PHILOSOPHICAL
TRANSACTIONS A

rsta.royalsocietypublishing.org

Research a CroissMark

click for updates

Article submitted to journal

Subject Areas:

XXXXX, XXXXX, XXXX

Keywords:

Sensory feedback system, tactile
sensors, electronic skin, electrotactile
stimulation, Teleportation

Author for correspondence:
Yahya Abbass
e-mail: yahya.abbass@edu.unige.it

THE ROYAL SOCIETY

PUBLISHING

Full-hand electrotactile
feedback using electronic skin
and matrix electrodes for
high-bandwidth
human-machine interfacing

Yahya Abbass', Strahinja Dosen?, Lucia

Seminaral, and Maurizio Valle!

IDepartment of Electrical, Electronic,
Telecommunications Engineering, and Naval
Architecture (DITEN), University of Genoa, 16145,
Genova, ltaly.

2Department of Health Science and Technology,
Aalborg University, Aalborg, Denmark

Tactile feedback is relevant in a broad range of human-
machine interaction systems (e.g., teleoperation,
virtual reality and prosthetics). The available tactile
feedback interfaces comprise few sensing and stimulation
units, which limits the amount of information
conveyed to the user. The present study describes a
novel technology that relies on distributed sensing
and stimulation to convey comprehensive tactile
feedback to the user of a robotic end-effector. The
system comprises six flexible sensing arrays (57
sensors) integrated on the fingers and palm of a
robotic hand, embedded electronics (64 recording
channels), a multichannel stimulator, and seven
flexible electrodes (64 stimulation pads) placed on
the volar side of the subject’s hand. The system
was tested in seven able-bodied subjects asked
to recognize contact positions and identify contact
sliding on the electronic skin, using distributed (DAC)
and single dedicated (SAC) anode configurations.
The experiments demonstrated that DAC resulted
in substantially better performance. Using DAC, the
system successfully translated the contact patterns
into electrotactile profiles that the subjects could
recognize with satisfactory accuracy (88.57{11} %
for static and 93.3{5] % for dynamic patterns).
The proposed system is an important step towards
the development of a high-density human-machine
interfacing between the user and a robotic hand.
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1. Introduction

Human-machine interface that connects a human operator and an artificial system (e.g., robot,
or virtual avatar) is the key element for achieving seamless interaction. Ideally, such an interface
should transmit commands from the human to the artificial system as well as sensor information
from that system back to the operator to provide feedback and close the control loop. For
instance, haptic feedback can enrich interaction fidelity and facilitate the feeling of immersion
when interacting with a virtual world or controlling a remote robotic system [1,2].

In teleoperation, haptic interfaces in the form of desktop devices, hand exoskeletons, data
gloves and tactile displays have been proposed [3]. Interaction forces detected by the robot can be
transmitted to the operator (kinaesthetic feedback) using exoskeletons that can be mounted on the
hand [4-9], or over the full arm [10], and some solutions are already commercially available (e.g.,
CyberGrasp from CyberGlove Systems, CA). Although such kinaesthetic systems provide most
realistic feedback, they are also cumbersome, complex and expensive. An alternative approach,
which can substantially simplify the design of the interface is to transmit feedback information
using tactile stimulation delivered through miniature vibration motors [11,12] or tactors [12-14].
These techniques have been extensively described and compared in several recent reviews [13].
For example, in [15], a vibrotactile display system stimulating the fingertip through a 4 x 4
array of tactors was developed and integrated on an Omega7 force feedback device for the
teleoperation of an LWR KUKA manipulator. Authors in [16] equipped a soft robotic hand
with 6-axis force sensor and used two wearable vibrotactile armbands to convey information
about collisions. Electrotactile stimulation, which relies on delivering low-intensity current pulses
to activate skin afferents and elicit tactile sensations, was also used to provide feedback in
teleoperation [17-26]. For instance, in [27] a feel-through interface “Tacttoo” consisting of an array
of 8 equispaced circular electrodes was developed to stimulate the finger. Similarly, in [26] an
electrode made by printing the conductive ink onto a flexible substrate has been developed to
deliver both electrical stimulus and electrostatic force to the fingertip. A data glove enhanced
with six stimulation electrodes placed on the dorsal side of the hand was used to deliver contact
information from a mobile robot [24] and force from the end effector of a robotic arm [17].
Apart from teleoperation, tactile stimulation has been used to provide feedback to the user of
a prosthetic hand [28-33], to improve utility [34] and promote feeling of embodiment [35], as
well as, in virtual reality to establish an immersed experience by enabling users to sense virtual
objects. Recently, in [36] the authors examined the impact of electrotactile stimulators and several
types of vibrotactile actuators on mimicking touch interactions in virtual and augmented reality.
Despite important developments, the conventional tactile feedback interfaces are characterized
with a limited communication bandwidth. They rely on a few stimulation points, which limits the
amount of information that can be transmitted to the user. Indeed, this is very different from the
natural feedback provided by, e.g., human hand, which is covered with a dense network of tactile
mechanoreceptors measuring spatially distributed contact information with high resolution.

