 0.43 (large effect size); zero-crossing rate: p= 0.82). Specif-
ically, the correlation was 77.1% for electrotactile (averaged
across all trials and control modes) and 89.6% visual feedback,
average RMSE was 0.34 for electrotactile feedback and 0.22 for
visual feedback, and time delay was 1016 ms for electrotactile
and 562 ms for visual feedback. Finally, the three-way ANOVA
revealed that there was no significant learning effect across the
six trials for any of the parameters, nor any interaction effects
involving learning.

The zero-crossing rate did not predict any of the other time-
domain parameters (correlation, RMSE, and time delay) in any
of the settings (r2<0.15), indicating that the control strategy
employed by the subjects did not affect the quality of the
outcome.

Fig. 4 illustrates the strategy by which the subjects com-
pensated for the tracking error when it was transmitted using
electrotactile stimulation. The plots superimpose the error signal
and the joystick position, which correspond to the input into
the human controller and his/her response (output), respectively.
When these representative subjects controlled the plant in PCM,
the control signal appeared to be a substantially smoothed (and

TABLE I
CROSSOVER FREQUENCY AND PHASE MARGIN FOR THE ESTIMATED

OPEN-LOOP TRANSFER FUNCTIONS FOR EACH COMBINATION

OF FEEDBACK MODALITY AND CONTROL MODE

delayed) version of the error. As predicted by the theory of
human manual control [1], the control signal in VCM reflected
more faithfully the dynamics of the error signal. These character-
istics were also reflected in the average frequency characteristics
of all subjects (see Fig. 5). The figure shows that the human con-
trollers acted like low-pass filters for PCM (magnitude decreases
with frequency) and as gains for VCM (magnitude constant
across frequencies). This trend was expected for the trials with
visual feedback, but it has not been previously demonstrated that
qualitatively similar adaptations in human behavior are present
when controlling an object using electrotactile stimulation [see
Fig. 5(b)]. With respect to compensatory tracking with visual
feedback, electrotactile feedback implied a lower gain of the hu-
man controller—in particular for VCM. Specifically, for VCM,
the average gain across all frequencies was −7.4 ± 1.3 dB for
visual feedback and −12.6 ± 1.0 dB for electrotactile feedback.
Phase characteristics were largely similar across conditions,
with the exception that electrotactile feedback implied a larger
phase delay at the highest frequencies. Accordingly, the transfer
functions [see Fig. 5(c) and (d)] indicated a larger time delay
for electrotactile feedback [190 (PCM) and 130 ms (VCM)
for visual feedback against 320 (PCM) and 340 (VCM) ms
for electrotactile feedback]. Furthermore, this is in accordance
with the results of the time-domain analysis considering that the
higher controller gain indicates better tracking while the steeper
phase roll-off reflects a longer time delay in responding to the
input (error signal). Table I summarizes the characteristics of
the open-loop transfer functions.

IV. DISCUSSION

This study investigated how human closed-loop control based
on electrotactile feedback, delivered using concentric electrodes
and frequency modulation, adapts to different dynamics of the
controlled system (PCM/VCM). Overall, the results demon-
strated that the control strategies adapt as predicted by the theory
of human manual control [1], [28]. Visual feedback provides
high-fidelity information on the behavior of the controlled object
and therefore it is not surprising that the subject can perceive the
change in the plant dynamics and adapt his/her control strategy.
Electrotactile stimulation is a feedback channel of lower quality,
but the present study demonstrates that it is still informative
enough to provoke a similar type of adaptation during manual
control. In that sense, the electrotactile interface mirrors the
behavior of other tactile stimulation methods (vibrotactile and
air jets [18] and full kinesthetic force feedback [17]). This is an
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Fig. 5. Frequency response of the human controller across the four control conditions for all trials of all participants. Each symbol represents (a) and (b) magnitude
and (c) and (d) phase delay for each of the nine frequencies composing the target signal. Bold lines representing the estimated transfer functions are superimposed.
Error bars (shown only in one direction) indicate standard deviation.

encouraging result for the practical application of this type of
feedback, as elaborated later.

The results showed that while control quality with visual
feedback was similar in both control modes, velocity control
imparted significantly worse performance than position con-
trol for electrotactile feedback. In principle, velocity control
is more complex compared to the position control. The higher
complexity can be appreciated by focusing on a simple task of
commanding a plant to change the position. When using position
control, the subject needs to move the control interface from the
initial to the target position and then hold it there. To achieve
the same using velocity control, however, the subject first has
to move the control interface to command a nonzero velocity
toward the target. Then, once the plant is at the target position,
he/she needs to bring the control back to zero so that the target
stops moving (hence, two command actions to accomplish the
same goal). When this is placed in the context of a compensatory
tracking task, which requires reacting rapidly to a dynamically
changing input, the differences between the two control modes
are more likely to become expressed. Nevertheless, visual feed-
back appeared to provide sufficiently rich information about the
state of the plant that required a low cognitive load to process,
which allowed the subject to perform equally well in both control
modes. On the contrary, the control with the tactile feedback was
not robust enough and a (small) change in control complexity
was enough to significantly decrease the performance. This
conclusion is, of course, specific to the bandwidth of the target
trajectory used in the present study. Increasing the bandwidth
might introduce differences in the quality of control even when
using visual feedback, while a narrower bandwidth may enable

similar performance across control modes with electrotactile
feedback. Nevertheless, this finding is in accordance with previ-
ous results that showed that subjects have less excess cognitive
capacity when using tactile feedback for control [33]. The track-
ing performance was variable across subjects, especially when
the task was performed using electrotactile feedback, where the
across-subject variability seems to be larger for PCM than VCM.
This is in line with the higher difficulty of that task as well as with
the recent observation that the subjects can differ substantially
in how well they can integrate the electrotactile feedback [34].

