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Abstract — Myoelectric prostheses are successfully controlled using muscle electrical activity, thereby restoring lost motor
functions. However, the somatosensory feedback from the prosthesis to the user is still missing. The sensory substitution
methods described in the literature comprise mostly simple position and force sensors combined with discrete stimulation units.
The present study describes a novel system for sophisticated electrotactile feedback integrating advanced distributed sensing
(electronic skin) and stimulation (matrix electrodes). The system was tested in eight healthy subjects who were asked to
recognize the shape, trajectory and direction of a set of dynamic movement patterns (single lines, geometrical objects, letters)
presented on the electronic skin. The experiments demonstrated that the system successfully translated the mechanical
interaction into the moving electrotactile profiles, which the subjects could recognize with a good performance (shape
recognition: 86+8% lines, 73+13% geometries, 72+12% letters). In particular, the subjects could identify the movement direction
with a high confidence. These results are in accordance with previous studies investigating the recognition of moving stimuli in
human subjects. This is an important development towards closed-loop prostheses providing comprehensive and sophisticated

tactile feedback to the user, facilitating the control and the embodiment of the artificial device into the user body scheme.
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1 INTRODUCTION

A myoelectric prosthesis can be used to compensate for the
loss of motor function after a hand amputation. In this
system, the electrical activity of the user’s muscles is
recorded, processed and then decoded to estimate the user
intention. Decoding is performed using simple heuristics,
as in the classic two-channel control, or machine learning
(pattern classification and regression) in multichannel
systems [1], [2]. Typically, the same muscles that were used
to accomplish a motor task before the amputation control
analogous functions in the prosthesis, e.g., hand and wrist
flexors and extensors control prosthesis closing and
opening, respectively. This association provides an
intuitive connection between the brain and the prosthesis,
but this connection is unidirectional. However, a bilateral
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communication between the brain and the periphery,
including both efferent and afferent information flow, is
necessary for the human movement learning and
execution [3]. Closing the prosthesis control loop by
providing sensory feedback to the user is a key point in
research on active prosthetics [4], [5] as well as an often
cited requirement of the prosthesis users [6]. Nevertheless,
apart from one recent example [7], there are still no
commercially-available

prostheses transmitting

somatosensory information back to the user.

Artificial tactile feedback can be provided using a
method known as sensory substitution [8]. The prosthesis
is equipped with sensors measuring the system state (e.g.,
joint angles) as well as interaction with the environment
(e.g., grasping force). To restore the feedback, the sensor
data are read online, translated into stimulation profiles
according to the selected coding method and the
stimulation is delivered to the user invasively (e.g., neural
[9] and brain stimulation [10]) or non-invasively (e.g.,
[11] [12]). The
information is transmitted by modulating the stimulation

electro and vibrotactile interfaces

parameters. In electrotactile stimulation, low-level

electrical current pulses are delivered to the skin to

depolarize skin afferents, thereby eliciting tactile

sensations.
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The fidelity of the feedback that can be provided to the user
depends on the available sensors and stimulation
interfaces. Typically, current prostheses are equipped with
only basic position and force sensors [13]. Importantly,
some more sophisticated sensing elements are becoming
available. BioTac [14] is a sensorized finger equipped with
a matrix of pressure sensors across the fingertip, as well as
a vibration and temperature sensor. Electronic skins
integrating matrices of tactile (and other) sensing elements
embedded into flexible structures have been fabricated (eg
[15]-[19], references in [20]).

Most of these sensors were originally developed in the
robotic framework, to provide tactile feedback for

automatic robot control. However, these highly
sophisticated sensing interfaces can as well be utilized in
prosthetics, both for control and to transmit

somatosensory feedback to the user, analogously to the
manner natural skin is exploited by the human nervous
system during grasping and manipulation [21]. An
electronic skin (e-skin) can be therefore integrated into a
prosthetic device to endow the prosthesis with artificial
cutaneous sensing by electromechanically converting
touches into electrical signals to be delivered to the human
subject. The information from multiple contact points can
be used by the embedded prosthesis controller to
automatically evaluate the grasp stability, control grip
formation and/or prevent slipping [22]. In the context of
feedback to the user, such sensors are comprehensive
sources of tactile signals, which can be utilized to provide
an unprecedented level of afferent inflow, facilitating
thereby the integration of the prosthetic device and the
user body and mind, as proposed conceptually in [23]-
[25], and stimulating the cognitive and psychological
mechanisms related to body ownership [26]. Some recent
sensors also implement biologically-inspired coding of the
tactile information. For example, [27] describes a flexible
electronic skin capable of quantifying the applied pressure
and generate electrical signals to directly deliver such a
sensory input in the form of electrical pulse trains
mimicking nerve action potentials to a living nerve cell of
the mouse brain.