To provide high resolution tactile information mimicking the human sense of touch, this
information first needs to be measured by artificial systems integrating high-density network
of sensing units. For example, authors in [37] developed a scalable tactile glove with 548
sensors distributed all over the hand. The glove was used to identify individual objects, estimate
their weight, and explore the typical tactile patterns that emerge while grasping objects. Many
other electronic skins (e-skin) have been developed [38-45] and successfully applied in robotics
[46—49], prosthetics [50-57], and health-monitoring technologies [58, 59]. However, to the best of
our knowledge, none of the developed e-skins has been integrated into a feedback system to
deliver touch information to robotic hand operators or prosthetic users. Instead, the previous
studies were mostly focused on the fabrication of the e-skin and its deployment in tactile data
extraction and classification. The use of such a high-density e-skin in the online feedback loop
to the human subject, however, requires tackling different challenges such as the development
of powerful electronics and tactile data processing methods while minimizing latency in the
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feedback system. However, a critical question still remains: how to convey the rich tactile
information recorded by a high-density e-skin as the feedback to the user. This challenge can
be tackled by using electrotactile stimulation, as this technology leads to compact design and
allows printing electrodes in different shapes, sizes and configurations of the conductive pads
(stimulation points) for the stimulation of different parts of the user body [60]. For instance, in
tactile feedback for a prosthesis, the electrode is shaped to cover the residual limb [60], while for
the applications in teleoperation and virtual reality the electrode needs to be placed on the user’s
hand [61].

Endowing an end effector with a distributed sensing system combined with distributed
feedback system would enable high-bandwidth bilateral communication between the user and
the machine/computer. Our recent research efforts are directed towards developing such a high-
bandwidth feedback system [62,63]. The system described in [63] comprised a single sensing array
(with 16 sensors) integrated on the index finger of the mockup® of the Michelangelo prosthetic
hand, a 32 channel embedded electronics for signal acquisition and conditioning, a multichannel
electrotactile stimulator, and a matrix electrode (with 24 pads) placed on the subject’s forearm. The
system developed in [63] was used to provide electrotactile feedback from the single sensorized
finger to the subject’s forearm, which is of interest for the provision of tactile feedback to a user of
a hand prosthesis. Preserving the same sensing principle based on PVDF piezoelectric polymers,
the present manuscript describes further development of this initial solution into a feedback
interface that conveys comprehensive full-hand tactile information (all fingers and palm). In
particular, the system captures contact events (binary values) using the e-skin integrated on the
fingers and palm of a robotic hand (mockup) and delivers this tactile information to the subject
using stimulation pads distributed over the fingers and palm of his/her hand. This setup is
of interest, for instance, in telemanipulation scenarios, to provide a comprehensive feedback to
an operator of a remote robotic gripper. To achieve this, we have integrated six sensing arrays
(57 sensors) on the fingers and palm of the mockup of the Michelangelo hand, and developed
an extended version of the embedded electronics to acquire, process and transmit tactile data
from the novel sensor matrix. Furthermore, the present manuscript describes a novel electrode,
designed and printed specifically to allow the delivery of high-density electrotactile feedback to
the fingers and palm of the human hand (operator), with the stimulation pads mimicking the
arrangement of the sensing units on the robotic hand. To the best of our knowledge, this is the
first system that conveys high-resolution tactile information from the whole dorsum of a robotic
hand to the whole dorsum of a human hand. The present work presents the challenges that need
to be tackled for the successful implementation of such a system, including the design of sensing
and stimulation arrays, tactile signal processing, mapping between sensing and stimulation pads,
and approaches for electrode configuration.

Importantly, since providing such a comprehensive high-resolution feedback to the human
hand is in itself a novelty, the optimal electrode configuration is not yet established. The common
anode, for instance, can be distributed within the electrode or placed outside of the hand as a
dedicated pad. Both configurations were used previously [27,64-66] but the assessment in these
studies was limited to the fingertip, rather than the whole hand, and the two configurations were
not systematically compared. The present study, therefore, reports on the validation of the sensing
system as well as on the psychometric assessment of the whole-hand feedback. The psychometric
tests were conducted to compare the two anode configuration methods as well as to assess the
ability of the proposed system to capture and deliver distributed tactile information as the online
feedback to the subject.

The paper is organized as follows: Section 2 illustrates materials and methods. Section 3
presents the validation of the sensing system. Section 4 describes the experimental protocol for
psychometric assessment of the developed feedback system. The results of the psychometric
assessment are reported in Section 5. Finally, our discussion and conclusive remarks are given
in Section 6.

!The mockup is a rigid 3D printed copy of the Michelangelo hand in real size.
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Figure 1. Top: System structure. The system comprises an e-skin including 57 sensors, embedded electronics for signal
acquisition, processing and communication, and a multichannel electrotactile stimulator with flexible matrix electrodes (32
electrode pads). Bottom: The online operation of the feedback system. The black signal (left) corresponds to a sensor
output due to a specific type of contact (“long press”). The embedded electronics uses two thresholds to detect press and
release, and based on that generate the event signal (red signal) and send it to the host PC. The PC sends commands
to the stimulator and the train of stimulation pulses (blue signal) is delivered through the corresponding electrode pad as
tactile feedback to the subject’s hand.

