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Abstract—An important reason for the abandonment of
commercial actuated hand prostheses by the userstise lack of
sensory feedback. Wearable afferent interfaces capke of
providing electro- or vibro-tactile stimulation have high potential
to restore the missing tactile and/or proprioceptie information
to the user. By definition, these devices can eliGgingle modality
(i.e. either vibrotactile or electrotactile) substiute sensations. In a
recent research we have presented a novel approacbhmprising
hybrid vibro-electrotactile (HyVE) combined stimulation, in
order to provide multimodal sensory feedback. An irportant
advantage of this approach is in the size of the dign: the HyVE
interface is much more compact than two separatedirgle-
modality interfaces, since electro- and vibro-tacte stimulators
are placed one on top of the other. The HyVE apprazh has been
previously tested in healthy subjects and has showwo provide a
range of hybrid stimuli that could be properly disaiminated.
However, this approach has never been assessed amethod to
provide multi-channel stimuli, i.e., stimuli from a variety of
stimulators, mapping information from a multitude of sensors on
a prosthesis. In this study, the ability of ten hdshy subjects to
discriminate stimuli and patterns of stimuli from four different
five-channel interfaces applied on their forearms &s evaluated.
We showed that multiple HyVE units could be used tgrovide
multi-channel sensory information with equivalent grformance
(~ 95% for single stimuli and ~ 80% for pattern) to single
modality interfaces (vibro- or electro-tactile) larger in size and
with better performance than vibrotactile interfaces (i.e., 73%
for single stimuli and 69% for pattern) with the same size. These
results are promising in relation to the current awilability of
multi-functional prostheses with multiple sensors.

Index Terms—sensory substitution, vibrotactile, electrotactile

hybrid stimulation, haptic devices, multi-channel £edback
discrimination, upper limb prosthetics.
I. INTRODUCTION

ODERN, electrically-powered prosthetic hands a
sophisticated mechanical systems with individual
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controllable fingers and with the mass and sizeilainto a
human hand (e.g., i-Limb from Touch Bionics, BeBwn
Hand from RSL Steeper [1], [2] etc.). With thisXilleility and
with a stable and robust human-machine interface. (i
myoelectric control) different control strategiesaanc be
implemented and the grasping function lost after
amputation can be partly restored. However, intaadto the
motor dexterity, the biological hand supplies humuaiith rich
proprioceptive and exteroceptive sensory feedbadlch is
instrumental in achieving seamless and effectiaehing and
grasping [3]. Nevertheless, none of the commescalhilable
myoelectric prostheses implements any kind of sosstsory
feedback. This affects the overall efficacy of ttevice and
decreases the acceptance rate among target users.
example, a large proportion of amputees opt for ldss
sophisticated body-powered prostheses, since thgstems
provide intuitive kinesthetic feedback through thentrol
cables [4].

In principle, to restore the missing sensory infation, a
prosthesis could be instrumented with artificiais®'s able to
record different touch modalities (touch, presswibration,
and temperature) as well as proprioception and such
information could be processed and delivered tousder in a
physiological or close-to-physiological manner. @&ohieve
this challenging goal, various approaches were siiyated
over the years and interesting review studies effigld were
published [5]-[8]. Some of these methods made uke o
invasive surgical procedures and relied on dirdettacal
stimulation of sensory neural structures which are
physiologically involved in the task, using implabte
electrodes [9], [10]. Some other approaches gradiaenon-
invasive wearable technologies and exploited thecept of
sensory substitutignin which the feedback information is
(delivered by stimulating substitute neural struesuri.e.,
|pensory organs that are different from the onesnally
involved in the task (e.g., stimulating the skintbe chest or
the residual limb). Some sophisticated haptic devithat are
able to stimulate the user with the same sensorgatitp
recorded by the prosthesis (e.g., grasgingssureconveyed
as apressureon the skin) have been developed, thereby
allowing an effortless association between the ndexab and
delivered stimulus [11]- [13]. However, the moshwoon and
simplest methods are those that employ vibrotactte
electrotactile (electrocutaneous) stimulation tdivate the
tactile sense (e.g., graspipgessureconveyed as &ibration
on the skin) [14].

an
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Fig. 1. Stimulation devices: A) concentric electddr electrocutaneous stimulation, B) a coin-tyjieation motor, and C) HyVE interface. In the daft
the stimulation and vibrations are delivered siandtously and to the same location on the skin.