Regarding the stimulation interfaces, non-invasive
methods are still most common [5]. Most studies [28]-[30]
considered single stimulation units with parameter
modulation (e.g., frequency and intensity proportional to
the feedback variable value) and a few [31]-[33] evaluated
multichannel approaches using several electrodes or
vibrators allowing for the spatial coding (e.g., stimulation
location communicates the feedback variable). The studies
provided important insights regarding the role and

advantages of feedback in prosthetics, but they utilized
simple force and position sensors embedded into the
prosthesis. These conventional stimulation configurations
are not suitable for interfacing with the aforementioned
advanced sensing systems. In order to transmit the
information from a large number of sensing elements,
available in the e-skin systems, the electrotactile interface
needs to implement many stimulation channels integrated
into a compact device.

In this manuscript, we present a first prototype of such
a distributed sensing and stimulation interface and we
evaluate the feasibility of communicating the tactile
information to a human subject. The system comprises an
e-skin including an array of sensing elements (taxels),
acquisition electronics and multichannel stimulator
connected to flexible matrix electrodes placed on the

forearm.

Although the concept of applying e-skin technology for
somatosensory feedback in prosthetics has been proposed
earlier [5], the present study is the first evaluation of an
the

communication link, i.e., the information transmission

online  system  implementing prospective

from e-skin to the human subject.

2 MATERIALS AND METHODS

2.1 System Architecture

The tactile feedback system comprises the following
components (Fig. 1): 1) e-skin with 64 sensing elements
(taxels), 2) custom-made electronics for the signal
conditioning, 3) data acquisition card (NI cDAQ 9174,
National Instruments, USA), 4) fully programmable
multichannel electrotactile stimulator (MaxSens, Tecnalia,
Spain) connected to two flexible matrix electrodes, and 5) a
host laptop PC. The host PC runs the online control loop
which was implemented in Matlab 2013b and operated as
follows. The e-skin converted mechanical information (i.e.
a specific way of touching) into a set of electrical signals
(one signal per sensor). The taxel signals were sampled at
the frequency of 1 kHz and the data were segmented into
intervals of 50 ms for processing (as described below). The
stimulation parameters were sent to the stimulator, which
delivered the stimulation. The stimulation parameters were
therefore refreshed at 20 Hz (1/data window length).

The e-skin (Fig. 1b) was a rectangular patch (12.8 x 4.8
cm) made of Polyvinylidene Fluoride (PVDF), which is a
piezoelectric polymer directly converting mechanical stress
into charge [34]. The intrinsic flexibility of this polymer in
the form of a film together with its wide frequency
bandwidth (1 Hz-1 kHz) and large measurable pressure
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range (50 Pa-1 MPa) make it a good candidate as functional
constituent of a flexible e-skin measuring dynamic contacts.
Sixty-four different sensors (taxels) were obtained by screen
printing patterned electrodes [35] on a single commercial
100-pm thick PVDF sheet [36]. Taxels were circular (radius
1.5 mm) and arranged in a rectangular array (9.6 x 3.5), with
the
approximately 8 mm. In the present application, the PVDF

sensor  pitch  (centre-to-centre  distance) of
sheet was placed on a rigid substrate and an elastic layer
(Polydimethylsiloxane) was added on top for stress
transmission and sensor protection [37]. The charge is read
from each taxel by a custom-made multi-channel charge
amplifier (CA), converted into voltage and conditioned by
a band-pass filter (details are reported in [38]). The analog
outputs from the amplifier were connected to the analog
inputs of the data acquisition card, which sampled the
signals at 1 kHz and communicated the data to the host PC

via a USB port.

The MaxSens stimulator is a clinical prototype
developed by Tecnalia Research and Innovation for the
implementation and assessment of the electrotactile
feedback. The system was presented previously and tested
in the context of transmitting multimodal proprioceptive
[39] and high-resolution force feedback [40], facilitating the
closed-loop control of a myoelectric prosthesis. The
MaxSens is actually the next generation of the IntFES
stimulation system [41], adjusted for electrotactile feedback
applications (lower stimulation amplitudes with higher
resolution).

The MaxSens comprises a single stimulation unit that
can generate biphasic symmetric current-controlled pulses
and distribute these pulses in time and space over the
thus,
stimulation interface. The stimulator is fully programmable

multi-pad  electrode, providing  multichannel
and the stimulation parameters can be adjusted online by
sending text commands from the host PC via a Bluetooth
connection. The current amplitude can be changed in the
range 0-5 mA in increments of 0.1 mA, the pulse width from
50 to 1000 us in increments of 10 us, and the frequency
resolution is 1 Hz with the maximum rate of 400 Hz. The
output channel of the stimulator was connected to a
demultiplexer that can route the generated pulse to one of
64 stimulation channels. Importantly, the firmware
implements the switching protocol while the user (host PC)
needs only to set the stimulation frequency (common to all
channels) and intensity (amplitude and/or pulse width)
independently for the chosen active channels.

