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ABSTRACT

In this work we present a novel wearable haptic system based on an
elastic fabric which can be moved forward and backward over the
user forearm thus simulating a human caress. The system allows to
control both the velocity of the “caress-like” movement, by regulat-
ing motor velocity, and the “strength of the caress”, by regulating
motor positions and hence the force exerted by the fabric on the
user forearm. Along with a description of the mechanical design
and control of the system, we also report the preliminary results
of psycho-physiological assessment tests performed by six healthy
participants. Such an assessment is intended as a preliminary char-
acterization of the device capability of eliciting tactually emotional
states in humans using different combinations of velocity and caress
strength. The emotional state is expressed in terms of arousal and
valence. Moreover, the activation of the autonomic nervous system
is also evaluated through the analysis of the electrodermal response
(EDR). The main results reveal a statistically significant correlation
between the perceived arousal level and the“strength of the caress”
and between the perceived valence level and the “velocity of the
caress”. Moreover, we found that phasic EDR is able to discern
between pleasant and unpleasant stimuli. These preliminary results
are very encouraging and confirm the effectiveness of this device in
conveying emotional-like haptic stimuli in a controllable and wear-
able fashion.

Index Terms: H.5.2 [Information Interfaces and Presentation
(e.g., HCD)]: User Interfaces—Haptic 1/O; H.1.2 [Information Sys-
tems]: User/Machine Systems—Human Factors; 1.5.4 [Pattern
Recognition]: Applications—Signal Processing; J.4 [Social and
Behavioral Sciences]: Psychology—.

1 INTRODUCTION

In the recent years the investigation on the role of haptic cues in
evoking human emotions has gained an increasing attention, since
touch represents one of the most ancestral human senses [1], highly
emotionally charged [13]. Affective reactions and emotional re-
sponse elicited by haptic stimuli and interactions were investigated
e.g. in [15, 23, 21, 12, 24]. Considering synthetic and artificial tac-
tile stimuli, devices and haptic systems that can elicit, enhance, or
influence the user emotional state were also developed and studied
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Figure 1: An overview of the haptic system worn by one of the par-
ticipants during the experimental tests.

e.g. in [25, 14]. In [31], the authors presented the “Haptic Crea-
ture Project”, whose goal was to understand affect display through
touch, during human-robot social interaction. To achieve such ob-
jective, they developed the “Haptic Creature”, a robot that mimics
a small pet that interacts through touch. The effectiveness of this
robot in communicating its state of arousal was demonstrated in
[30] but less so for valence.

In this paper we present a novel wearable haptic system (see fig.
1), which is based on an elastic fabric connected to two motors
and which can move over the user forearm to simulate a human
caress. Notice that tactile displays that used an elastic fabric to
convey stimuli to the user were presented in [5, 6, 22]. However,
these displays significantly differ from the here proposed device
under several aspects. First, they were not wearable. Second, they
were used for softness rendering and were thought to be able to in-
teract with the human fingertip, which “actively” pressed against
their fabric surface. The fabric stretching state was then modulated
to convey softness cues, according to the contact area information
[7] that was optically measured. On the contrary the device we de-
scribe in this paper was thought to be worn by the user, in order to
convey to her/his forearm force and velocity information for sim-
ulating a human caress. The system can regulate the velocity of
the “caress-like” movement, by controlling motor velocity, and the
“strength of the caress”, by controlling motor positions and hence
the force exerted on the user forearm (which depends on how much
the fabric is wrapped around the forearm). After the description of
the system, we report the results of a preliminary affective charac-
terization with healthy participants. We asked participants to report
their emotional response to the stimuli conveyed by the device. For
this reason, we adopted a common dimensional model, which uses
multiple dimensions to categorize emotions, the Circumplex Model
of Affect (CMA) [18, 28, 27, 26]. The CMA allows to take into ac-
count two main dimensions conceptualized by the terms of valence
and arousal (see fig. 2). According to [18], all affective states arise
from two fundamental neurophysiological systems, one related to
valence (pleasure/displeasure) and the other to arousal, or alertness;
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Figure 2: The Circumplex Model of Affect (CMA), with the two affec-
tive dimensions of arousal and valence.

or in other terms, as it was reported in [32], “...one dimension, va-
lence, is described by the continuum from unpleasant to pleasant,
while the other dimension, arousal, ranges from deactivated to ac-
tivated”. Moreover, the connection between the two dimensions
(arousal and valence) and the autonomic nervous system response
was showed in many studies such as [19].