Vibrotactile interfaces can be built with extremediynple
components. Indeed a mechanical vibration can bergéed
using small, coin type vibration motors that arevadays
used in mobile phones (Fig. 1B). These are mingatDC
motors with an eccentric mass attached to the sitaft. The
rotation of the eccentric mass produces unbalacegttifugal
forces, which cause the whole motor to vibrate laedce the
body on which it is physically connected. The vilma
intensity and frequency can be varied by modulatihg
current that flows into the motor. Electrotactitearfaces can
also be very simple. Low level current pulses gategl by an
electrical stimulator can be delivered to the badyng, for
example, concentric electrodes (Fig. 1A). In thaése; the
current flows between the inner and outer ring bé t
electrode, eliciting a well-focused, superficiahsation. Most
importantly, both vibro- and electro-tactile in@cés are
convenient for the integration into the prosthetiocket
because they are small sized, low cost and endfgjeat
[14]-[17]. Therefore they have been considered aiergial
solutions for providing sensory feedback in prostse
Vibrotactile and electrotactile devices were inigsted
separately in a number of studies in the past [26]-
Recently we have proposed the integration of these
stimulation methods in the form of a novel hybritbre-
electrotactile (HyVE) interface, providing electrand vibro-
tactile stimulation simultaneously and to the sdomation on
the skin [27]. The HyVE was implemented by placiag
vibration element (vibel) over the cathode of a camtric
electrode connected to an electrical stimulatog.(EC). We
performed psychophysical tests on a single site thom
forearms of healthy subjects and we demonstratat ttrey
were able to independently discriminate the properf the
two individual stimuli within the hybrid stimulugriefly, this

implies that a single HyVE stimulator implements a
multimodal feedback channel in which two concurrent
information streams flow through the same sitel@mgkin to
provide afferent information.

In the present work we evaluated the possibilityexploit
HyVE stimulation to deliver multi-channel sensory
information to the skin using a number of stimwatipoints
spatially distributed across the forearm. The ulyiey reason
for this study is that multi-fingered prosthesesi@med with
artificial tactile sensibility are progressively dmming a
reality and sensory feedback systems able to conwelyi-
source, spatially distributed afferent informati@me thus
necessary. An important advantage of the hybridaggh is
in the size of the design: as the vibrators andteldes share
the same space, the HyVE interface is much morepaom
than a single-modality interface with the same nemobf
channels. Since the space available within a petistisocket
is limited, smaller space occupancy is a clear athge.

The state of the art of multi-channel, non-invasive
stimulation techniques applied to prosthetics liatieely poor;
this is likely due to the fact that simple one degof freedom
prostheses have been the only clinically viableoopfor the
past forty years. Nevertheless, designs or progstygan be
found in the prosthetics and biomedical engineelitegature.
One of the most clever concepts is the solutiorpgsed by
Rosset (1916) in which a pneumatic system compaded
pressure pads and a tube transmitted pressuretfi®ifingers
of the prosthesis to the residual limb, directly [Bhis concept
was further investigated and implemented (6 chaynging
the phantom hand map as the target for sensonpéedoy
Antfolk et al. [28]. Bach-Y-Rita and Collins propas
concepts where arrays of vibrotactile stimulatorsuld
convey proprioceptive information on the back or the
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Fig. 2. Four stimulator configurations tested iis tudy: A) HyVE4: two HyVE interfaces and one centric electrode with a center to center distatpeal
to d =4 cm and a total length of 8 cm; B) ELE4a#docutaneous concentric electrodes with a cémenter distance equal to d = 4 cm and a tatgjtteof
16 cm; C) VIB4: vibration motors with a center &nter distance equal to d = 4 cm and a total leagtté cm; D) VIB2: vibration motors with a center
center distance equal to d’ = 2 cm and a totaltlen§8 cm. The numbers from 1 to 5 depict the cehnumbering.

