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Abstract Common haptic devices are designed to effec-
tively provide kinaesthetic and/or cutaneous discriminative
inputs to the users by modulating some physical parameters.
However, in addition to this behavior, haptic stimuli were
proven to convey also affective inputs to the brain. Neverthe-
less, such affective properties of touch are often disregarded
in the design (and consequent validation) of haptic displays.
In this paper we present some preliminary experimental evi-
dences about how emotional feelings, intrinsically present
while interacting with tactile displays, can be assessed. We
propose a methodology based on a bidimensional model of
elicited emotions evaluated bymeans of simple psychometric
tests and statistical inference. Specifically, affective dimen-
sions are expressed in terms of arousal and valence, which
are quantified through two simple one-question psychomet-
ric tests, whereas statistical inference is based on rank-based
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non-parametric tests. In this work we consider two types of
haptic systems: (i) a softness display, FYD-2, which was
designed to convey purely discriminative softness haptic
stimuli and (ii) a system designed to convey affective caress-
like stimuli (by regulating the velocity and the strength of the
“caress”) on the user forearm. Gender differences were also
considered. In both devices, the affective component clearly
depends on the stimuli and it is gender-related. Finally, we
discuss how such outcomesmight be profitably used to guide
the design and the usage of haptic devices, in order to take
into account also the emotional component, thus improving
system performance.

Keywords Tactile displays · Affective haptics · Human
experiments

1 Introduction

It is well-known that touch is the most developed sen-
sory modality at birth and underpins cognitive develop-
ments throughout infancy and childhood [1]. Historically,
researchers have viewed this sense as generally subserv-
ing a primarily discriminative role [2]. However, it is
widely accepted that the multimodal properties of the human
somatosensory system provide not only well-recognized dis-
criminative inputs to the brain, but also an affective one [3].
Indeed, previous findings provide physiological and behav-
ioral evidence that sensitivity to pleasant touch emerges early
in development and, therefore, plays an important role in
regulating human social interactions [4]. With regard to the
communication of emotion, two general claims have been
offered regarding touch. First, touch is thought to commu-
nicate the hedonic tone of emotion [5]. Second, touch is
thought to be an intensifier of emotion-related communica-
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tion. Humans have a rapid first touch system, with obvious
advantages for discriminative and sensory motor functions,
and a slow second touch system, which represents the affec-
tive touch [3,6–8].

Pleasantness perception seems to be strongly influenced
by various haptic properties such as average level of surface
roughness, average friction force occurring during fingertip
stimulation, softness and smoothness, etc. [9,10]. Of note,
these dependencies are affected by age, gender, body sites,
velocities and forces of stimulus application [10,11]. At
the same time, such a type of investigation has driven the
development of haptic devices that are able to stimulate and
influence user’s emotional state, e.g. in [8,12–15]. In [8],
authors presented a small, animal-like robot (the “Haptic
Creature”), whichwas able to haptically perceive the external
environment and to express its state through actions such as
purring patterns and breathing rate. The effectiveness of the
robot in communicating information on its emotional state
was demonstrated in [14]. In [15], the authors provided a
touch dictionary of gestures chosen by participants to con-
vey emotions to a haptic system. In [16], a kinaesthetic haptic
device was used by subjects to emotionally categorize visual
stimuli, showing a role of the haptic system in modifying
the user’s emotional state. In [17] the authors presented the
results of a pilot study that sought to assess the feasibil-
ity and effect of using a robotic companion animal called
CuDDler on engagement and emotional states of five older
adults with dementia living in nursing home care. Consider-
ing robot touch and tactile interaction between humans and
robots, in [18] the authors demonstrated that both touches
from the robot to the participants and touches from the par-
ticipants to the robot facilitated their efforts. In [19] the
authors implemented an algorithm to classify six emotions
and six social messages transmitted by humans when touch-
ing a full-sized mannequin arm covered with touch-sensitive
artificial skin. These experimental outcomes pioneered the
description of particular affective touch systems, with final
goal of devising guidelines for future design of social robots,
human-robot interaction and communication, and emotional
haptic devices. However, a standard, widely accepted pro-
cedure to characterize any haptic display per se under an
emotional light still lacks, especially for haptic devices that
are specifically developed to elicit discriminative haptic sen-
sations exclusively. In other words, although physiology tells
us that an affective component is always present in the sense
of touch, such a component has rarely been taken into account
for the device design, development and characterization. Of
note, such a hedonic component might play a crucial role
in influencing system performance in stimuli conveying.
Therefore, in this study, our hypothesis is that an affective
counterpart always exists in stimuli delivered through haptic
devices, although designed to convey discriminative infor-
mation exclusively (e.g. softness). In this work, we propose a