Each combination of force and velocity values (i.e. “strength of
the caress” and “velocity of the caress”, respectively) was assessed
by participants in terms of arousal and valence, considering five
levels (including the neutral one).

At the same time, in order to verify if the tactile stimuli can also
evoke a change in the patterns of the Autonomic Nervous System
(ANS), we recorded the ElectroDermal Response (EDR) dynam-
ics of the participants. The rationale behind this choice was jus-
tified by the fact that EDR is directly related to the Sympathetic
Nervous System (SNS) [8], whose dynamics is strongly affected
by emotional changes (see e.g. [11, 16, 28, 27, 26, 29] for de-
tailed reviews and further information). Moreover, EDR results to
be also strongly related to mechanoreceptive myelinated fibers lo-
cated under the skin and sympathetic changes are consistent with
mechanoreceptor outcomes. More specifically, the sensitivity of
cutaneous mechanoreceptors is mediated by a direct action of effer-
ent neurotransmitters on the receptor membrane [10].

The main results from this preliminary study show a statistically
significant correlation between the perceived arousal level and the
“strength of the caress” and between the perceived valence level
and the “velocity of the caress”. Furthermore, EDR analysis also
indicates that the mechanical skin stimulation produced by the here
presented device is able to elicit ANS changes.

2 DESCRIPTION OF TACTILE DISPLAY

The device we developed uses a layer of elastic fabric to convey
haptic stimuli. We selected the elastic Superbiflex by Mectex S.P.A
for its high resistance to traction and the good elastic behavior ex-
hibited in a large range of elasticity [5].

More specifically, the extremities of a rectangular-shaped fab-
ric (60 mm x 160 mm) were connected by means of screws to two
rolls, each of them was independently moved by one motor (HITEC
digital DC servomotor HS-7954 H with an input voltage of 7.4 V).
The choice of this kind of motors was motivated by the fact that they
provide a good trade-off between velocity and torque. Furthermore,
we suitably modified the motors to allow a continuous rotation of
the motor shafts, which we directly connected to the rolls (see fig. 3
for further details). The motor positions and rotation velocity were
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Figure 3: The system: exploded draw without the cover. The total
dimensions of the system can be inscribed in a parallelepiped of di-
mensions 150 x 150 x 80 mm.

controlled by a customized electronic board (PSoC-based electronic
board with RS-485 communication protocol), which can read mo-
tor positions by using two absolute magnetic encoders (12 bit mag-
netic encoder by Austrian Microsystems AS5045 with a resolution
of 0.0875°).

Finally, we endowed the system with a load cell (Micro Load
Cell [0-5 kg] with a resolution of 5g by Phidgets) placed at the
basis of the forearm support to record the normal force exerted by
the fabric on the forearm. We realized the device using ABS plastic
material and then encapsulated the system within a plastic cover to
protect motors.

An exploded draw of the system is shown in fig. 3.

2.1 How the Tactile Display Works

The system was designed to be wearable, as it can be applied to the
user forearm without discomfort (see also fig. 1). The user must
place her/his forearm on the forearm support (half hollow cylin-
der, radius 45 mm and length 60 mm, see fig. 3), under the fabric.
When the device is active, we can distinguish two different operat-
ing phases (see fig. 4):

Calibration Phase: in this phase we calibrate the force exerted
by the fabric on the user forearm. There are two modalities of con-
trol: when motor 1 rotates in a counter-clockwise direction and
motor 2 rotates in a clockwise direction, the fabric is increasingly
wrapped around the forearm thus pressing it with an increasing
force (as it is reported in fig. 4), which can be recorded by the
load cell. Conversely, when motor 1 rotates in a clockwise direc-
tion and motor 2 in a counter-clockwise direction the force exerted
by the fabric on the forearm decreases. In this manner it is possible
to modulate the “strength of the caress” by suitably controlling the
positions of the motors. The maximum level of force that can be
applied is 20 N.