o

Fig. 3. Placement of stimulators in the stimulanmfigurtions: A) HyVE4; B) ELE4; C) VIB4; D) VIBZ2The numbers from 1 to 5 depict the channel

numbering.
stump of the amputee [29]. Mann et al. detailedystesn

prosthesis touching or grasping objects was carioed

where the elbow angle of the Boston Arm was fedkbagreviously, to our knowledge. However the geneeslearch

exploiting an array of vibrotactile stimulators [3Gimilarly
and more recently, Saunders and Vijayakumar [26§ weght
button-type vibrators placed along the volar side tle
forearm to feed back the grasping force in the fayma
stimulus location. Witteveen at el. [31], used wviiactile and
electrotactile arrays comprising eight motors atetteodes
placed longitudinally and transversely along theeéom to
provide proprioceptive feedback about the apertofrethe
hand. Antfolk at el. [12], [19] and Cipriani et §lL7], using
arrays of pressure devices or arrays of vibratarsimilar
experiments, evaluated the ability of healthy scisjeand
amputees to locate one active channel (out of fivéhe array
(site discrimination) and to recognize six diffarespatial
stimulation patterns simulating the finger contafbrmation
during six types of grasp.

No behavioral study involving real-life activitiesith a

outcome was promising, meaning that humans were bl
learn and to associate visuo-tactile stimuli ingephysical
experiments. Importantly, all of the aforementionstddies
used single-modality multiple stimulators and oty few

cases they compared the differences between thealities
[19], [31]. Hence, the goal of the present studys waofold.

The first goal was to evaluate the ability of hieglsubjects to
recognize multi-channel stimuli coming from the Hy¥nd to
evaluate the novel hybrid interface against theveational,

single modality interfaces. The second goal wadesi a
number of single-modality interfaces, again, inmnterof users’
recognition ability in order to compare differentodalities

available for the implementation of the sensoryssitition

feedback (vibrotactile vs. electrotactile) and eesd the
influence of distance between the stimulation uimtsnulti-

channel recognition.
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TABLE |
ACTIVATION PATTERNS MIMICKING CONTACT INFORMATION OFSINGLE FINGERS AND FIVE GRASPS

Test cﬁ;tr:\r/:‘els Chi ngeg;zatstern Simulated action/grasp
1 ®©0000 Single finger contact (thumb)
Single channel 1 0e000 Single finger contact (index)
discrimination 1 0coeo0o0 Single finger contact (middle)
(SD) 1 0o0oeo Single finger contact (ring)
1 coooe Single finger contact (little finger)
1 e0000 Lateral grip (tip of the thuml
Pattern 2 ®ee000 Bi-digital grip (tip of the thumb and index)
discrimination 3 eee000 Tri-digital grip (tip of the thumb, index and miledi
(PD) 4 XXX Yol Palmar for a smaller object (tip of the thumb, dwmiddle and rinc
xXxxx Palmar for a bigger object (i.e., tips of all firgers)

Note: The “Channel pattern” column depicts thewistiof the channels in five different SD and PDtpes (rows in the table) that were presented
to the subjects. The empty or full circle denotest the specific channel was off or on in the gipattern, respectively. The circles from left to
right correspond to the channels from 1 to 5, dicated below the “Channel pattern” title. The nenithg corresponds to that used in Figs. 3 and 4.

e rrp g - T T et

Fig. 4. Screens di-splayed-tb the participant'slq.ﬂin learning phase: A) HyVE4 cbhfiguration;

Il. MATERIALS AND METHODS

A. Five channel interfaces

This work focused on five-channel interfaces based
previous studies [12], [19]. The configuration fitell with
the number of fingers of a sound hand and of newtimu
fingered hands currently available: if each fingafr the
prosthesis would be equipped with one touch/pressansor,

five channels would be required to convey the anta

information back to the user.