The stimulator was connected to two flexible matrix
electrodes (Fig. 1c). These electrodes were custom

designed, each array consisting of 16 round electrodes with

the radius of 0.5 cm, arranged in a 4 x 4 geometry, with the
total size of 104 x 9.1 cm. The distance between two
adjacent electrodes was approximately 1.5 cm, which is
well above the two-point discrimination threshold for
electrotactile stimulation (~ 9 mm on the forearm [42]). The
round electrodes were the cathodes whereas the long bars
in-between the cathodes served as the common anodes. It
should be noted that the stimulation pulses were biphasic
with symmetrical compensation, so that the current
the the
compensation pulse of the same width and amplitude. In

changed direction between stimulus and
this context, the terms anode and cathode refer to the
physical design of the electrode and the consequent role of
the pad (i.e., depolarizing vs. neutral) rather than polarity
(i-e., electrical current direction). Namely, the surface of the
anode pads was more than 10 times larger than the surface
of the cathodes.

therefore significantly lower and below the threshold

The anodal current densities were

required to excite the cutaneous afferents. Consequently,
the tactile sensations were produced only below the
cathodes, as confirmed by the psychometric assessment
[43]. This configuration was selected in order to localize the
current flow, from a cathode to its closest anode segment,
eliciting focused tactile sensation.

The stimulation electrodes of custom design were
produced in the process of screen-printing using medical
grade conductive ink on the flexible foil. Basically, the
electrodes consist of a polyester film substrate, an Ag/AgCl
conductive layer, and an insulation coating covering the
conductive leads. Ag/AgCl was used as an active material
for the electrodes because of the low half-cell potential of
approximately 220 mV and the low electrode impedance
[44]. To improve the electrode-skin contact, conductive
hydrogel pads (AG702, Axelgaard, DK) were placed on the
top of electrode pads. This design allowed electrode
bending and provided a close contact of the electrode with
the skin. Two arrays were placed one after the other on the
participant forearm (Fig. 1c), providing a total of 32
available electrode channels.

The electrodes used in the present study were fairly
large, as they were based on a design that was developed
and tested previously [43]. Importantly, the technology for
electrode production is flexible and allows custom
solutions, as explained in previous paragraph. Therefore,
an important future goal will be to optimize the design of
the electrode (e.g., decrease the pad size, increase pad
number and density etc.).

The stimulation system was developed and tested by
Tecnalia. The tests included a comprehensive assessment of
subjectively perceived electrotactile sensations elicited by

1939-1412 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http:7/www.ieee.org/publications_standards/publications/rights/index.html for more

information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TOH.2016.2618377, IEEE Transactions on Haptics

AUTHOR ET AL.: TITLE 4

Signal
Conditioning

E-SKIN Flexible
Matrix

Electrodes

Multichannel
Electrotactile

Data Processing:
Integrative Method
and Sensor Fusion

based on &

Data
Acquisition

PVDF sensors Stimulator

(o7 o\b\\o\d ‘/
Q\\ o Sldid

F

3 MW\» |

B\

(b) (©)
Fig. 1. (a) System Architecture. The system comprises e-skin with 64 sensing points, charge amplifier assessing the response of each
taxel to mechanical stimulus, data acquisition card to sample the signals, and multichannel stimulator with flexible matrix electrodes
integrating 32 electrode pads to deliver the electrotactile stimulation to the subject. (b), (c) E-skin and Electrode Array: Sensor Fusion. The
taxel signals are processed using integrative method and the signals from the neighboring taxels (2 x 2) are fused in order to map more

taxels to less electrode pads (red and black dashed lines).

the system [43]. In the present study, the electrode size and
arrangement of the pads were modified with respect to that
initial design, in order to better mimic the outline of the e-
skin. However, the size of the pads and the inter-pad
distance were unaltered so that the quality of elicited
sensations remained the same as before [43].

The intensity and quality of the electrostimulation
[46] can be
adjusted by modulating the pulse amplitude, width, and

(isolated touch, vibration, tingling) [45],

rate of delivery (parameter coding) as well as the location
of stimulation by changing the active electrode (spatial
coding) [11], [12].

2.2 Tactile data processing

Before starting the online loop, the baseline levels of the
taxel signals were determined. Signals were recorded from
the skin for at least 5 s with no mechanical interaction and
the mean value of the collected samples was computed for
each taxel. During the online operation of the system, the
baseline was subtracted from each taxel output, centering
the signals at zero level. The zero-mean taxel data were then
multiplied by a calibration matrix that represented the
scaling factors compensating for the variation of sensitivity
across individual taxels.

The data were acquired from the skin in blocks of 50
samples corresponding to the data segments of 50 ms. After
applying the calibration steps, as described above, the
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integrative processing was implemented. The taxels are
piezoelectric sensors, capturing the dynamic aspects of the
mechanical input to the skin. Figures 2a,c depicts the taxel
signals responding to a step input in pressure, i.e., a finger
pressing and then releasing the skin. As a response, the
taxels generated two phasic burst outputs (Fig.2c, d),
indicating the pressure and release events, while in-
between there was almost no response apart from some
wiggling due to small movements of the pressing finger.
The contact event was indicated with a positive deviation
whereas release generated a negative deflection of the taxel
signal. Also, the figure demonstrates that the mechanical
stimulus propagates across the skin (Fig. 2a), activating
neighboring taxels and even taxels distant with respect to
the point of contact, with the response intensity decreasing
with the distance.