Movement Phase: when we achieve the desired level of force
exerted by the fabric and both motors are in the reference position,
they start to coherently rotate and the fabric moves forward and
backward over the user forearm, simulating a caress. The velocity
of the caress can be modulated by regulating the velocity of the
motors. More specifically, since the electronic board is endowed
with a built-in motor position controller, we can feed the motors
with a sinusoidal input reference trajectory, whose frequency and
amplitude can be set to control the velocity and the amplitude of
motor rotation, respectively. The maximum angular displacement
of the motors from the reference positions is set to £90°. An entire
control cycle lasts 1 ms and the fastest sinusoidal input (frequency
of 5 Hz) can be followed with a phase delay less than 2 ms.
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Figure 4: Front view: how the system interacts with the user fore-
arm. The Movement Phase is displayed in green while the Calibra-
tion Phase is displayed in blue. In this case the level of force must
increase. The radius of each roll is 15 mm.

3 PRELIMINARY USER STUDY

In order to test and categorize the emotional response elicited by
the stimuli conveyed by the system, we carried out several psycho-
physiological experiments with a set of haptic stimuli, by varying
the force exerted by the fabric and its velocity over the forearm
of the participants. The goal was to simulate different levels of
“strength of the caress” and different levels of “velocity of the ca-
ress” and investigate their emotional impact on participants, using
both self-assessment procedures and EDR recordings.

3.1 Material and Methods

We used 15 combinations among 5 levels of force exerted by
the fabric (ON, 2N, 4N, 6N, 8N), to simulate different levels of
“strength of the caress”, and 3 levels of velocity (9.4 mm/s, 37
mm/s, 65 mm/s), to simulate different “velocities of the caress”.
These velocity levels can be obtained by feeding the motors with
four different sinusoidal input trajectories, whose frequencies are
set to 0.1 Hz, 0.4 Hz, 0.7 Hz, respectively, and can be computed by
knowing the radius of the rolls (15 mm). The velocities we used are
coherent with the ones reported in [12] and they reasonably rep-
resent an exhaustive range of the movements a human hand can
do while is performing a caress. The forces we used are higher
than the ones reported in [12] but they were heuristically chosen to
simulate typical parameters of the human caress. When the force
increases, the fabric is more closely wrapped around the forearm.
This is the case of a caress performed with a non negligible force;
when humans perform such a type of gesture, the hand wraps the
forearm, the friction force increases and there is no more pure slid-
ing (as with light forces) but also skin torsion. This behavior can
be observed both in “real” and “artificial” caress and its investiga-
tion was coherent with the aim of the paper, i.e. trying to reproduce
as exhaustively as possible the behavior of the human caress. The
range of forces was preliminarily selected in an informal piloting
conducted prior to the study in order to not convey painful stimuli
to participants. Notice that when the force was 0 N, the fabric was
only lightly in contact with the forearm.

3.2 Participants and Experimental Setup

Six right-handed participants (4 male (M) and 2 female (F), with
average age of 28.8 +5.9) gave their informed consent to participate
in the study. No participants reported physical limitations and any
experience of mental or personality disorder in their life, that would

affect the experimental outcomes. This study was approved by the
Ethical Committee of the University of Pisa .

Participants were comfortably seated, the right forearm was hor-
izontal and placed on the forearm support, hand palm down. For
all trials, participants wore in-ear headphones in order to prevent
any auditory cues. Prior to the experiment, the load cell was auto
calibrated with respect to the forearm weight.