The HyVE interface was implemented by Combinin%lements and hence

vibrators and concentric electrodes (in turn cotett¢o an
electrocutaneous stimulator). The vibrators usedewfat

miniature vibration motors (Precision MicrodrivdgK) (12

mm diameter, 3.4 mm height, 1.7 g mass) driven bystom
microcontroller board [17]. The electrodes werepdsable,
self-adhesive, 4 cm diameter, concentric electroff&ses
Medica, Italy) connected to a multi-channel stinboda

C

e TP =

B)H—Z4_con:fi:(_:Juration; C)

rations.

VIB4 and VIB2 configu

were placed on top of the cathodes of two elecsddener
contact) forming two HyVE elements; a third eledgowas
placed in between, making a total of five stimaatchannels
(three electro- and two vibrotactile). The distarafe4 cm
between the centers of the two consecutive elegtr@tin the
picture) was dictated by their diameter. For sicipliwe will
refer to this interface as télyVE4 hereafter. Our main
hypotheses were that multiple HyVE units could Isedito
provide multi-channel sensory information with 1n a
equivalent or better performance than a single fitgda
interface with the same distance between the stitimgl
larger overall size and 2) terbet
performance than a single modality interface wllke same
overall size (i.e., smaller distance between thmwating
elements).

In order to test our hypothesis, we compakyVE4 to
three other configurations of five-channel singledality
interfaces. A five-channel electrotactile interfaieereafter
called ELE4 was implemented using five concentric

(TremUNA, UNA Systems, Serbia). The stimulation wagecirodes arranged in a line and with the sang-glectrode

current-controlled and biphasic with a square putse yigiance oHyVE4(i.e.d = 4 cm) (cf. Fig. 2B). Two different
depolarize the fibers and an exponential relaxafibase 10 e channel vibrotactile interfaces were implenashtusing

remove the injected charge from the tissue. Vibga®nd e \iprators: one withd equal to 4 cm\(IB4) (Fig. 2C), and
electrodes were arranged as shown in Fig. 2A: tilcators

4
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the other withd’ equal to 2 cm\(IB2) (Fig. 2D). VIB4 was
implemented (and tested) in order to be directipjparable to

resembled the ordering of the respective fingersezn by the
user. The left most channel (hnumber 1) corresporidetihe

HyVE4andELE4 sinced was equal to 4 cm in all three casesleft most finger (thumb) and so on (Fig. 3 B, C @y In

Note that for the same number of channels He/E4
configuration is more compact comparedgioE4 and VIB4.

The overall length of the HyVE4 array (i.e. the apaaken)
measured as the distance between the center dirthend
the center of the last element is half the sizEIldE4 or VIB4

(2[d = 8 cm forHyVE4vs. 4d = 16 cm forELE4 andVIB4).

VIB2 was implemented as a control conditionfiyWVE4 as in
both cases the total length was equal to 8 cm.

HyVE4 (Fig. 3A), the channels 1 and 2, and 4 and 5
overlaped. Therefore, the spatial correspondenat gwt be

as clearcut as in the single modality configurajobut it
followed the same general principle.

The protocol had the same structure for the four
configurations (interfaces) and it was comprised timfee
phases: learning with visual feedback, reinforcedrring
without vision and validation also without visiom each

The vibrotactiie and electrotactile stimulators &er phase subjects were exposed to sequences of s(@ithier a

connected to a host (laptop) and were controlleceal time
by sending simple commands over a USB connectionalf
configurations the vibro- and electro-tactile stiatars were
activated at the lowest intensities possible. Tloavebkt
intensities were selected in order to elicit looadi tactile
sensations, minimizing the spread of vibrationsotlgh the
skin and also generation of referred sensationgdigtal
segments due to electrical stimulation of sensogyven
bundles. The frequency and intensity of mechaniitahtions
produced by the vibrotactile interface were mea$ubg
means of a 6 axis load cell (nano43, ATI, NC, UEIY)]: the
measured intensity was 0.46 N and frequency 120 THe.
vibration intensity was above human perception shotd
[14]. The lowest intensity for the electrotactitamaulator was