Overall, the quality of control with electrotactile feedback was
worse than with visual feedback. This finding is in accordance
with previous studies using similar tasks [17], [35] and may
in part reflect that with visual feedback allows for a quick
and accurate estimation of the tracking error, whereas several
stimulation pulses (and thus longer time) are needed to perceive
the error with frequency-modulated electrotactile stimulation.
Nevertheless, we have previously shown that the time delay
does not change when the error is encoded in the pulsewidth
of electrotactile feedback [26], which could be due to intrinsic
limitations of the human control bandwidth [36]. Despite this
difference across visual and electrotactile feedback, the present
study demonstrated that it is feasible to utilize the velocity
control using electrotactile stimulation. As can be seen from
Fig. 2(d), despite obvious delays and deviations, the subject
has successfully reproduced the general shape of the target
trajectory, while largely ignoring the small wiggles. Further-
more, although there was no statistically significant effect of
learning, the performance in velocity control with electrotactile
feedback improved for all three measures (see Fig. 3) across the
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six trials. It is possible that extended periods of training may
reduce the difference across control modes with electrotactile
feedback [37]–[39]. Finally, the experimental task of this study
was specifically designed to allow only feedback control. How-
ever, in most everyday motor tasks, a combination of feedback
and feed-forward control is used [13], [40], which makes it
reasonable to assume that performance could be improved if
it is possible to plan movements ahead. Accordingly, in tasks
similar to the one used in the present study, the knowledge of
the future target trajectory improved performance [41].

In comparison with previous studies, the crossover frequen-
cies (see Table I) were relatively low for visual feedback [28]
and mechanical tactile feedback [17]. However, in these stud-
ies, the subjects were either highly skilled or had undergone
intensive training for several days. Conversely, naïve subjects
with minimal training (12 × 90 s trials) were used in this
study. The open-loop system characteristics (see Table I) were
similar to those reported for tactile feedback in a previous
study in which the subjects also received limited training [18].
Overall, this result (see Fig. 5) indicates that when introduced to
electrotactile feedback, subjects immediately adopt the control
strategies described by the theory of human manual control, and
that further training only serves to refine this strategy to improve
performance.

The impact of system dynamics (gain versus integrator) on
the performance with electrotactile feedback is a relevant result
since position and velocity control are commonly used in differ-
ent application scenarios. Such scenarios include closed-loop
prosthetic control, where recent methods have been proposed
to eliminate the contamination of electromyographic (EMG)
signals by electrotactile stimulation [42]. Note that there is com-
prehensive body of literature addressing prosthesis control with
and without feedback in more clinical and functional context
[13], [43]. The present paper however reveals some fundamental
aspects of tactile feedback that might be relevant across applica-
tion domains. This is also the motivation for adopting an abstract
task rather than focusing on a specific system (e.g., a particular
prosthetic device or a functional AR/VR task). Specifically, this
study suggests that electrotactile feedback allows humans to
adapt control strategies in a natural way. However, the control
quality of these strategies is limited in several ways including the
effective bandwidth. Specifically, the crossover frequency was
considerably lower than for visual feedback (see Table I), as well
as the values reported for natural control of hand movement [44].
Current prostheses generally have a low control bandwidth, due
to the mechanical design and the preprocessing (low-pass filter-
ing) of the EMG signal [45], but future prosthetic control systems
may not have such limitations. If so, the low crossover frequency
in closed-loop control with electrotactile feedback may be an
important limitation for high-quality control, suggesting the
need to identify feedback strategies with higher bandwidth. The
experimental approach presented in this study can be used to
systematically compare feedback strategies to identify those
that optimally support performance in VCM. In this context,
this setup may be extended to simulate more complex systems
reflecting the characteristics of human–machine interfaces more

realistically. For example, controlling a prosthesis implies a
time lag between control command and prosthesis response
due to internal data processing (e.g., pattern classification) and
mechanical design [46]. It is possible that such delays would
increase the complexity of the task and increase the difference
in performance across control modes observed in this study (see
Fig. 3). Furthermore, since prostheses are typically controlled
by myoelectric signals, which are inherently noisy, it would be
relevant to explore the effect of using a less ideal control interface
than a joystick (see [4] for a similar comparison using visual
feedback). Finally, it would be relevant to investigate combined
tactile and visual feedback, since in a realistic scenario, prosthe-
sis users would probably devote some level of visual attention to
most tasks and not always rely exclusively on tactile feedback.

In conclusion, this study demonstrates that humans are capa-
ble of adapting motor control strategies based on electrotactile
feedback according to the dynamics of the controlled system
(position/velocity control) in similar ways as for visual feedback
(theory of human manual control). The quality of control with
electrotactile feedback in VCM, however, was lower than that
in PCM.
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