2. Materials and Methods

(a) System Description

The proposed system (figure 1) includes: 1) piezoelectric sensing arrays (electronic skin), 2)
embedded electronics for signal acquisition and conditioning, 3) electrotactile stimulator, 4)
flexible surface electrodes, and 5) host laptop PC (1.9 GHz, 16 GB). The e-skin converts mechanical
contact into a set of electrical signals (one signal per sensor). Sensor signals are sampled by the
embedded electronics, processed, and sent to the host PC. The signals are then filtered and when
sensor output exceeds a given threshold contact events are detected, and the activated sensors are
highlighted on the graphical user interface on the PC (visual feedback). This information is used
to set the state (on/off) of the corresponding stimulation channels (mapping between sensors
and stimulation pads is presented in section 2(b)). The PC generates appropriate stimulation
commands and sends them to the stimulator via Bluetooth. The electrotactile stimulation is
delivered to the subject through matrix electrodes placed on the volar side of the hand. As
the feedback pipeline runs in real-time, the tactile interaction recorded by the electronic skin
is translated online into dynamic tactile sensations elicited across the subject’s hand. Figure 1
(Bottom) illustrates the online pipeline of the system, which was implemented following the
approach presented in [63].
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Figure 2. (a) Single sensor structure. (b) Layout of the sensing arrays for the fingers and palm of the Michelangelo
robotic hand. (c) Sensor distribution over the hand. (d) Skin patch. (e) Sensing system integrated on the mockup of the
Michelangelo hand (front and back views).

(i) Sensorized mockup of the Michelangelo hand

¢ Tactile sensor arrays:
Figure 2a shows the structure of a single sensor. A ferroelectric polymer P(VDF-TrFE) layer (5.1
pm thick) was sandwiched between PEDOT: PSS conductive layers and then covered with a
UV-curable lacquer layer for overall sensor protection. The whole structure was screen printed
on a transparent and flexible PET (175 m thick) substrate. The fabrication technology was
presented and validated in [67]. It is worth noting that piezoelectric polymer sensors have a
bandwidth integrating those of all mechanoreceptors in the human skin. This kind of sensors
have potentialities to measure dynamic contacts over the whole range of the tactile application
and to infer information about static contact by data processing. A complete set of sensing
arrays with different geometries and sensor distributions was developed to fit the fingers and
palm of a Michelangelo prosthetic hand [68]. Figure 2b shows the geometry, sensor distribution,
and size of the sensing arrays while figure 2c highlights sensor distribution over the fingers and
palm of a mockup of the Michelangelo hand. The finger sensing arrays were designed to easily
fit on the phalanges. Due to its prominent role in grasping and manipulation [69], the index
finger was covered most extensively with the sensors. Specifically, sensors were distributed on
the volar and lateral sides of the fingertip (4 and 2 sensors, respectively), and the middle (2
and 4 sensors), and proximal (2 and 2 sensors) phalanges. The sensors on the lateral aspect
were added to allow for contact detection when lateral grasp is used, in which an object is
grasped between the volar aspect of the thumb and the lateral side of the index. Similarly, the
middle finger was provided with 13 sensors covering the fingertip (7 sensors), and the middle
(3 sensors), and proximal (3 sensors) phalanges. The fingertips of the thumb, ring, and little



fingers were equipped with 8, 4, and 4 sensors, respectively. Finally, 12 sensors were distributed
over the palm.

Sensor Integration:

In this particular work, a mockup of the Michelangelo robotic prosthetic hand is used as an
example of a robotic hand. This passive version of the Michelangelo hand was 3D printed using
PL.A (polylactic acid) thermoplastic polyester with the Fused Deposition Modeling (FDM)
technique. Sensing arrays reported in figure 2b require an additional fabrication step to realize
skin patches that can be integrated onto the hand. Figure 2d shows the structure of the skin
patch for the palm. The sensing arrays were integrated on the mockup following the same
approach described in [63]. The arrays were shielded using conductive tapes (Model tesa 60262)
and then protected using a thin flexible protective layer (Art. 5500 Dream, Framisitalia). The
structure was mounted on a flexible substrate (i.e. PVC in Fig. 2d) and then wrapped around
the fingers and the palm of the mockup. The shielding layers were connected to the ground
reference of the embedded electronics (see section 2(a)(ii)) using a self-adhesive copper foil tape
and a wire. All six sensing arrays were integrated on the mockup following the aforementioned
procedure.

Figure 2e shows the complete sensing system integrated on the mockup. Four shielded FPC
cables were used to connect the PCB to the embedded electronics. All the materials used in the
integration process (i.e., substrates and protective layers) have been designed and developed
by SMARTEX [70].