single channel or a pattern) that lasted 1 secbuding the
experiments the subjects wore earmuffs playingevhdise in
order to mask the noise generated by the vibratiotors. In
the learning phase participants received a vieedifack on a
computer screen indicating the site/pattern (Fiy. while
being stimulated. The participants were instrud¢tetbcus on
the stimulation and to associate it to the viswedadiption on
the screen, i.e., filled circles representing thtva channels
superimposed on a picture of a forearm. In thefoeted
learning phase the participant was blindfolded;erafthe
presentation of each stimulus, he/she verballycatéid which
stimulus he/she perceived and the experimenteedsttie
correct answer. During the final validation phadee t
participant verbally indicated the stimulus while feedback

set to 1.7PT, with PT being the Perception Thresholdwas given. This session was used to validate thatseof the

determined for each subject before the experimsatsed (cf.
section C); the pulse rate was fixed at 100 Hzs Thilse rate
was chosen since at high rates, i.e. ~ 100 Hztredakstimuli
feel like constant pressure and hence can be masédye
discriminated from a mechanical vibration [27].

B. Experimental protocol

The experimental protocol in this study was simitathose
used in [17], [19], [27]. Ten able-bodied subje@tsmales, 3
females, 29+3 yrs) participated in the experimentbjch
were approved by the local ethics committee. Edc¢heofour
interfaces (order randomized among subjects) wasegl at
mid forearm transversely (Fig. 3) and for eachrfate two
tests were performed one after the other: singlancél
discrimination (SD) and pattern discrimination (PDhe first
test (SD) was aimed at evaluating the ability ofaltigy
subjects to recognize single stimulus coming frame of the
five channels. The second test (PD) was aimed aluating
the ability in recognizing combinations of stimu(i.e.,
patterns) from a subset of channels which werevatetil

learning and reinforced learning sessions. Eachudtis (site
or pattern) was presented to the subject 12 timemgl the
first two sessions and 7 times during the validatighase.
Throughout the experiments the sites and patterese w
randomly selected. The experimental session lasbexdit 2
hours in total.

C. Evaluation of the Perception Threshold prior to the

experiments

Prior to the experiments we determined the Peroepti
Threshold (PT) for each subject and stimulatioa siing the
method of limitd32] by varying the pulse width (PW) of the
stimulus. The pulse rate and intensity were s&0fbHz and 3
mA, respectively. The PW was then increased in digaint
steps (1Qus) while the subject verbally indicated when he/she
felt a slight sensation. We chose to vary the PWthaf
waveform instead of the current intensity since tbemer
usually provides more accurate control of the witi
sensation. The test was repeated three times andviérage
value was adopted as the PT. During PD and SD impsts,

simultaneously. The patterns were chosen so thay ththe PW was set to 1T, whereas the pulse rate was fixed at

simulated the contact information from the five giéms in
daily-living grasps, thereby imitating the expectattivation
of the stimulation channels during grasps using andh
prosthesis equipped with individual contact/foremsors for
each finger, as in [17]. A graphical descriptiontloé SD and
PD tests is shown in Table I. The channels numbeaind
assigmenment are depicted in Table | and Figs.d34ahe
channels were assigned to the fingers so that ¢etive
position of the channels over the forearm, front tefright,

100 Hz and the current intensity at 3 mA.

D. Data processing

The performance metric was the recognition rate)(RB.,
the percentage of stimuli correctly identified byet
participants. The results are presented in the fafroonfusion
matrices in order to highlight the overall recognitability as
well as the most prevalent mistakes. A one-way atgtk
measures ANOVA was used to compare the resultsedfests

5
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Fig. 5. Overall recognition rateséan + standard errors) obtained in the
experiment (asterisks indicate statistical sigaific difference by post h
analysis: * indicates p<0.05, *** indicates p<0.001

for all configurations and identify possible stadally
relevant differences in the RR of the stimuli usihg different
configurations. The assumption of sphericity watde using
Mauchly's sphericity test. In case of sphericitglation, we

four configurations, from all subjects. For all ®ms, when
misclassified, channels were primarily confusechveitljacent
ones. There were only a few unsuccessful trialsgusiyVE4,
in which the subjects misrecognized channel 5 \@tland
vice-versa (neighboring electrodes) or channel & wi (the
two vibrators). In ELE4 unsuccessful trials wemmited to
channels 4 and 3 that were misclassified with rzigimg
electrodes. WithvIB4 and VIB2, the subjects misrecognized
all five channels with more errors fotB2. In particular, with
VIB2 the performance varied significantly across thantctels
(F(4,36)=7.4, p<0.001) with those placed mediallginiy
worse recognized than those more lateral.