characterization procedure of haptic-driven emotional states
in humans as a function of the device physical parameters.
To this aim, we describe how to adapt complex theories of
emotions through three basic concepts: a two-dimensional
model of emotions, two simple psychometric tests, and sta-
tistical inference. Specifically,we choose to express emotions
through a simplified version of the so-called Circumplex
Model of Affect (CMA) [20]. With this model, emotions can
be represented as a simple combination of two dimensions
conceptualized by the terms of valence and arousal. Valence
is related to the pleasure/displeasure of the stimulus, whereas
the arousal is related to the perceived strength of the stim-
ulus. Of note, these dimensions can be quantified through a
simple one-question psychometric test (see details below).

Here, we first extend the analysis described in [13], where
an affective device able to administer “caress-like” (thus
emotional) stimuli was considered, by including a larger
number of users and taking into account gender differences.
Then, we push forward this analysis by studying a tactile
display [21,22] which conveys softness stimuli by modulat-
ing the stretching state of a fabric. Importantly, while the
first display [13] was specifically developed to elicit emo-
tions through caress-like stimuli, the second display [21] was
developed to provide discriminative sensations exclusively.
In this study,we asked participants to assess six combinations
of force and velocity stimuli associated to “strength of the
caress” and “velocity of the caress”, respectively, for the first
display, and three stretching states of the fabric for the second
display (i.e. stiffness levels) in terms of arousal and valence.
Gender differences are also taken into account. Results show
that, despite the kind of haptic sensation the systems elicit
(discriminative or affective), both devices convey stimuli that
are able to provide affective inputs to the users, well defined
in terms of arousal and valence scores. In the last section of
this paper, we discuss our experimental outcomes aiming to
open novel endeavors for the future design of haptic systems
in human-robot interaction.

1.1 The Circumplex Model of Affect (CMA)

In the literature, several theoretical models of emotions have
been proposed [23]. Bringing concept from quantitative psy-
chometrics, a commonly used mathematical/computational
model of emotion is Russel’s Circumplex Model of affect
[24]. This model suggests a two affective dimensions, refer-
ring to the concepts of arousal and valence (Fig. 1). The
valence dimension refers to the pleasantness of the stimulus,
whereas the arousal dimension quantifies the correspond-
ing physiological activation and expresses the intensity of
the emotion. With this model, each emotion is described
by a linear combination of arousal and valence levels (see
Fig. 1). In order to quantify these affective dimensions, a
graphic system, known as Self-Assessment Manikin (SAM)
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Fig. 1 The circumplex model of affect (CMA)

[25] was proposed. SAM goes from a smiling and happy
figure to a sad one for indicating the valence of the emo-
tion, while for the arousal dimension the SAM figures are
excited for the major activation or relaxed for the opposite.
Subjects are asked to choose between five levels of arousal
(from not at all intense to very intense, from 0 to 4, with 0 as
neutral level) and between five levels of valence (from very
unpleasant to very pleasant, from −2 to 2, with 0 as neutral
level). Of note, CMA modeling and SAM assessment has
been widely used to understand physiological correlates of
emotions and mental disorders [26–28]. Among the exam-
ples or applications of CMA in human-machine interaction,
let us mention e.g. [29], where the authors presented a com-
putational approach to generate and recognize affective hand
movements, or [30], where the valence-arousal circumplex
model description was used to investigate the capability of a
non-humanoid robot to express artificial emotions in a mean-
ingful manner to humans.

2 Tactile Displays

In this work, we consider two types of haptic devices: the first
one is a softness display designed for discriminative touch
[21]; the second one is a haptic system that reproduces a
caress-like stimulus on the user forearm, which was thought
and characterized in terms of affective haptics [13].