Raw taxel data were processed in order to capture the
static features of the mechanical input and also to suppress
the aforementioned spurious activations. For the latter, a
threshold was defined and the taxel signals below the
threshold were set to zero. Considering that contact and
release events elicited transient responses of opposite
polarity (Fig. 2c), an integrative method was implemented
to estimate the static response: a mean value within the 50-
ms data segment was computed for each taxel and the taxel
means were added cumulatively across the time intervals.

information.
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Fig. 2. Electrical response (taxel signals) due to a pressure applied to the e-skin using a finger. The mechanical stimulus comprised a step
input (pressure-hold-release) delivered to a single taxel. TOP: color map representing a snapshot of all the taxel signals while pressure is
applied for (a) raw and (b) processed data. BOTTOM: signal traces for the stimulated taxel (inset, yellow arrow) and its neighbors for (c)
raw and (d) processed data. The signal plots have the line color of the corresponding taxels (see inset). The signals are zero-mean but
where shifted using offsets for the sake of plot readability. The contact and release events elicit positive and negative deflections in the raw
signals, respectively. Processed signals are clean from spurious activations and capture also the static properties of the mechanical

stimulus.

More formally, let’s define (i) S;(k) as a sequence of
vectors of N = 64 elements (one element per taxel),
representing taxel outputs at the time instant of k
milliseconds, where k = 1, 2, .... 50 , within the ith data
segment (50-ms duration), and (i) S; as a vector (N x 1)

containing taxel data averaged across the ith data segment:

1 50
Si=g5 .50
k=1

The mean tactile data from the present data segment S;

€y

were added to the cumulative mean S;_; of all the previous
data segments yielding;:

Si<Si+S.1 N S5=0 )

The final output of this processing was a single value
per taxel per data segment. The processed taxel signals are
depicted in Fig. 2(b-d). The raw signals are sampled at 1
kHz while the processed data are outputted at the
sampling rate of 20 Hz (new value each 50 ms). During this
time interval (Fig. 2c vs Fig. 2d), the signals rise as the
pressure is applied, remain at the non-zero level while the
pressure is maintained, and decrease back to zero as the
pressure is released. The initial positive deflection (contact)
increased the cumulative mean, which then remained

constant during contact since the taxel signal was below
the threshold. Finally, a negative deflection due to release
decreased the cumulative mean. To counteract the fact that
positive and negative deflections were not completely
symmetric, the cumulative mean was further processed.
The cumulative mean was forced to zero when below a
fixed threshold until it exceeded the threshold due to a
new contact event (negative values for the cumulative
mean were not allowed). The response signal amplitude
scaled with the applied pressure input.

2.3 Electrotactile spatial coding

To map 64 tactile sensor outputs to 32 stimulation
electrodes, tactile data from neighboring taxels were
averaged in groups of 2 x 2. This resulted in 32 mean values
that exactly corresponded to the number of stimulation
channels. The mapping between taxel groups and
stimulation electrodes is shown in Fig. 1(Lower panel). The
if the
corresponding mean value was above a predefined

electrotactile channels were activated only
threshold, which has been previously chosen for each
participant in pilot tests to guarantee a clear perception of
the electrostimulation (details are reported in Sect. 3.2).
Since the focus in the present study was on the recognition
of spatially moving stimuli (see Experimental Protocol),
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the stimulation location was modulated while the intensity
and frequency were kept constant. We selected the
stimulation frequency of 100 Hz based on our previous
experience [47]. A single electrical pulse elicits a brief
tactile sensation (transient touch). However, at the high
rates, such us 100 Hz, the discrete sensations fuse into a
continuous feeling of tingling or tickling, which can be
easily and clearly perceived by the subjects. The intensity
was set for each electrode and subject individually to just
above the sensation threshold (see the Experimental
Procedures), resulting in comfortable and localized tactile
sensations.

3 EXPERIMENTAL EVALUATION

3.1 Participants

The experiments were conducted in eight healthy
volunteers (three females, five males, 2845 years). The
study has been approved by the local Ethical committee of
the Specialized Hospital for Rehabilitation and Orthopedic
Prosthetics (approval number 1172). Before starting, the
subjects signed an informed consent form.