(i) Embedded Electronics

The embedded electronics used in this study is an extended version of the systems presented
in [63,71]. Compared to the previous design that can accommodate up to 32 sensors, the current
design can handle up to 64 sensors through two daisy-chained analog-to-digital converters
(DDC232, Texas Instruments) [72] mounted on the top and bottom side of the PCB. The two
DDC232 were daisy chained in order to avoid data loss during the acquisition process. Four
sockets (2 on the top side and 2 on the bottom side) acquire signals from 64 sensors where each
block accommodates 16 sensors. BL600 module is used to read, process, and transmit sensor data.
Our solution provides more channels with respect to analogous state-of-the-art electronic systems
to acquire and process data from piezoelectric tactile sensors for touch sensing with robotic hands.
In particular, the interface electronics for the system on chip device for prosthetic applications
presented in [73] offers thirteen channels only, while the voltage-mode approach to read PVDF
taxel outputs proposed in [49] only manages data from nine sensors.

In the present study, the embedded electronics was configured to collect and process tactile
data from 57 sensors at 2K samples/s. The 2 kHz sampling rate was used to capture the full
bandwidth of the sensor (see section 2(a)(i)), which is beneficial for detecting the onset of contact
events characterized by a steep increase/decrease in the signal. An Exponential Moving Average
(EMA) digital filter was implemented in the firmware of the embedded electronics to filter signals
from the sensors. To enable the system to detect contact events, the Detection Thresholds (DT) of
the 57 sensors were first determined. To this aim, the interface electronics recorded signals from
the skin for approx. 3-s with no contact. The DTs were set to the lowest (d,,45,) and the highest
amplitude (6maz) of the filtered signals measured during the 3-s calibration period. Exceeding
those thresholds was used as an indication that contact and release occurred, respectively. As
an example, figure 1 (bottom) shows the filtered voltage signal of a single sensor generated in
response to a press-hold-release contact as well as the corresponding event signal that controls
the start and stop of the stimulation delivered to the subject’s hand.

(iii) Feedback System

¢ Electrotactile Stimulator
The feedback interface employs a 32-channel programmable battery-powered stimulator
(‘Tactility’, Tecnalia Research and Innovation, Spain [74]). The stimulator generates biphasic
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Figure 3. Flexible electrodes for the electrotactile stimulation of the hand. (a) Layout of the pad arrays to cover the fingers
and palm. (b) Volar and dorsal view of a human hand covered with the electrode arrays. Stimulation pads are indicated
as black dots (volar) and rectangles (later index).

symmetric current- pulses that are distributed in time and space over 32 channels. The
stimulator is fully programmable, and the stimulation parameters can be adjusted online by
sending text commands from the host PC via a Bluetooth connection. The amplitude of the
current pulses can be modulated in the range of 0-10 mA with increments of 0.1 mA, the pulse
width, from 50 to 5000 ps in steps of 10 us; the frequency resolution is 1 Hz with the maximum
rate of 400 Hz. Each stimulation channel could be set to act as anode or cathode.

In the present study, the PC sends stimulation commands to the stimulator to
activate/deactivate the stimulation through the respective electrode pads. Specifically, the
stimulation is activated by a press and deactivated by a release event (see figure 1). The output
channels of the stimulator were connected to a small PCB that routes 32 stimulation channels
to 64 pads of the electrode, as described in the next section.

Electrodes

As explained in Introduction, providing a comprehensive tactile feedback using a large number
of pads distributed over the whole hand (palm and fingers) is a novel application, which has
not been explored before. Matrix electrodes have been used to provide electrotactile feedback to
the hand [20,65,75,76]. However, the stimulation was mostly localized to the fingertip. The aim
of this study was to provide spatially distributed high-resolution feedback to the hand, which
is spatially congruent to the mechanical interaction detected by the e-skin. Therefore, a custom-
made electrode that covers the whole hand needed to be designed Therefore, in the present
study, the stimulator was connected to six flexible matrix electrodes developed by Tecnalia
Research and Innovation. The electrodes are made of a polyester layer, an Ag/AgCl conductive
layer, and an insulation coating covering the conductive leads. Pad distributions on the six
electrodes are shown in figure 3a. The electrodes were designed to be placed on the human
hand and the pad distribution mirrors the design of the sensing arrays (see section 2(a)(i)).
Sixty four circular pads were distributed over 6 electrodes in total (5 electrodes for the fingers
and one electrode for the palm, figure 3b).
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Figure 4. The arrangement of the sensors on the e-skin (left) and the distributions of the cathode and anode pads on
the electrode arrays placed on the subject’s hand (center and right). The numbers on the e-skin and electrode array
indicate the mapping of sensor sets to corresponding groups of pads connected to a single stimulation channel. Two
anode configurations were considered: a distributed anode comprised of a subset of pads (DAC, center), and a single
dedicated electrode placed on the dorsal side of the hand (SAC, right).