2.1 Discriminative Touch: Fabric Yielding Display
(FYD-2)

The softness display, hereinafter referred to as FYD-2, is a
fabric-based softness display that can reproduce object com-
pliance controlling the stretching state of the fabric. More
specifically, we connected the extremities of the elastic fab-
ric to two rollers. Each roller can bemoved in an independent
fashion through a pulley placed on amotor shaft. The rotation

Fig. 2 A subject fingertip interacting with the FYD–2

of the motors produces a stretching or shrinking of the fabric,
and thus increasing or decreasing its stiffness: when the two
motors rotate in the same direction, they stretch the fabric,
thus increasing its stiffness according to the motor angular
position θ . A view of the system is shown in Fig. 2.

The system is also able to on-line measure the contact
area between the finger pad and the fabric, by exploiting a
web-camera, which was placed just beneath the fabric, and a
binarization algorithm, and the normal force exerted by the
finger interactingwith the fabric, through a load cell placed at
the base of the device. In this manner, FYD-2 was proven to
be able to reproduce arbitrary force-area curves of different
specimens, according to the contact area spread rate (CASR)
[31] paradigm, which states that a large part of cutaneous
information used for softness discrimination is retained in
the relationship between the indenting force and the contact
area spread over the user finger pad.

FYD-2 was also characterized through experiments with
humans andpsychophysicalmethods, showing agoodperfor-
mance in eliciting a correct softness discrimination in users.
For further information the reader is invited to refer to [21]
and [32,33].

2.2 Affective Touch: A Device for “Caress-like” Haptic
Stimuli

The affective touch display [13] exploits the elasticity of a
fabric to reproduce the haptic stimuli that are commonly con-
veyed through the human caress. More specifically, the user
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Fig. 3 The affective haptic system

places the forearm on the forearm support under the fab-
ric layer, whose extremities are connected to two motors
through two rollers. By controlling motor positions and rota-
tion velocity, it is possible to change force and the velocity of
the distributed haptic stimulation on the user’s arm. A load
cell allows to measure the normal force that the fabric exerts
on the user’s forearm. After a Calibration Phase, where the
offset due to the forearmweight is removed, the exerted force
(i.e. the strength of the caress) can be varied by acting on the
two motor positions, which determine how much the fabric
is wrapped around the forearm and hence the force exerted
on it (maximum force 20 N). When the target force level is
reached (both motors are in the reference positions), we feed
the motors using a sinusoidal trajectory as input and exploit-
ing a built-in-position controller. Setting the frequency of the
input we can control the velocity of motor rotation, i.e. the
velocity of the caress, while the amplitude of the sinusoidal
input determines the amplitude of motor rotation (maximum
angular displacement of the motors is ±90◦ from the refer-
ence position). The duration of the entire control cycle is 1
ms.

An overview of the system is shown in Fig. 3. For further
technical details on the device, the reader is invited to refer
to [13].

3 Experimental Setup

Two experimental studies were carried out, one for each
device. In Study 1, we considered FYD-2, while in Study
2 the Haptic Device for Caress-like stimuli. Each study was
performed by a different group of participants. In Study 1,
thirty-two right-handed participants aged 26± 3 (16M) gave
their informed consent to take part in the study. In Study 2,
thirty-two right-handed participants aged 27± 2 (16M) gave
their informed consent to take part in the study. No partici-
pant of Study 1 and Study 2 reported any physical limitation,
experience of chronic disease or personality/mental disorder

that would have affected the experimental outcomes. These
studies were approved by the Ethical Committee of the Uni-
versity of Pisa. Participants were informed about the protocol
and about the purpose of the study, but theywere not informed
about the device physical parameter levels they would have
underwent through.

3.1 Study 1: FYD-2 Tactile Softness Display

In this experiments, we asked participants, who were com-
fortably seated, to discriminate the softness of FYD-2 sur-
face, using the index finger of their dominant hand as a probe.
We considered three different positions (θ ) of the motor cor-
responding to three different stiffness characteristics ( i.e.
θ = 10◦, corresponding to 0.27 N/mm, hereinafter referred
to as LS; θ = 50◦, corresponding to 0.63 N/mm, hereinafter
referred to asMS; θ = 80◦, corresponding to 0.9 N/mm, here-
inafter referred to as HS). The inter-stimuli interval was 1 s
while stimulus exploration lasted 10 s. After each stimulus,
participants were asked to assess the stimulus in terms of
arousal and valence scores. The presentation of the stimuli
were randomized among subjects.