3.2 Experimental Procedures

The subjects were seated comfortably on a chair in front
of a table. The forearm of the dominant arm was placed on
the table surface, with the volar side oriented upwards.
The electrode arrays were positioned on the volar aspect of
the subject forearm. The first electrode was placed 1 cm
below the elbow and the second right after it. The
electrodes were then secured with medical tape to prevent
movement and improve contact. The electrostimulation
was adjusted to be strong enough so that it is clearly
perceivable, but without being uncomfortable or causing
thresholds
determined for each of the 32 channels individually using

pain. First, electrotactile sensation were
the method of limits [48]. The current pulse amplitude,
starting at zero, was increased in steps of 0.1 mA until the
subjects reported that they felt the electrostimulation. After
determining the subjective stimulation threshold, the
perception was additionally checked by repeatedly
activating/deactivating the pad, and asking the subject to
report when he/she felt the stimulation. If the subject was
able to detect the change in state (on/off), the stimulation
amplitude was accepted as appropriate, and the procedure
was repeated for the next pad. Otherwise, the amplitude
was increased until the subject could detect the transition.
Furthermore, small adjustments in the current amplitudes
were made to roughly equalize the tactile sensations across
the electrode pads. The experimenter activated the pads in
sequence from the first to the last and the subject reported

if the sensation corresponding to a certain pad was too

different from the others. In this case, the current
amplitude would be increased/ decreased, as needed. This
was repeated several times until the subject reported that
the elicited sensations across pads were indeed similar.
This procedure lasted between 15 and 30 min.

The experiment comprised blocks of different trials in
which the experimenter applied a mechanical stimulus to
the e-skin, while the system online translated this stimulus
into stimulation profiles delivered to the subject (as
described before).

The task for the subject was to perceive the stimulation
and report to the experimenter the properties of the

mechanical stimulus.

The mechanical stimulus was applied to the skin using a
small roller to ensure contact reproducibility between
different trials. To produce a natural and realistic motion,
the experimenter moved the roller along the skin at a self-
selected speed and pressure, aiming to be consistent across
the trials.

Three categories of mechanical patterns have been tested
(see Table 1 and Fig. 3):
geometrical shapes (7 patterns) and letters (8 patterns). The

single lines (10 patterns),

lines and geometrical shapes were additionally organized
in subcategories (see Table 1).

The subject could not see the experimenter, nor the
skin. A sheet of paper was placed in front of the subject
with a schematic drawing of the electrode array. After
receiving the electrical stimulation, the subjects were first
asked to verbally estimate the perceived shape of the
movement: longitudinal, transversal, diagonal line;
square, rectangle or triangle; an exact letter (Fig. 3). If the
shape estimate was correct, the subjects were asked to
retrace the perceived stimulus by moving their index
finger across the schematic drawing. If this corresponded
to the pathway of rolling when delivering the stimulus
(and thereby applied electrical stimulation), it was deemed
that the subjects correctly recognized the movement
trajectory. Finally, if the subjects retraced the trajectory
segments (lines) in the proper direction, as indicated by
arrows in Fig. 3, the movement direction was also correctly

perceived.

During the first three blocks, after the subject reported
the recognized movement features, the experimenter
provided feedback about the correct features of the applied
movement, in terms of shape, trajectory, and direction. The
experimenter verbally described and also demonstrated
the specific movement using a roller (reinforced learning
phase). In the last two blocks, such information was not
provided to the subject (test phase).
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TABLE 1
ToucH MODALITIES
LINES
LONGITUDINAL
It Longitudinal: Top, from left to right
12} Im | Longitudinal: Middle, from right to left
ﬁ Ib_| Longitudinal: Bottom, from left to right
4 Ib/ | Longitudinal: Bottom, from left to middle
8 TRANSVERSAL
25 ti Transversal: first column, from top to bottom
E to Transversal: fOurth column, from bottom to top
8 te | Transversal: Eighth column, from top to bottom
g tt Transversal: Twelfth column, from bottom to top
n DIAGONAL
| drl | Diagonal: from bottom Right corner to top Left
) [ dir I Diagonal: from bottom Left corner to top Right
I GEOMETRIES
=] TRIANGLE
0 — -
m %] bt | Bottom pointing Triangle
8 2 Itr | Left TRiangle
= 8 rt | Right Triangle
[_. @ RECTANGLE
6 | 3] | br | Bottom Rectangle
6 l tr I Top Rectangle
g SQUARE
% [ Is | Left square
[ rs I Right Square
LETTERS
L |L
E T|T
9 [N N
§ X x
2 Z
§ 4 | Mirrored T
g A | Mirrored v
S Mirrored Z

Movement test patterns applied to the e-skin.
Each line in this table corresponds to a single touch modality (pattern).
S (Shape), T (Trajectory) and D (Direction): touch modality features.

3.3 Data analysis

The main outcome measure was the success rate (SR) in
recognizing a feature of the movement, i.e, movement
shape, trajectory and direction. The SRs for the trajectory
and direction were conditioned on the correct recognition
of the shape, as described above. The SRs were computed
per subject for the specific categories (lines, geometries,
letters) and sub-categories, i.e., shapes (lines: longitudinal,
transversal and diagonal; geometries: rectangle, square
and triangle) of the tested mechanical stimuli. The letters
were treated differently, with no subcategories, as each
letter was peculiar and different from others. The SRs of all
subjects were then averaged to obtain the overall mean SR
and its standard deviation. The results were reported as
mean * standard deviation in the text and the figures.