(b) Mapping Sensors to Pads

The electrotactile stimulator used in the current study has 32 stimulation channels while the
electrode arrays integrate 64 pads. Therefore, some electrode pads were grouped together and
driven by a same stimulation channel. In addition, a reference electrode (anode) needed to be
defined to close the stimulation circuit. To this aim, a small PCB was developed to route the pads
to the channels and to implement two anode configurations (figure 4). The first configuration
features an anode that was embedded within the electrode: in this case, 15 pads distributed
over the volar side of the phalanges and the palm (distributed anode configuration, DAC) were
connected to one of the stimulation channels configured as the anode, while the rest of the pads
were connected to the remaining 31 channels configured as cathodes. This configuration was
selected in order to localize the current flow, from a cathode to its closest anode segment, eliciting
thereby a localized tactile sensation. A second configuration consists of a single large anode
electrode placed on the dorsal side of the hand (single anode configuration, SAC). It is important
to note that the number of cathodes was identical in both configurations, as the distributed anodes
were deactivated (unused) in the SAC configuration. In the present study, we compared the
effectiveness of the two configurations (see section 4(a)(i)).

To map 57 tactile sensor outputs to the 31 channels of the stimulator, some neighboring sensors
were grouped together and connected to a same stimulation channel. The mapping between
sensor sets and groups of electrode pads is shown in figure 4 (left). The stimulation channel
connected to a group of pads was activated if any of the sensors belonging to the corresponding
sensor set detected a contact event.
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Table 1. System features

Component Feature Specifications
Sensorizied Number of Sensors 57 (distributed on the fingers
mockup and palm of the mockup)
Sensor frequency 1-1kHz
bandwidth
7777777777777 Size  48amx3em
Number of channels 64
Sampling Rate Up to 6K samples/second
Embedded Connectivity USB-C port communication
Electronics interface and Bluetooth
Power consumption 200 mW
7777777777777 Overall Latency ~ 100ms
Feedback System Connectivity USB and Bluetooth

Number of stimulation 64 (distributed on the fingers
pads and palm of the hand of the
participant)

3. Sensing System Demonstration

To assess that the sensors properly responded, validation experiments were conducted. In the first
test, the experimenter holding a pen performed indentation tests by applying press-hold-release
patterns on all 57 sensors, one at a time. In the second test, the experimenter used two pens to
apply the press-hold-release pattern on two sensors simultaneously. Finally, the experimenter
performed shear tests by applying a sliding pattern along the e-skin following specific sliding
directions. In order to visualize the response of the sensing system, the embedded electronics was
configured to acquire, filter, and send signals generated by the sensors to a host PC through USB.
A LabVIEW software was developed to receive, visualize and save the tactile signals.

Table 1 summarizes the specifications of the different components of the system. In particular,
the embedded electronics consumes 200 mW while continuously sampling and processing tactile
signals and sending commands to the host. When supplied with a single 2 Ah Lithium polymer
battery with a voltage of 3.7 V, the battery lifetime expectancy is 24 h.

Representative results from the sensing system validation experiments are shown in figure 5.
The figure depicts the electrical response of six sensors to indentation tests (figures 5a-c ) and to
shear tests (figure 5d), as defined above. Figure 5a and figure 5b show the six sensors capturing the
dynamic features of the mechanical event by generating two phasic bursts in charge-mode output
signals. The bursts correspond to the press and release events, while there was almost no response
in-between. The contact onset is associated to a decrease whereas contact release generates a
signal increase. The signal peaks are arranged in sequence reflecting the fact that the touches were
applied to the sensors sequentially. Figure 5c shows that the sensing system can capture multiple
touches when they were applied simultaneously. Finally, figure 5d shows a sliding pattern that
started on the palm, crossed the volar side of the index finger and ended on the fingertip of
the index finger. The plot indicates that the six sensors respond to shear tests and that the sliding
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Figure 5. lllustrative data showing sensor outputs. Signals from six sensors are shown during touch interactions. The
legend attributes colours to each specific sensor output. Indentation tests: (a) long press on two sensors located on the
palm; (b) long press on the three phalanges of the index finger starting from the proximal phalange; (c) long press on two
sensors (on the palm) at the same time. Shear tests: (d) sliding movement starting from the palm and moving toward the
tip of the index finger.

direction could be easily inferred from the sequence of sensor activations. Interestingly, the sensor
response pattern is in this case more complex; the press and release peaks are still visible, but
they are not as sharp as in figure 5a and figure 5b. This reflects a different sensor response
to the different type of mechanical interaction (shear forces). The sliding movement provoked
more gradual activation and deactivation of the sensors compared to previous indentation tests.
A number of interesting patterns are shown in figure 5d. They can actually reveal how shear
information on the surface of the skin is translated into normal stress that is measured by the
piezoelectric polymer sensors working in thickness mode. While in such a configuration PVDF
polymer sensors only measure the normal 733 stress component [77], we have previously proven
[78] that shear information on the skin surface can be also detected by the sensors. As a matter of
fact, shear forces tend to unbalance the normal stress distribution on the substrate (where sensors
are integrated) by producing a kind of wake in the direction of their resultant. Ahead of the wake
the compression is increased while at the rear a tensile region appears. However, this previous
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Table 2. Summary of experiments

Name Anode Description Touch patterns
configuration
Static SAC Spatial coding with 21  Single touch: G1, G2, ..., G14
patterns classes (static patterns)  Two simultaneous touches: G4-G1, G4-
DAC G3, G5-G4, G5-G6, G5-G1, G3-G1, G5-
G10
Dynamic DAC Spatial coding  Single sliding line: 1V, IL, M, PE PTh,
patterns with twelve classes FT,PM, PIV
(dynamic patterns) Two simultaneous sliding lines:  IV-M,

PIV-PM, PIV-PTh, PM-PTh

study has been made for static contacts, not dynamic ones. The current protective layer will also
ultimately affect stress transmission to the piezoelectric polymer sensors. Pursuing the goal of
thoroughly coding these patterns is not a minor undertaking and requires a new experimental
study with a well-controlled setup. This will be the topic of a forthcoming publication.