3.2 Study 2: Haptic Device for “Caress-like” Stimuli

For all trials, participants were comfortably seated and wore
earplugs. They were instructed to keep their right forearm
horizontal and placed it on the forearm support, with hand
palm down. The load cell was auto calibrated with respect to
the forearm weight prior of each experimental trial. We used
6 different combinations of stimuli among 2 levels of force
and 3 levels of velocity. The forces exerted by the fabric was
one light of 2 N and one strong of 6 N (hereinafter referred
to as LF and HF, respectively), the velocities of the caresses
were 9.4, 37 and 65 (hereinafter referred to as, LV, MV and
HV, respectively), which correspond to three sinusoidal input
trajectories, at the frequencies of 0.1, 0.4, and 0.7 Hz, respec-
tively. Between two stimuli the motors were stopped and the
force was set to 0 N (fabric lightly contacts the forearm).
To increase force, the motors wrap the fabric more closely
around the forearm. In this case, the objective is to simulate
a human caress performed with a non-negligible force, when
the hand wraps the forearm and friction increases. This pro-
vokes skin torsion—no more pure sliding as for the light
force condition. We selected the range of force in a pre-
liminary informal piloting to avoid painful stimuli. At the
beginning of the experimental protocol, a two-minutes rest-
ing state sessionwas recorded. Then, all the six combinations
of velocities and forceswere administered to the participants,
with a pre-stimulus and a post-stimulus interval of 35 s each.
After each post-stimulus, the subjects were asked to assess
the stimulus in terms of arousal and valence scores, within
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a time window of 20 s. The presentation of the six kinds of
caress-like stimuli were randomized among subjects.

4 Experimental Results

Experimental results are derived from the statistical analy-
sis performed on the valence and arousal scores gathered
from the healthy volunteers enrolled for the studies. In
particular, non-parametric tests were employed since data
resulted non-normally distributed (p values gathered from
Kolmogorov-Smirnov test with null hypothesis of normality
resulted < 0.05). Statistical analysis for FYD-2 in Study
1 deals with values of arousal and valence related to the
three different levels of θ . Accordingly, in this case we tested
the null hypothesis of having an equal median between the
three levels of θ through the Kruskal-Wallis non-parametric
test. Results show significant differences between the par-
ticipants’ scores on both arousal and valence dimensions.
Figure 4 shows that the higher is θ (i.e. the stiffer is the fab-
ric), the higher is the arousal score given by subjects. Of note,
an opposite trend was found on the valence dimension (i.e.,
higher θ values are associated to more unpleasant stimuli).
A post-hoc test using Bonferroni correction was also carried
out in order to investigate pairwise differences. Concerning
the arousal and considering all the participants, comparison
of low vs. high stiffness (i.e., LS vs. HS) and medium vs.
high stiffness (i.e., MS vs. HS) resulted in statistically dif-
ferent scores with a p value < 0.001. This trend was found
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Fig. 4 FYD-2 stimuli. Boxplots of arousal (top first row, A) and
valence (bottom second row, V) scores. Scores are averaged among
θ values (LS, MS, HS) on the whole group (32 subjects, left panel), on
themen group (16 subjects, central panel), and on the women group (16
subjects, right panel). p values: *0.01; ***0.005; ****0.001. p values
after Kruskal–Wallis test are also reported for each group (significant p
values in red). (Color figure online)

in women while only the difference between MS and HS is
significant (p < 0.01) in men. For the valence, statistical
post-hoc analysis carried on all the subjects showed signif-
icant differences in scores between HS and the other levels
MS, LS (p < 0.01). However, splitting the dataset in male
and female subject groups, these pairwise differences vanish
after the Bonferroni correction.