The data were tested for normality using Kolmogorov-
Smirnov test. In case the test indicated normal distribution,
one- and two-way repeated measure ANOVA was applied
to assess statistically significant differences at the level of
the group followed by Tukey’s honest significant
difference test for post hoc pairwise comparison.

If the distribution was not normal, the Friedman test was
used instead of ANOVA, while the post hoc analysis

LK

Frtbanaadey
( = )

Fig. 3. Example of movement test patterns applied to the e-skin by
an experimenter using a roller. TOP: longitudinal (left), transversal
(center), diagonal (right) single lines. MIDDLE: square (left),
rectangular (center), triangle (right). BOTTOM: letters: T and L (left),
N and mirrored V (center), X and mirrored T (right).

remained the same. Following this scheme, one-way
ANOVA or Friedman test (as appropriate) were used to
compare the success rates in recognizing movement
features across movement categories and sub-categories
(see Table 1). Finally, two-way ANOVA could be applied
only in the case of geometries (category), where the factors
were subcategory (triangle, rectangle, and square) and
movement feature (trajectory, direction). To evaluate the
effect of training, the success rates in recognizing all the
movement features simultaneously during training
(blocks 1 to 3, pooled) and testing (blocks 4 and 5, pooled)
were compared using two-way ANOVA with category
(lines, letters, geometries) and phase (training, testing) as
the factors. The threshold for the statistical significance
was adopted at p < 0.05, and the statistical analysis was
conducted in Matlab R2014a (MathWorks, US).

4 RESULTS

There was no significant difference in performance
between the reinforced learning and testing phase. There
was no significant interaction nor main effect in the two-
way ANOVA for the factors category and phase.
Therefore, the data from both phases were pooled together
and used for the subsequent analyses.

Figure 4 shows the overall mean SR across all subjects,
movement features and categories. In general, the
recognition of the dynamic stimuli was not an easy task for
the subjects. The SRs for the correct identification of all the
movement features simultaneously (Fig. 4a) were poor
(66£15%). The SRs were similar for simple movements
(single lines) and more complex dynamic patterns
comprising several segments (geometries and letters), with
between.
Importantly, the subjects were more successful when

no statistically  significant  differences
identifying the movement shape (77+13%), which means
that they could interpret the semantic aspect of the
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movement (e.g., recognize a specific latter or shape). For
the movement shape, the performance (Fig. 4b) was better
(p < 0.05) for the lines (86+8) than for the geometries
(73£13) and the letters (72+12).

When the shape had been properly recognized, the
subjects could retrace the full trajectory in 87£10% of cases
(Fig. 4c), and they could guess the movement direction
almost perfectly (97+5%, p < 0.05) (Fig. 4d). Interestingly,
the movement trajectory was traced significantly better for
the letters (98+2%) compared to the lines (81£9%, p <0.001)
and the geometries (82+8%, p < 0.001), while there were no
significant differences between the latter two. Regarding
the movement direction, the SR was lower for the
geometries (93+7) than for the lines (100£1%, p < 0.05) and
the letters (98+£3 %, p < 0.05). The SR for the direction of the
lines and the letters was similarly high (no statistical
difference).

For the subcategories (transversal, longitudinal, and
diagonal) of the line patterns (Fig. 5 - red bars), there was
no difference in performance when recognizing the shape
(Fig. 5a) and direction (Fig. 5c). In particular, the subjects
could identify the direction almost perfectly (SR ~ 100%).
However, the trajectory tracing (Fig. 5b) was significantly
better for the diagonal lines (99+4%) compared to
transversal (79+14%, p < 0.01) and longitudinal lines
(76%13%, p < 0.01). The three best recognized patterns were
the diagonal (drl), transversal (t), and longitudinal (1) line.
Overall, the subjects were more successful (Fig. 4d vs. ¢, p

< 0.001) in identifying the line direction (100£1%) than in
tracing the trajectory (81+9%).

Regarding the geometries (Fig. 5 - blue bars), the
movement shape was identified significantly better in
triangles (81+14%) and squares (76£19%) compared to
rectangles (56£19%, p < 0.01). There was no significant
interaction nor main effect in the two-way ANOVA for the
factors subcategory and movement feature (trajectory and
direction). As for the single lines, direction recognition was
easier (Fig. 4c vs. d), i.e., the overall SR was 82+2% for
trajectory tracing vs. 93£7% for direction; but there were no
significant differences between the these two. The
geometries with the highest SR (Fig. 6b) were triangle (ltr)
and square (Is).

The best recognized letters were Z, mirrored Z and L
(Fig. 6¢€). Note that those are the letters composed of the best
recognized single lines (see Fig. 6a). For the letters, contrary
to lines and geometries, there was no statistically significant
difference between the trajectory tracing (Fig. 4c, 98+2%)
and identification of direction (Fig. 4d, 98+3%).