4. Psychometric Assessment

(a) Experiments

Two experiments (table 2) were conducted to assess if the system could convey information on
contact location (indentation tests) and on the sliding movement along and/or across fingers
(shear tests). In both experiments, the stimulation was delivered to the subject according to the
mapping described in section (2)(b) and shown in figure 4.

(i) Static pattern experiment (Exp-SP)

This experiment evaluated if the feedback system could successfully convey the information
about static contacts to the subject. The sensor sets shown in figure 4 were divided into 14 groups
and labelled as shown in figure 6 (left). The groups were defined to assess if the subject could
recognize touch delivered to each of the important functional areas (fingertips and phalanges).
Moreover, the test comprised single and double touch (see table 2), where the experimenter
pressed the skin to activate a single group or two groups, respectively. In the latter case, the
tested combinations of two groups were defined so that they are functionally relevant, i.e., they
were expected to be activated when closing the hand using different grasp types (e.g., pinch,
lateral grasp). The experiment was conducted twice, once with distributed anode and once with
single dedicated anode.

(if) Dynamic pattern experiment (Exp-DP)

The experiment evaluated if the system could successfully deliver information about moving
contacts to the subject. The experimenter interacted with the e-skin to activate a sequence of pads.
The movement patterns included sliding along the volar and lateral aspects of the index finger,
and the volar aspect of all fingers and palm. Moreover, the test comprised applying single and
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Static Pattern Dynamic Pattern

Figure 6. Left: Sensor distribution within the electronic skin placed on the fingers and palm of the mockup of the
Michelangelo hand. The sensors were grouped into fourteen groups (G1-14, boxes). Right: Two psychometric experiments
were conducted: 1- Exp-SP — skin indentation aligned on specific sensors (Static pattern) and 2- Exp-DP - shear tests
(Dynamic pattern), i.e. sliding across Middle (M), Palm to Middle (PM), Index Volar side (1V), Index Lateral side (IL), Palm
to Index Volar side (PIV), Palm to Thumb (PTh), Palm to Fingers (PF) and FingerTips (FT) lines in two directions).

double sliding lines (see table 2 and figure 6 (right)) shows the sliding patterns. Results from
the Exp-SP experiment demonstrated that the DAC anode configuration performed significantly
better than the SAC anode configuration. For that reason, in this experiment, the sliding lines
were delivered to the subject using the DAC anode configuration only.

(b) Setup and Protocol

Seven healthy subjects (male, age 28 + 4 years) participated in the two experiments described
in section 4(a). Before starting, the subjects signed an informed consent form. Figure 7 shows the
experimental setup. The subjects were seated comfortably on a chair in front of a monitor used for
visualization. The forearm of the right arm was placed on a table surface and, the electrodes were
placed on the fingers and palm of the subject’s hand and secured with a self-adhesive bandage as
shown in figure 3b. Each phalange was secured separately in order not to block the movements
of the subject’s fingers. Figure 7a shows the view from the subject perspective. The sensorized
mockup of the Michelangelo hand was mounted on a support and placed so that the subject
could not see the hand nor the experimenter interacting with the hand (see figure 7b). Before the
experiments, the Sensation Thresholds (ST) were determined for each of the 31 pad groups (figure
4), using the methods of limits by varying the pulse amplitude value [79]. During the rest of the
experiment, the pulse amplitude was set to 1.1xST, which ensured that the sensations elicited
by the feedback were clear and comfortable. The amplitude was additionally fine-tuned by the
experimenter until the subject reported that the perceived intensity was similar across the pad
groups. The pulse rate and pulse width were common to all the pads and set to 50 Hz and 100 ps,
respectively. Each experiment started by introducing the subject to the sensory feedback system
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(a) (b)

Figure 7. Experimental setup. (a) The subject received electrotactile feedback through electrode arrays placed on the
right hand and covered with a medical bandage. The electrodes were connected to a small PCB routing 64 pads to 32
stimulation channels. The PCB includes a small jumper that was used to switch between the anode configurations, i.e.,
SAC and DAC. (b) Example of the experimenter interacting with the sensors: (bottom) the experimenter applies single
touch on a set of sensors on the palm and (top) the experimenter touches the index and middle fingers simultaneously.

and feedback mapping. Both experiments (Exp-SP and Exp-DP) comprised three phases: learning,
reinforced learning, and validation. In the learning phase, the patterns described in table 2 were
delivered and the subjects were informed beforehand which pattern will be presented.