InStudy2,we analyzed arousal andvalence scores to iden-
tify significant statistical differences between the two levels
of force (LF and HF) and the three velocity levels (LV, MV,
HV) of the caress-like stimuli. Accordingly, we tested the
null hypothesis of having an equal median between the two
levels of force through the Mann–Whitney non-parametric
test, whereas for the three levels of velocity we used the
Kruskal–Wallis non-parametric test. Concerning the force of
the caress, we found that the lowest level of 2N corresponded
to the lowest arousal but the highest (pleasant) valence per-
ception, but they were not confirmed looking at differences
in gender, see Fig. 5). Concerning the velocity of the caress,
higher velocities were associated to higher arousal and lower
(unpleasant) valence scores (Fig. 6).

A post-hoc analysis with Bonferroni adjustment was car-
ried out for the velocities. Results on the arousal scores
gathered from the whole group revealed a significant dif-
ference between the velocity levels LV and HV exclusively,
with p < 0.01. Of note, the analysis on data from female par-
ticipants showed similar results (with p < 0.01), whereas no
significant differences were found in the male group. On the
valence dimension, both the comparisons between LV versus
MV and HV velocities were significantly different, with a p-
value < 10−5. Looking at the gender differences, the same
significant differences were found for both male and female
subject groups but with higher p-values for the female group
(p < 0.01).

Of note, we also evaluated the interaction effects between
velocity and force on both arousal and valence dimensions,
but they resulted not statistically significant (p > 0.05).

5 Discussions

Results from Study 1 showed that there is a congruent trend
in the arousal scores with the stiffness levels, i.e. the higher
the stiffness, the higher the arousal, and an opposite trend for
the valence, i.e. the higher the stiffness the lower the valence
score. This means that a stiffer stimulus can be associated to
a more intense and unpleasant emotional feeling, which is in
line with what is reported in the literature, see e.g. [10]. Gen-
der differences were observed in arousal scores. Looking at
the post-analysis results, it is worthwhile noting that for both
male and female participants, the arousal scores associated to
the high stiffness level (HS) w.r.t, the medium (MS) stiffness
level is statistically significant. This means that HS can be
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Fig. 5 Caress-like haptic system. Boxplots of arousal (top first row,A)
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Fig. 6 Caress-like haptic system. Boxplots of arousal (top first row,A)
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velocity levels (LV, MV, HV) on the whole group (32 subjects, left
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values after Kruskal–Wallis test are also reported for each group (sig-
nificant p-values in red). (Color figure online)

discriminated by participants in terms of emotional intensity
w.r.t (no further gender difference was observed). Of note,
LS was perceived significantly different from HS by women
only.

Significant differences observed for the whole group for
the arousal scores can also be noticed under the valence point
of view. Therefore, these levels can elicit significant differ-

ent pleasantness emotional feelings in users, even if gender
differences are present. The fact that gender differences are
present at the valence level can be found also in the literature
[10]. From Study 1 the following conclusions can be drawn:

1 During the interaction with the tactile display the emo-
tional feeling strictly depends on the stiffness workspace.
This perceptual cue can help to guide the design of the
system, e.g. to avoid that most unpleasant stimuli are
provided for long periods. This fact can play a rele-
vant role in applications with wearable systems, e.g. to
increase acceptability. In other terms, it would be impor-
tant to individuate the suitable emotional workspace of
the devices related to the particular task. For exam-
ple, to convey alarm signals through tactile stimulation,
unpleasant high-intensity emotional level stimuli might
be recommended. At the same, it would be interesting
to characterize the systems in terms of emotional Just
Noticeable Difference (JND), i.e. the minimum amount
of stimulus capable of eliciting an emotional feeling in
users;

2 Gender differences in the target users should be taken into
account in the design of haptic systems, i.e. the emotional
JND might be gender-related.

Similar conclusions can be also drawn from Study 2, even
if in this case the device was specifically thought to elicit
affective stimulation. In addition to tactile perception, stimuli
in this case are also intended to convey an emotional content:
looking at gender differences, if we consider the strength of
the caress, we found differences only in arousal scores for
men and only in valence scores for women, respectively. In
other terms,male participants felt amore emotionally intense
stimulus as the strength of the caress increased, while female
participants felt stronger caresses as more unpleasant, which
is coherent with [34].

Concerning the velocity of the caress we found that the
slower the caress the more pleasant is the stimulus for both
men and women, which is coherent with [35], while for
women the faster the caress the more emotional intense
is the stimulus. Furthermore, the decrease of the scores of
valence with the increasing force is coherent with the find-
ings observed in several previous studies, such as in [36],
where a linear relationship was found between the velocity
and the intensity of the caress that can be explained by the
activity of myelinated fast conducting fibers (A beta).