5 DiscussiON AND CONCLUSION
A system was implemented to transmit mechanical

information from a multipoint tactile sensor (e-skin) to the
subject
stimulation. The system was evaluated by assessing the

human using multichannel electrotactile
ability of the human subjects to perceive the properties

(shape, trajectory, direction) characterizing dynamic and
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Fig. 5. Success rate of recognizing the shape (a), trajectory (b), and
direction (c), for each category of lines (longitudinal, transversal, and
diagonal indicated by RED bars) and of geometries (triangle,
rectangle and square indicated by BLUE bars). Bars and stars
indicated statistical significance (*, p<0.05; **, p<0.01; ***, p<0.001).

versatile (lines, geometries, letters) mechanical interaction
with the skin. To the best of our knowledge, this is the first
development integrating an advanced tactile sensor with
many sensing elements and an electrotactile stimulation
unit with a flexible matrix of electrodes into an online
system for the transmission of tactile data from artificial to
natural skin (forearm).

In [49], the tactile motion patterns were simulated by
controlling a 24 x 6 matrix of miniature probes indenting
the skin. Moving patterns were produced by turning on
and off the rows of the matrix in fast succession. The
stimulation was delivered to the palm and fingers, since the
intended application was the substation of hearing using
distributed tactile stimulation. The setup was used in a
sequence of studies with microneurography [49]-[51] for
the the  basic

investigation  of properties  of

mechanoreceptors. However, the tactile profiles were
preprogrammed, i.e., the setup did not include the sensing
element such as the e-skin used in the present study.

The ability of the human subjects to identify the direction
of motion over the skin has been investigated in earlier
studies [52], [53] to obtain insights into normal and
pathological human sensory processing. Typically, an
apparatus that could apply well controlled motion of the
fine brush over the skin surface was used for the tests. The
studies demonstrated that directional sensitivity depends
on the body site (mechanoreceptor density), increases with
longer trajectories, exhibits preferential range of movement
velocities (decreases for too slow and too fast movements),
and does not to depend on the movement orientation. The
direction sensitivity was tested also by simulating
movements using a matrix of tactile stimulators delivering
predefined stimulation profiles [54]. The authors concluded
that success rate in discriminating directions depends on
the number of successively activated stimulation points
(amount of sent information), rather than the distance
between the first and last point.

The results obtained in the present experiment
demonstrate that the novel system successfully translated
the tactile signals into profiles of electrical stimulation
using the proposed online processing and control. The
human subjects could successfully interpret the delivered
multichannel stimulation to recognize the properties of
tactile stimuli moving across the skin surface. The whole
process was running online and thereby under realistic
conditions, leading to variability in tactile signals and
electrical profiles across the trials, e.g., occasionally
activating taxels and electrodes that did not belong to the
ideal trajectories (Fig. 6). Importantly, the ability to
recognize all the movement features correctly was similar
across simple and more complex patterns, indicating
robustness. Regarding the shape detection, the subjects
could well identify lines with different orientation
(longitudinal, transversal, diagonal) with no preference
with respect to the specific orientation along the forearm.
For more complex patterns, the ability to identify the shape
decreased, but the subjects could still recognize quite
reliably specific patterns comprising 3 to 4 connected lines
(Fig. 6). They could even precisely retrace the full
movement trajectory in a reasonable number of cases, and
recognize the direction of the movement along the skin
with a high confidence. The performance in recognizing
direction was consistently better than in trajectory tracing,
overall and also for the lines and the geometries. The
consistency in identifying the direction is in accordance
with the results of previous studies [52]-[54], considering
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Fig. 6. Three best recognized patterns: single lines (a), geometries
(b), letters (c). For each panel, pictures at the top illustrate how each
pattern was applied to the e-skin, pictures below indicate the
electrodes activated during electrotactile stimulation to communicate
the pattern to the subject, while the success rate and the textual code
(Table 1) for the pattern are reported at the bottom.

that our motion patterns were rather long and with
multiple stimulation points (e.g., 8 electrode pads for
longitudinal lines).

In general, the subjects were more successful with the
patterns stretching across the full extent of the e-skin (and
thereby matrix electrode) compared to the patterns
localized to smaller areas. This is indicated by the fact that
the performance was better for the letters than for the
geometries in both trajectory tracing and direction
identification. Furthermore, the subjects had difficulties
when they needed to precisely localize one of several
patterns with the same shape but different positions on the
forearm. This is a likely reason for the worse performance
of trajectory tracing for lines vs. letters, since the former
category contains closely
transversal lines (Fig. 6). Despite the fact that additional

spaced longitudinal and
measurements are needed to extend this analysis to a
larger number of subjects and investigate the learning
effects through training, we can conclude that this sensory
feedback system is feasible and intuitive.

There are several possible reasons why the training
failed to improve the performance. The training could
have been too short and/or dynamic to allow learning.
There were many shapes (10 lines, 7 geometries and 8

10

letters) which were presented randomly and only three
times per shape. In addition, there was a level of
variability, i.e., tracking the same shape did not evoke
exactly the same electrotactile activation, as explained
before in this section. Finally, the subjects were not allowed
to look at the skin while the experimenter applied the
pattern, and therefore he/she received only the tactile
information. As demonstrated before [55], multisensory
integration might facilitate the learning. All in all, optimal
training paradigms for the presented tactile system are yet
to be determined.