During reinforced learning, the contact patterns were randomly applied, while the subjects
were asked to guess the applied patterns. The experimenter then provided verbal feedback
on the correct answer by saying “correct” or “incorrect” and, in the latter case, disclosing the
correct pattern. During the final validation phase, the patterns were again presented randomly,
the subject verbally indicated the pattern, but no verbal feedback was given. Each stimulus was
presented to the subject 3 times during the first two sessions and 5 times during the validation
phase.

(c) Data Analysis

The outcome measure was the success rate (SR) defined as the percent of correctly recognized
contact patterns, namely, activated groups in Exp-SP and sliding movements in Exp-DP. The
SRs were computed per subject for each contact pattern. In Exp-SP, the SR obtained with DAC
was compared to that achieved with SAC to test if the recognition was impacted by the anode
configuration. The results of the tests are reported as median{interquartile range (IQR)}. The
overall performance is also presented in the form of confusion matrices to identify prevalent
mistakes.

The paired sample Wilcoxon signed rank test was applied to assess statistically significant
differences between SAC and DAC. Non-parametric tests were used due to the small number
of subjects. The threshold for the statistical significance was set at p < 0.05, and the statistical
analysis was conducted in OriginPro 2018 (OriginLab, US).

5. Results

The box plot of the success rates (median{IQR}) from all the experiments are presented in figure
8. The subjects achieved a high overall success rate (both single and double touches) when
recognizing the touched group of sensors (Exp-SP test) using DAC with median{interquartile
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range} of 88.57{11} %). The SAC resulted in a significant drop (p < 0.05) in performance (48.57{25}
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Figure 10. Confusion matrix for Exp-DP experiment.

With DAC, the subjects were more successful (p < 0.05) when recognizing single touches
(90{7.14} %) compared to recognizing double touches (85{20} %). Importantly, the subjects could
easily differentiate if the touch was single versus double (SR of 95.23{3.81} %). The dynamic
patterns (Exp-DP experiment) were recognized with a high success rate (93.3{5} %).

The confusion matrix for Exp-SP test with DAC is shown in figure 9. The ‘unknown’ class
was introduced to indicate that in few trials the subjects reported a group combination (multiple
touches) that did not exist in the experiment (e.g., G2-G3). The confusion matrix exhibits a
dominant diagonal line demonstrating that subjects could reliably recognize the applied single
and double touches in most cases, where the latter were slightly more difficult to estimate
correctly. When the subjects were wrong for the single touch (G1, .., G14), they mostly pointed
to a directly neighbouring group placed distally or proximally with respect to the correct group
(G3 to G4, G5 to G6 etc.), see the second parallel diagonals above and below the main diagonal.
Excluding the misrecognition registered for G3 (predicted as G2-G3, 1 out of 35 trials, i.e. 3%),
most of the “unknown” predictions were registered for double touches where the subjects
predicted one group correctly while misrecognizing the second group. The confusion matrix
exhibited higher diagonal values for double touches that involve groups from different fingers
(e.g., G1-G5, G5-G10) compared to groups residing on the same finger (e.g., G3-G4, G4-G5).
Importantly, the mistakes were typically confined to groups within the same finger (see bottom
left of figure 9). Interestingly, in a few cases, double touches were mistakenly interpreted by the
subjects as a single touch. For example, applying touch at G3 and G4 simultaneously (G1-G4) was
mostly mistaken for G3 only.

The confusion matrix for Exp-DP test with DAC is shown in figure 10. In some trials, the
subjects confused “IL” line with “IV” line and “PM-PIV” line with “PF”, and this was likely
because the experimenter would occasionally activate sensors that did not belong to the target
line due to the natural variability when executing the sliding patterns. The subjects made most
errors when discriminating two simultaneous sliding patterns (IV-M, PIV-PM, PIV-PTh, PM-PTh).
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6. Discussion and Conclusion

In this study, we presented and evaluated a high-density tactile feedback system for human-
machine interfacing. The system comprises 57 distributed tactile sensors (e-skin) integrated on
the fingers and palm of the robotic hand mockup, multichannel embedded electronics and a
distributed electrotactile stimulation interface placed on the volar side of the subject hand. It
is worth noting that sensors have been distributed on such areas that are expected to be more
relevant functionally, e.g. the fingertips or areas activated when closing the hand using different
grasp types (e.g., pinch, lateral grasp, palmar grasp). The contact information captured by the
electronic skin was delivered to the subject through a matrix electrode comprising 64 stimulation
pads distributed over the fingers and the palm of the subject’s hand. The experiments have been
conducted to validate the operation of the sensing component (electronic skin and embedded
electronics) as well as to test the ability of the full feedback interface to acquire and transmit the
mechanical interaction (applied on the electronic skin) to the subjects’” hand.

The validation of the sensing component demonstrated that the e-skin and the embedded
electronics can indeed detect mechanical indentation on the e-skin surface, centred on different
sensors and applied sequentially and simultaneously (static patterns), as well as contacts sliding
across the e-skin (dynamic patterns). Such mechanical stimuli are the basic building blocks for
more complex tactile interactions that arise during functional activities.