The experiment consisted of two phases. The first phase, named
resting phase, lasted 5 minutes and aimed at detecting the EDR
baseline. During this phase participants were seated on a com-
fortable chair, keeping their eyes closed. At the end of this phase,
the stimuli were conveyed to participants. During the Calibration
Phase, we controlled motor positions to achieve the desired level of
pressing force on the forearm. Afterwards, in the Movement Phase,
the fabric moved over the forearm with the desired velocity. In
the Movement Phase, the motors were coherently moved once in a
clockwise and once in a counterclockwise manner, without delay
between the two rotations, by imposing an angular displacement
of F90° (rotations are assumed to be positive if they occur in the
counter-clockwise direction). Each stimulus consisted of a combi-
nation of force and velocity. All the combinations were suitably
randomized and repeated three times for each participant, with an
inter-stimulus interval of 15 seconds and stimulus duration of 7 s,
for a total number of trials per participant of 45. The choice of the
duration of the stimulus was justified by the fact that the prefrontal
cortex represents one of the core central pathway of cognitive sensa-
tion: affective elicitation longer than 6 seconds allows the prefrontal
cortex to encode the stimulus information and transmit it to other
areas of the Central Autonomic Network down to the brainstem,
thus producing a context appropriate response [20]. Accordingly,
it is reasonable to hypothesize that EDR changes are representative
of affective haptic stimuli lasting for more than 6 seconds. In order
to limit the impact of the novelty of the device on the experimen-
tal results, prior to the experiment participants were trained briefly
and allowed to experience some selected stimuli. In any case such
aspect will be investigated more in depth as future work.

We asked participants to report their emotional response to the
stimuli conveyed by the device. After each stimulus, participants
were invited to indicate the level of arousal and valence through
the Self Assessment Manikin (SAM) [9]. SAM is a pictorial as-
sessment technique that directly measures the pleasure (valence)
and arousal associated with a person affective reaction to stimuli.
More specifically, w.r.t the valence, participants were invited to in-
dicate the picture of the SAM, whose dimension better described
how much, from unpleasant to pleasant, was the feeling arisen by
the experienced stimulation. For the arousal, participants were in-
vited to indicate the picture of the SAM, whose dimension better
described how much, from deactivated to activated, was the feel-
ing arisen by the experienced stimulation. The choice to use SAM
evaluation scale, which requires only two simple judgments, was in
agreement with [9], where the authors showed a strong correlation
between SAM evaluation scale and the Semantic Differential Scale
[17] with 18 different ratings, both for experienced pleasure and felt
arousal. More specifically, the SAM we used for our experiments
consisted of 10 items, 5 levels of arousal (i.e. from 1 to 5, in an
increasing scale, ranging from neutral to emotionally strong) and
5 levels for the valence (i.e. from -2 to 2, in a scale from highly
unpleasant stimuli to highly pleasant stimuli, neutral level 0).

At the same time, for the whole experimental session, we ac-
quired the EDR signal at the index and middle fingertips of par-
ticipant non-dominant hand. The EDR signal was recorded by us-
ing the BIOPAC MP150 with the EDR biosensor. The sampling
rate was 500 Hz. We increased the Signal-to-Noise ratio by means
of a low-pass filter, which limited the frequency bandwidth in the
range from O to 2 Hz. The entire session lasted 18 minutes for each
participant. Notice that we did not record physiological data to in-
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Figure 5: An exemplary plot showing the phasic and tonic compo-
nents of an acquired EDR signal.

dividuate a second baseline at the end of the study. Indeed, since
we dealt with non-invasive emotional elicitation and recordings, it
is reasonable to hypothesize that there are no longer-term changes
in the EDR dynamics due to caress-like stimuli. However, we will
demand the investigation of such a possible effect as future work.

3.3 Methodology of EDR Acquisition and
Signal Processing

The EDR signal is generated by the eccrine sweat glands activity,
whose control is performed by the central nervous system through
the SudoMotor Nerve Activity (SMNA). Such an activity leads to
changes on the skin impedance, which can be measured through
several approaches. In this work, we adopted a small continuous
voltage applied to the skin to induce the current that was measured
through two standard Ag/AgCl electrodes positioned at the index
and middle fingertips of the non-dominant hand. The ratio between
the voltage drop and the induced current represents the skin electric
impedance, i.e. the EDR.

From a signal processing point of view, the EDR signals, whose
changes depend on the individual physiological state as well as on
the interaction with environmental events, can be characterized by
a slowly-varying component, the so-called fonic component, and
a superposed phasic component, which has a short rise time fol-
lowed by a slower recovery time. The tonic component represents
the baseline level of the skin impedance, whose trend is different
from person to person and depends on both physiological state and
autonomic regulation. The phasic component varies with specific
external stimuli such as lights, sounds, smells, or events and it is
defined as the part of the signal which arises within a predefined re-
sponse window (1 - 5 s after stimulus onset), satisfying a minimum
amplitude criterion (0.05 uS) [4].