The RR during the validation phase increased itistitzlly
significant way with respect to the reinforced téag phase
only in the case of HyVE4 interface (p < 0.05). fidfere, the
training did not significantly improve the perfaamce in the
other cases

B. PD experiment

Fig. 7 depicts the overall performance in experimeD
from all subjects and all interfaces. The overd Was lower
than in the SD experiment. The RR of the different
configurations was 79+13% for ELE4, 77+17% for VIB4

crosschecked the results of repeated measure ANOVIA+6% for HyVE4, and 69+8% for VIB2. The RR acrdle

(rmANOVA) by running multivariate ANOVA (Wilks' tds
MANOVA) for repeated measure design and also uigter

four configurations was statistically different 8r£7)=3.0,
p<0.05). Post-hoc tests demonstrated that the npeafice was

ANOVA with Greenhouse-Geisser corrections (CANOVA)not statistically different for ELE4, VIB4 and HyVE

Finally, we have used Fisher LSD test for the pbst
pairwise comparisons. A paired two-tailed t-tesssiso used
to compare the RR across learning and evalugtimses
for each interface.

lll. RESULTS

All the results in this section refer to the vatida phases
of the experiments and are given in the form of mea
standard deviation in the text and mean + standamt in the
figures.

A. SD experiment

Fig. 5 depicts the overall performance from alljeats and
all interfaces tested. The RR of the different aunfations
was 98+3% for HyVE4, 94+9% for ELE4, 89+10% for VAB
and 73t15% for VIB2. The Mauchly's test showed tta

data from the SD experiment violated the sphericity

assumption (p < 0.05); however, the differenceRhamong
the four configurations resulted statistically sfgant in all
statistical test (F(3,27)=14.6, rmANOVA,

demonstrated that the RR of HyVE4 was statisticdifierent
from VIB4 (p<0.05) but not from ELE4. The RR for E&
was similar to VIB4 (no statistical difference). B4 was
significantly different from the other three configtions (p <
0.001): most important, it was different from VIB4ame
stimulation modality but different inter-elementsiince d)
and from HyVE4 (different stimulation modality bsame
overall length).

Fig. 6 shows the confusion matrices relative toRfein the

(p>0.05). On the other hand VIB2 was significardlfferent
from the other three configurations (p<0.05).

Fig. 8 shows the confusion matrices relative to R in
the four configurations, by all subjects. The neasi have a
structure similar to the SD experiment but with enfrequent
misclassifications. Generally, a pattern was mgsifeed with
another that differed in only one active channel
(“neighboring” patterns in Table I). In ELE4 and Vy4, the
most frequent mistakes were concentrated to patt&rd and
5; in addition, the RR across the different patiemwas
significantly different (p<0.001). With VIB4 and BPR
misclassifications were spread across all patterns.

The RR during the validation phase did not increase
decrease in statistically significant way with respto the
reinforced learning phase

IV. DISCUSSION

In our recent study, we demonstrated that electmd
vibro-tactile stimulation modality can be combinadrder to

p<0-001?implement more effective information transfer usingensity
mMANOVA, p < 0.05; cANOVA, p < 0.001). Post-hoc ®st y,qqulation

[27]. With a single HyVE interface we
demonstrated that human subjects can independently
recognize the intensities of the electro- and iawadile
stimuli that are delivered simultaneously withire thybrid
stimulus. The main goal of the present study wasvimuate
the possibility to exploit HyVE stimulation in ond&o deliver
multi-channel sensory information to the skin of florearm
in a compact fashion. For this reason the abilityhoman
subjects to discriminate the active sites and patteof
stimulation delivered by hybrid interfaces was caneg to

6
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Fig. 6. Confusion matrices of the recognition maitéained in the single channel discrimination ekpent.

the discrimination ability of single modality- eéh electrical
or vibratory- interfaces. threshold on the forearm (i.e. 2-3 cm) [33], [34].