The design and placement of the anode is an important issue for the practical application,
especially when the feedback is delivered to a confined area (subject hand), and both approaches
(distributed vs single anode) tested in the present study were used before in the literature [25,66]. In
general, the anode should be substantially larger in size compared to a cathode, as it should serve
only as a return path for the current without eliciting sensations. The “distributed” anode is a
compact solution, as the anode is “within” the stimulating electrode, but the drawback is that each
anode requires a single pad, strongly reducing the number of available pads to elicit sensations.
Nevertheless, the conducted experiments demonstrated that this approach (DAC) resulted in
significantly higher performance compared to a single anode placed on the hand dorsum (SAC).
More specifically, the SAC negatively impacted on the ability of the subjects to predict static
and especially double contacts. They had difficulties to distinguish between neighboring groups,
particularly when stimulating the index finger. A strong spreading of sensations was reported
by most subjects. Contrarily, when using DAC, the subjects predicted single and double contacts
with high success rates, and they reported a well localized sensation. DAC has been therefore
selected to complete the experimental campaign.

The psychometric experiments with DAC demonstrated that the online feedback conveyed
by the developed system allowed the subjects to identify contact patterns delivered to the most
important functional areas of the hand, including the lateral and volar side of the index finger,
fingertips of all fingers and thumb, and the palm. This included simple patterns, such as contact
on a single area, as well as more complex sensations arising from simultaneous touches on two
areas, single and double sliding contacts, and comprehensive patterns activating many pads
simultaneously. Importantly, the subjects could identify these interaction patterns despite they
included natural variability due to slight variations in the way the experimenter touched the skin
(e.g., inconsistent timing, different pad activations). While we have previously demonstrated that
such patterns can be perceived from a single finger [63], in the present work we show that the
electrotactile stimulus can be delivered to a larger area, following mechanical interactions across
the whole hand. An important point is that the current system provided somatotopic feedback,
which is expected to facilitate perception and interpretation of the stimulus [80]. In combination
with the validation of the sensing system, the psychometric assessment demonstrates that the
developed system not only detects a variety of tactile interactions but can also create tactile
sensations that allow the subjects to correctly perceive and interpret such interactions, after
only a brief familiarization with the system. This is an encouraging outcome implying that
the novel system might be able to provide a functionally relevant feedback that can assist the
subject while using a robotic hand, e.g., in slip detection and prevention [81] or for estimation of
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objects properties such as compliance, hardness, texture by using exploratory motions [82-84].
Importantly, the proposed technology is versatile as it is not constrained to a specific robotic
hand. While the sensing system was developed to sensorize the Michelangelo hand, the modular
approach that we propose can be adapted to fit other prosthetic or robotic hands. The setup
presented in this manuscript is convenient for application in a tele-manipulation scenario, while
Michelangelo robotic prosthesis was used only as an example of a robotic hand. Importantly,
the present work demonstrates the technology that is versatile, and can be easily adapted across
different applications. To this aim, the sensing patches and the stimulation electrodes can be
printed to fit other prosthetic or robotic hands (e.g., ShadowHand [85]). Finally, when considering
prosthetic applications, the use of electrotactile stimulation is not a constraint as there are compact
solutions that can deliver the stimulation while simultaneously recording the electrical muscle
activity [86]. Likewise, the electrodes can be easily printed in different geometries so that they can
be applied to different parts of the body (e.g., a rectangular and/or circular matrix electrode to be
placed on the residual limb of an amputee subject).

To summarize and conclude, in the present study we proposed a system that provides spatially
distributed feedback to the whole hand using a dense matrix of sensing and stimulation pads
and we demonstrated its applicability by conducting experiments in able-bodied subjects. To
the best of our knowledge, this is the first feedback system that can convey high-density tactile
information to the whole hand using electrotactile stimulation. The provided feedback could
improve utility and performance, as well as facilitate the feeling of embodiment and immersion in
human-machine interfacing across fields, from teleoperation and prosthetics to virtual reality and
gaming.The touch patterns tested in the presented study were limited to passive touches because
the sensing system was integrated on the static mockup. Nevertheless, even a passive touch has its
own relevance, especially considering psychological impact of feedback [87]. However, the future
work will focus on the mounting of the sensing system onto a robotic hand, which will open up
the possibility to assess the system during functional tasks (e.g., active touch). In this case, the
provided feedback might allow the subject to perceive high-fidelity information such as object
shape, compliance, and texture. An important future step is also to improve data processing so
that more information can be extracted from the recorded tactile signals (e.g., contact pressure).
Allin all, this is an important step towards implementing a full high-bandwidth human machine
interface that will allow a bidirectional connection between the subject and a machine (robotic
system) for dexterous control and comprehensive feedback [31]. To this aim, the system described
here could be supplemented with an interface that provides high density recording of electrical
muscle activity. The latter can be used to decode the subject motion intention and translate those
into commands for the robot [88]. Importantly, the recording of EMG could be realized through
the same electrode technology as the one used in the present study to implement stimulation [86].
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