The tests employed in the present study are similar to
those used for assessing graphesthesia [56], [57], which
refers to the ability of recognizing numbers traced on the
subject own skin. These tests are applied to assess the
capability of the tactile sensor system to process
differences in the position and direction of a moving tactile
input and fuse that information into higher cortical
representations. This assessment is conducted in healthy
subjects as well as in patients to provide basic insights into
the nature of sensory processing and/or diagnostic
conclusions. The promising results obtained in the present
study demonstrate that the developed skin substitute
maintains the consistency of tactile perception and
processing. In [56], the subjects recognized 10 numbers (0-
9, size: 5 x 7 cm) presented by the experimenter moving his
index finger along the skin of the dorsal side of the forearm
with an SR of 89%. In another study [57], 12 letters were
presented by moving a stylus over the palm of the subject
resulting in the SR of 75%. In the present study, 8 letters
(9x20 cm) were recognized (shape) with a success rate of
approximately 72%. This is in agreement with the previous
studies considering that the patterns were delivered using
a non-ideal, online loop with electrotactile stimulation
(compared to ideal, direct contact with the skin, as used in
[56], [57]). The present study demonstrated that the
subjects were able to recognize complex shapes, which is
an encouraging result. However, the electrical profile was
transmitted to the user by sequentially activating the pads
along the trajectory. If the profile was presented in parallel,
by simultaneously activating all the pads, the recognition
would probably worsen [58]. The latter paradigm is likely
to be more common during the practical application (e.g.,
a prosthetic hand grasping an object).

The experimental protocol in the present study was
defined by considering the limitations of the available
setup and the scope of the current work. These first results
are encouraging considering the future applications of the
proposed system in prosthetics. The fact that human
subjects were able to perceive the tactile features of moving
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electrotactile stimuli can be of relevance for prosthesis
control as well as for embodiment. As pointed out in [54],
moving tactile stimuli can be an effective method for
the
mechanoreceptors respond stronger to this type of stimuli
(static) Also,
perception can be the basis for the exploration of the

information transmission to user, because

compared to simple pressure. such
environment, as when the subject would move the
prosthetic hand across the object surface to assess texture
by relying on artificial tactile stimulation, as demonstrated
through simulations in [59]. Finally, the transmission of a
rich, dynamic information between the subject and the
prosthesis can be used to promote the embodiment of the
artificial system. A similar set of mechanical test patterns,
as those used in the present study, could be applied to the
prosthesis allowing the subject to perceive, visually and
through a tactile channel, a set of realistic interactions. This
would be similar to the classic setup for the rubber hand
illusion but including a variety of stimulation profiles. The
richer stimulation could facilitate the illusion, though this
needs to be tested in future experiments.

However, the current study did not yet demonstrate the
utility of the proposed technology in the real-life
application, which is an important future goal. To this aim,
the next step is to cover a myoelectric prosthetic hand with
an e-skin in order to test the closed-loop system during
functional tasks. The scope is to assess if a sophisticated
tactile feedback would increase the utility of the device
and/or facilitate the feeling of embodiment. An e-skin
covering the prosthetic hand would provide sophisticated
tactile sensing that could be used to react to the
environment. For example, high sensitivity of the e-skin
could be exploited to detect and thereby prevent incipient
slip. This could be done automatically, through the
prosthesis controller (as in Autograsp feature of Otto Bock
Sensor Hand [60]), and/ or by transmitting slip feedback to
the user, so that he/she can react and manually tighten the
grasp (as demonstrated in [61]).

Moreover, contrarily to the passive reception of the
electrotactile stimuli, as in the present study, placing the
skin on the prosthetic hand would allow the user to
actively explore the environment. In this case, the tactile
feedback would arise as an interaction between volitional
commands and movements of the user and the objects with
which he/she interacts. This is known to affect the haptic
performance and is therefore an important factor that
needs to be considered in the future [62], [63].

Importantly, the e-skin used in the present setup is only
an illustrative example of what can be done. The skin
production technology is flexible and allows designing
patches of different physical characteristics (e.g., size,
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shape, pad density). For the practical application, the e-
skin will be dimensioned according to the prosthetic hand
to which it will be applied. Ideally, the e-skin should be
placed to cover the whole prosthesis, mimicking the skin
of the natural hand (as proposed in [64]). We are currently
working on the prototype that will be placed on the volar
side of the Otto Bock Michelangelo Hand (e.g., finger pads,
palm) to support stable grasping.

In addition, data processing and coding will be
developed further. This includes the methods for
extracting features of the mechanical interaction from the
distributed network of highly dynamic sensor elements as
well as the translation of that rich, multidimensional
information into stimulation patterns that can be
interpreted by the subject. The present study represents
only an initial step towards exploring these relevant

points.
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