The results demonstrated that our hyposthesessésgimn In the SD experiments a significant difference iR Ras
IILA) about the performance with hybrid versus #&ng identified across the different sites of stimulatiwith VIB2:
modality interfaces were in fact correct. The RRh&f hybrid the stimulation sites on the lateral part of theefom were
interface (HyVE4) showed the smallest standardat®ri (i.e. more easily discriminated than the medial ones.sThi
more consistent inter-subject and inter-channel RR) was difference is likely to be due to the lower serlgipiof the

VIB2 was very close to the spatial vibration disgriation

better or comparable to the bulkier (twice the kigmgle
modality configurations (ELE4 and VIB4), in both $dd PD
experiments. In addition, the RR of the compactglsin
modality interface (i.e. VIB2) was significantlyvier than for

medial side of the forearm vs. the lateral sidg.[35

Some subjects reported that despite the lowesuktiion
levels, they still experienced diffused and/or refd
sensations with electrical stimulation at some de# In

the hybrid interface, in both SD and PD experimentparticular the electrodes that were located onitiner side

Therefore, this study indeed demonstrated thatiptelHyVE
units could be used to provide multi-channel
information with better or equivalent performance the
single modality interfaces (vibro- or electro-té&gtilarger in
size (distance between centers of the first andhef last
stimulating element) and with better performancenth
vibrotactile interfaces with the same size.

An important goal of this study was to evaluate tiser's
RR for different single-modality interfaces with ryeng
sensory substitution modality and spatial arranggme&he
electrical and vibratory interfaces (ELE4 and VIBdglded
similar RR in both the SD and PD experiments. Threselts
differ from those reported by Witteveen et al. [#13t showed
improved outcomes when using vibrotactile as coenbao
electrotactile stimuli. However, in their work taethors used
traditional electrodes with a single, distally Ited common
electrode (instead of concentric electrodes ashén fdresent
study). This might have decreased the focus ok#resations
elicited and impaired the ability of the subjeaiddcalize the
active channel.

The similar RR achieved with VIB4 and ELE4 expenitse
could be due to the relatively large inter-elemdistance. At
smaller distances closer to the spatial discrinonathreshold,
the well localized sensations produced by the cwinice
electrodes could show a pronounced difference endhults,
in favor of the electrotactile interface. Howevérwas not
possible to place the concentric electrodes cltsan 4 cm
due to their size. Hence an electrotactile equitate VIB2
could not be assessed. The lower distance betwibsstactile

devices of VIB2 compared to VIB4 (4 cm vs. 2 cm)

diminished the user's RR in both SD and PD exparmisiehis
is likely to be explained by the fact that the digte used in

and close to the medial axis of the forearm, ofééinited

sensorsensations that were spread (referred) along trearfim and

hand. This kind of sensations in fact assistedepgnizing
the stimulation of that specific channel in SD expents but,
since the sensation masked the stimulation of #ighivoring
channels, it made it harder to discriminate thegimedring
patterns during PD experiments. As regards to télotde
stimulation in PD experiment, the vibrations frame different
channels summed together; subjects reported that ghe
sensation elicited was qualitatively similar fol stimulation
sites, they could also use the level of generanisity felt in
addition to the spatial location of the active witors, as an aid
in discriminating the patterns. The current expenimwas
performed using minimal intensities. However, sinte

PD experiment

100} ——
9}
_. 80 . I |
& T l [
= 70} I
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Fig. 7. Overall recognition rates (mean + standard errabgyined in the P
experiment (asterisks indicate p<0.05).
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Fig. 8. Confusion matrices of the recognition m@léained in the pattern discrimination experiment.