Post-hoc analysis results show that the difference between
LV and HV arousal scores was noticed in females but not in
males.On the valence dimension, differences bw.LVandMV
and LV and HV for all the groups. Results suggest a possible
different emotional JND for men and women in terms of
intensity that further sustain the role of participant gender in
the elicited emotions, which should be taken into account.
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The gender differences we observed in arousal scores
for both studies confirm previous evidences in the literature
reporting different responses by the two sexes to arousing
stimulation. Taylor et al. suggested a physiological response
linked to a pattern of “tend-and-befriend” in females, while a
“fight-or-flight” pattern related to sympathetic arousal occurs
in the males [37]. Such gender differences could be related
to different neural correlates reported in previous works
[38,39]. Neuroimaging studies, in fact, demonstrated sex-
related differences in autonomic cardiac control through
activity of brain regions such as amygdala, the anterior
insula, the anterior cingulate cortex and the orbitofrontal
cortex. Importantly, neural activity of these brain regions
significantly affect measures, defined in time and frequency
domains, extracted from HRV series [40,41]. Moreover,
while a positive correlation between the regional cerebral
blood flow in amygdala and parasympathetic indices from
HRV series was found in females, a negative correlation was
found in males [41].

6 Conclusions and Future Works

In this paper, we have presented a general framework to eval-
uate the emotional counterpart of haptic stimuli conveyed
by haptic systems. Such a procedure is based on CMA and
exploits simple statistical tools. We have applied such a tech-
nique to two haptic systems, one properly designed to enable
discriminative haptic stimuli recognition (in terms of soft-
ness), the second one to convey caress-like affective stimuli.
Results show that, despite the type of haptic stimuli to be
conveyed, both devices elicit emotional response correlated
to stimulus parameters.

The importance to correctly assess the emotional response
in devices thought for human-robot interaction is important
and can have a strong impact in this field. For example, for
long duration interaction (e.g. assistive devices for prosthesis
users or visually impaired people), the rendering of stimuli
that are perceived with a good level of valence could be cho-
sen as a successful strategy to enhance user acceptability. At
the same time, devices that are able to render high arousal
stimuli could be successfully employed to convey non-verbal
alarm signals. All these aspects will be investigated in future
works: the goal of this paper is to lay the foundations of
a novel paradigm to assess – and consequently exploit – the
affective component in haptic interaction betweenhuman and
artificial side.

Considering haptic systems suitably designed to convey
affective stimuli, the correct classification of the emotional
response they are able to elicit could represent a crucial step,
e.g. to tailor specific neuro-rehabilitation therapies (based on
haptic stimulation) or to perform effective stimulation in nat-
uralistic environment. Finally, what is important to notice is

that gender differences play an important role on the emo-
tional response associated to haptic stimuli: the procedure
described in this paper could be hence useful in devising
guidelines to drive the design of gender-specific haptic sys-
tems, to increase the effectiveness in stimulus rendering as
well as acceptance. This point will be investigated as future
work.

In conclusion, the here reported results can pave the path
towards a novel paradigmof human robot interaction in social
robotics. By definition, social robots should be able to inter-
act with people in a natural and interpersonal manner often to
achieve social-emotional goals [42]. To fully accomplish this
objective, social robots need to communicate naturally with
people using both verbal and nonverbal signals, engaging
human users also on an emotional level. Providing simple
techniques to characterize the emotional aspects related to
(non) verbal communication, as touch-mediated stimulation
actually is, can open novel insights for a successful co-
operationbetweenhumans and robots. Indeed, understanding
the emotional counterpart of such a kind of communication
can offer useful guidelines and decisional criteria to design
and choose the most effective stimulation able to elicit suit-
able emotions in users, taking into account emotion intensity,
pleasantness and, ultimately, user’s acceptability. In thisman-
ner, we can do a significant step further towards a novel
generation of robots that can successfully play a beneficial
role in the daily lives of people, in a wide range of appli-
cation fields, including but not limiting to assistive robotics,
collaboration and entertainment, among the others.
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