In order to effectively split the raw EDR signal into tonic and
phasic components, we used the so-called “deconvolutive” ap-
proach of analysis [3]. For sake of comprehension, an exemplary
plot showing the phasic and tonic EDR acquired during the experi-
mental session is shown in fig. 5.

We extracted several features from both the tonic and phasic
components, within non-overlapped time windows of 6 seconds,
synchronized with the beginning of the haptic stimulus. Each fea-
ture was normalized by subtracting the value it assumed in the rest-
ing condition. More specifically, we calculated the mean value
(MEAN), the maximum value (MAX) and the area under the phasic
and tonic driver curve (AUC). The MAX feature indicates the max-
imum value of the sympathetic activation, whereas the MEAN and
the AUC explain the number and the strength of sympathetic sudo-
motor nerve discharges [2], respectively. Finally, we computed also
the standard deviation (STD) of both driver signals as measures of
data dispersion.

3.4 Statistical analysis

According to other affective studies presented in literature [33, 12],
we report the self-reported scores averaged over participants, as-
suming stimuli as a set of statistically independent samples. Intra-
subject variability effect will be analyzed as future work.

Statistical analyses comprise non-parametric Spearman correla-
tion and Kruskal-Wallis (KW) test. The choice of non-parametric
rank-based statistics was justified by the intrinsically discrete na-
ture of the force and velocity levels of stimuli as well as of the
self-reported arousal and valence scores. Moreover, the feature set
extracted from the EDR signals was tested by means of Lilliefors
test and resulted to be non-gaussian distributed. The significance
level o was set to 0.05.

4 RESULTS AND DISCUSSION

We performed the correlation analysis between the self-reported
arousal and valence scores and “the strength and the velocity of
the caress”. We found a positive correlation between the arousal
scores and the “strength of the caress” (p = 0.68, p < 107 with
the null hypothesis of having no correlation between samples). This
result is encouraging and leads us to suppose that participants per-
ceived an increasing arousing tactile stimulus as the pressing brush-
ing force against the arm grown. At the same time, we found a small
but significant correlation between valence and force (p = —0.16;
p < 0.01). Such a result slightly suggests that the pleasantness of
tactile stimuli is inversely related to the strength. However, this
finding must be further investigated.

We found a negative correlation coefficient (p = —0.32, p <
10~°) between valence scores and the “velocity of the caress”, un-
der the same null hypothesis of having no correlation between sam-
ples. It means that slower velocities of the mimicked caress are
more likely associated to a pleasant stimulus. This result is co-
herent with the trend observed for grating stimuli on the forearm
in [12], for the increase in velocity to reduce tactile pleasantness.
This result provides important cues, to be deeply investigated fur-
ther, on the inverse relationship between the caress velocity and the
pleasantness of the tactile perception. On the contrary, we found
no statistically significant correlation between arousal and velocity
levels (p = 0.0051;p > 0.05).

Concerning the statistical analysis, the KW test reveals no signif-
icant difference in the arousal scores among the 3 levels of veloc-
ity (p > 0.05), whereas significant differences in the arousal scores
were found among the 5 levels of force with p < 106, This means
that at least one level is different from the others. After a post-hoc
analysis with Bonferroni correction, we found no differences be-
tween force levels 1 and 2 and between 2 and 3 but significative
differences arose when comparing all the other force levels each
other (p = 0.019 between level 4 and 5, p = 0.005 between level
1 and 3, p < 107° for all the other pairs). According to this re-
sult, we decided to remove from the statistical analysis the level of
force 2; as expected, in this case all the 4 levels of force (1, 3, 4
and 5) produced statistically different arousing emotions. This out-
come is very promising for further developments of the device and
for the design of future experiments. Likewise, the KW test reveals
no significant difference in the valence scores among the 5 levels
of force (p > 0.05), whereas significant differences in the valence
scores were found among the 3 levels of velocity with p < 1076,
Post-hoc analysis shows a significant difference between velocity
levels 1 vs2and 1 vs. 3 (p < 10~%). Even in this case we can con-
clude that velocities 2 and 3 are affectively perceived with the same
level of pleasantness w.r.t the level 1. Finally, we also evaluated
the interaction effects between velocity and force for both arousal
and valence dimensions. Results reveal no statistical significance
for the interaction term (p > 0.05).