aforementioned phenomena influence the discrimonatf the from sensor data to stimulation patterns are ptessémd this
stimuli, further studies should be made to evaldbteeffect will depend on the sensory system embedded into the
of stimulus intensity on the the recognition ofotte and prosthetic hand and feedback design goals (e.gradeoff
vibrotactile spatial patterns.The RR in the rein&af learning between the size and fidelity of the interface)r Erample,
phase was not statistically different from the RM®R the aperture and force could be transmitted using aayaof
validation phases in any of the cases, except {&fH4 in the HyVE stimulators; the information could be conveyktbugh
SD experiment. This means that the training faitednprove the number/position of active devices (spatial ngyiand
the performance in these cases. The reasons ®cthid be each feedback signal could be coupled for a spgecifi
however very different. The task could have beaydar the stimulation modality (e.g., vibro for force, eleztrfor
subjects resulting in a high performance from tlegibning, aperture). The resolution of this coding would besg by the
so that the training was not truly needed (e.gE£kBnd VIB4 number of stimulators. Alternatively, each HyVE tbu
in SD experiment). On the other hand, in the cdowlit with  transmit the angle (electro) and force (vibro) ofiadividual
the lower success rates (e.g., PD experiments, #DMiB2) finger (5 HyVEs in total), allowing thereby a corafg
the task could have been too difficult for the pdex (short) characterization of the state of a dexterous pedstthand.
training to improve the performance significanffje training Finally, one modality could be used for finger piosi/force
had an effect only in the case of HyVE4 configunatand SD and the other to indicate the occurrence of a €hpcourse,
experiment. This could be due to a higher initifficulty of the performance of HyVE in these interesting anigviant
the participants to identify a single active chdmm only by  practical applications has yet to be tested expantaily.

using spatial but also stimulation modality infotioa. An A multi-channel and multi-modal interface with a am
important future step could be to assess throughgitudinal form factor such as the HyVE could be useful fornga
study how the performance depends on the amoumndiofng portable systems providing haptic feedback. In gapeuch a
the subjects receive system could be employed in all applications inchithere is

SD and PD experiments have been used in this studythe need to provide sensor data to the subjecgusimulti-
evaluate the ability of the human subject to rezaiiscrete Cchannel tactile display. Possible candidates anehiétation
information (i.e., single or multiple finger contpdelivered in  systems, navigation guidance for blind people, @igmme
the form of a multi-channel spatial tactile patterfihe controllers, telemanipulation systems, virtual itgal
channels were arranged circumferentially aroundfohearm €nvironments etc. In particular, our device prosidgso an
and assigned to the fingers so that the channalsthe excellent platform to investigate and implement remlutions
respective fingers were more or less spatially comgt. We Within  the field of cognitive infocommunications
assumed that this configuration will be used inftitare with  (CoglnfoCom). This field centers on the analysisegfsting
the real prosthesis since the correspondence betwee and synthesis of new forms of communication between
channels and the fingers is in this case very tiwii(e.g.,, humans and electronic devices, especially wherattitcial
compared to a multi-channel array in which the cedm Systems also have some cognitive abilities (inme &nter-
would be placed medially and along the forearm)[31] cognitive communication) [36], [37]. This in face¢tomes an

In the future tests, we will evaluate the posdipilof increasingly relevant context in the field of refigdtion
transferring to the user continuous informationteepg a €ngineering as the assistive and prosthetic systezssme
dynamically changing state of the prosthetic hafids can be more and more intelligent and capable of autonomous
a signal corresponding to the current aperture rasging Processing and decision making [38], [22]. The relannel
force. In our previous work [27], we have demortstishow a HYVE can be used to map any sensor data of intérestact,
single HYVE can be used to convey information tgtou forces, angles etc.) to multiple tactile sensonarttels,
intensity modulation. Therefore, multiple HyVE witan be allowing thereby the exploration of strategies $ensor and
used to implement a high fidelity but compact moitdality ~representation bridging and sharing (as defined in
interface for spatial and intensity coding. Manyppiags CoginfoCom [36]). As a multi-modal and multi-chahne
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device, the HyVE could be useful to devise and camap [20] I. Saunders and S. Vijayakumar, “The role of feexverd and feedback
information coding schemes and evaluate the abditya
human subject to integrate the information trantgdithrough
different tactile sensory channels and stimulatioodalities.
All in all, there are many promising hybrid comltioas yet
to be explored and the initial findings in this papcould
stimulate the further research into different field
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