We analyzed the EDR signal in order to find specific features
that were able to assess the self-reported emotions. We applied
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Figure 6: The statistical results of the post-hoc tests on the valence
levels (on the y-axis), for the maximum values of the phasic com-
ponents of EDR signals. The neutral level (Neutral) is not distin-
guishable from the pleasant category (Positive Valence), while the
pleasant category and the neutral one are distinguishable from the
negative category (Negative Valence).

the KW test to the extracted features and we found no significant
differences among the arousal levels. On the contrary, for the va-
lence, putting together the levels -2 and -1 into a generic unpleasant
category and levels 1 and 2 into a pleasant category, and leaving
the level O as neutral, we found that the maximum value (MAX)
of the phasic component, calculated within the 6 seconds lasting
window after the onset of the stimulus, enables to statistically dis-
criminate the two categories of pleasant and unpleasant stimuli with
p< 10~3 (Bonferroni correction). The neutral level is not distin-
guishable from the pleasant category, whereas it is distinguishable
from the unpleasant category; in other terms, the phasic EDR is not
able to finely discern all the valence levels, but rather it has statis-
tical significance with only 3 levels. In fig. 6 we report the plot of
the statistical test output. This result, although encouraging, needs
to be further assessed with more dedicated experiments. Indeed, it
is expected that EDR can be related to both arousal and valence, the
latter being more challenging to be communicated, see e.g. [30]. In
any case, the main finding from the EDR analysis is that the me-
chanical skin stimulation produced by the device seems to be able
to elicit ANS changes. Finally, we would like to underline that
it is a common practice in psycho-physiology to merge some of
the valence and arousal levels in order to simplify further analyses
[11, 26]. Indeed, it may happen that a specific physiological corre-
late, as the phasic EDR feature, is not able to finely discern each of
the levels of valence (arousal) but rather it has statistical power for
grouped levels only. However we will re-run the study on a separate
participant pool with the modified values as future work, in order
to investigate more in depth the experimental outcomes and to draw
stronger conclusions.

5 CONCLUSION AND FUTURE WORK

In this paper we have presented a novel wearable device able to
elicit standardized affective caress-like haptic stimuli. Such a de-
vice was preliminarily characterized in terms of perceived arousal
and valence levels through self assessment reports and EDR record-
ings.

Despite the inter-subject variability, we found significant correla-
tions and statistical differences between the perceived arousal level
and the “strength of the caress” and between the perceived valence
level and the “velocity of the caress”. Furthermore, these prelim-
inary results suggest that the phasic component of the EDR signal
is statistically different during the perceived pleasant and unpleas-
ant stimuli. These results are in line with the theory proposed by

Calof et al. [10] that indicates that the mechanoreceptors are sen-
sitive both to the pressure and sliding of the skin. Moreover it is
worthwhile noticing that mechanoreceptor responses are mediated
by the SMNA activity. Future work will aim to increase the num-
ber of participants with more dedicated experiments as well as to
investigate the intra-subject and inter-trial variability of the elicited
affective stimuli. Sex differences will be also considered [12] and
we will analyze more in depth a wider number of extracted features
of the EDR signal. The results presented in this manuscript, al-
though preliminary, demonstrate the effectiveness of our wearable
device in conveying emotional-like haptic stimuli and they might
open interesting opportunities for the usage of such a haptic sys-
tem.

One possible challenging application might be in clinical reha-
bilitative scenarios, where it is crucial to have wearable devices able
to convey repeatable and controllable haptic stimuli. For exam-
ple our haptic system might be profitably employed with patients
with Disorders Of Consciousness (DOC), where standardized tac-
tile stimuli could evoke a response in the autonomic nervous sys-
tem. For this reason it will be important to further increase the
wearability of the system in terms of portability and usability for
long-term monitoring; to achieve this goal, the EDR signal might
be monitored through a textile-based sensing glove [16].
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