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Abstract
Noninvasive, objective quantitative techniques to gauge emotional states are funda-
mental for clinical psychology as they overcome subjective bias of currently used
questionnaires. To this end, we investigated brain oscillatory EEG activity during
caresslike, affective haptic elicitation conveyed on the forearm at two force (strength
of the caress) and three velocity (velocity of the caress) levels. Thirty-two healthy
subjects (16 female) were asked to assess each haptic stimulus in terms of arousal
(i.e., intensity of emotional perception) and valence (i.e., pleasantness/unpleasantness
of emotional perception) scores, according to the circumplex model of affect.
Changes in brain oscillations were quantified through spectral and functional connec-
tivity analyses. EEG power spectra were estimated through the individual a
frequency peak. Results, expressed in terms of p-value topographic maps, revealed a
suppression of a, b, and g oscillations over the contralateral somatosensory cortex
during unpleasant caresses performed with the lowest force (2 N) and the highest
velocity (65 mm/s). Conversely, pleasant caresses at the highest force were associated
with a significant decrease of EEG oscillatory activity over the midfrontal region, at
frequency bands including a, b, and g. A correlation analysis showed that EEG g
power from the somatosensory area was linked to caressing force. The more unpleas-
ant the affective cutaneous stimuli, the more the brain dynamics decrease in activity
all over the scalp, primarily showing a suppression of a power over the midfrontal
cortex. These results also pave the way for the design of haptic systems eliciting a
given emotional state.
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1 | INTRODUCTION

Affective haptics is the discipline that investigates the ability
of a haptic stimulus to elicit or communicate emotions to the
user, usually conveyed by an artificial system (Bianchi et al.,
2016; Chatel-Goldman, Congedo, Jutten, & Schwartz, 2014;
Tsetserukou, Neviarouskaya, Prendinger, Kawakami, &
Tachi, 2009). The sense of touch is the most developed
sensory modality at birth (Hertenstein, 2002) and plays both
discriminative and affective roles (McGlone, Wessberg, &
Olausson, 2014; Mountcastle, 2005). Specifically, tactile

stimulation was proven to play an important role in regulating
human social interactions (Fairhurst, Loken, & Grossmann,
2014) and communicating different emotions to humans
(Hertenstein, Keltner, App, Bulleit, & Jaskolka, 2006). The
biological origin of the emotional role of touch lies in the
activity of a specific kind of tactile receptors in the skin (i.e.,
the slow-conducting unmyelinated C tactile [CT] fibers;
Rolls, 2010; Zotterman, 1939), whose primary afferents help
convey pleasant or unpleasant sensations (Liljencrantz &
Olausson, 2014). The emotional characteristics of such per-
ceived sensations depend on several parameters such as age,
gender, body sites, and physical parameters of stimulus appli-
cation (Essick et al., 2010; Field, 2010; May, Stewart, Paulus,*Gaetano Valenza and Alberto Greco contributed equally to this study.
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& Tapert, 2014). Previous studies investigated the sensitivity
of CT fibers with respect to changes in velocity and contact
force of haptic stimulation. Exemplary characterizations
revealed that brushlike stimuli with a velocity range of
1–10 cm/s is perceived as more pleasant than slower or
faster stimulations (L€oken, Wessberg, McGlone, & Olausson,
2009). There is an inverse relationship between pleasantness
and force: the most pleasant stimuli being associated with the
lowest force level of stimulus application (Kl€ocker, Oddo,
Camboni, Penta, & Thonnard, 2014). More specifically,
caressing stimuli at 3 cm/s velocity and applied forces as low
as 2 N were shown to produce the maximal pleasantness per-
ception (Triscoli, Olausson, Sailer, Ignell, & Croy, 2013) due
to the optimal activation they induce in CT fibers (L€oken,
Evert, & Wessberg, 2011). In addition, other physical param-
eters, such as texture and roughness, were found to have a
role in the affective perception of the haptic stimulus (Kl€ocker
et al., 2014).

At a central nervous system level, emotions have mainly
been studied through fMRI, continuous EEG, and evoked
potentials recordings (Calvo & D’Mello, 2010; Macefield,
James, & Henderson, 2013; Martini et al., 2012; Sebastiani
et al., 2003). Indeed, human emotion regulation involves sev-
eral cortical and subcortical areas, including the prefrontal
cortex, right posterior insula, and amygdale, representing the
essence of different stimulus-dependent pathways (Morrison,
2016; Ruiz-Padial, Vila, & Thayer, 2011).

In recent years, haptic systems capable of eliciting,
enhancing, or influencing a subject’s emotional state have
been proposed (Bianchi et al., 2014; Yohanan & MacLean,
2012) and used to study the physiological correlates of affec-
tive touch, such as our investigation of the autonomic
response to affective haptic stimuli through the analysis of
heartbeat dynamics (Valenza, Citi, Gentili et al., 2014;
Valenza, Citi, Lanata, Scilango, & Barbieri, 2014; Valenza,
Citi, Scilingo, & Barbieri, 2014; Valenza, Nardelli, Bertschy,
Lanata, & Scilingo, 2014) or the electrodermal response
(Greco et al., 2017). During affective touch, decreased heart
rate, blood pressure, and cortisol and increased oxytocin
have also been highlighted (Field, 2010).

Considering physiological neural correlates of pleasant
touch, recent reviews emphasized a significant role of the
orbitofrontal and caudate cortices (Field, 2010; Rolls, 2010),
the contralateral primary and bilateral secondary somatosen-
sory area, as well as of the contralateral middle and posterior
insula cortex and contralateral posterior parietal cortex. In
particular, the orbitofrontal cortex contributes to some of the
affective aspects of touch that could be mediated through
afferent CT fibers. This cortex is activated more by light
touch to the forearm (a typical site for the optimal stimula-
tion of CT afferents) than by light touch to the glabrous skin
of the hand. Of note, unpleasant touch was proven to activate
a set of pain-related brain regions (Rolls, 2010). Moreover,

visual cortical areas are also involved in the processing of
human tactile perception (Deshpande, Hu, Stilla, & Sathian,
2008; Sathian & Lacey, 2007). Active touch also elicits
greater and more distributed brain activity compared with
passive touch in areas outside the somatosensory region, pos-
sibly due to the motor component of the task (Sim~oes-Frank-
lin, Whitaker, & Newell, 2011). Despite this increasing
attention to neural correlates of affective haptics, few studies
have investigated the oscillatory EEG dynamics in response
to affective haptic stimuli. Focusing on event-related patterns
recorded through the scalp during affective tactile stimula-
tion, an ultra-late potential over the frontal electrodes, 0.7 s
after the contact of a typical soft brushing task, was found in
healthy volunteers (Ackerley, Eriksson, & Wessberg, 2013).
Another study demonstrated that a suppression of EEG m
oscillations (8–12 Hz, the idling rhythm of sensorimotor
regions) occurs over the contralateral somatosensory cortex
after a caressing stimulation in the range of 2–4 cm/s (Singh
et al., 2014).

The frontal u power (4–8 Hz) has been demonstrated to
be sensitive to emotions (Aftanas & Golosheykin, 2005;
Aftanas, Varlamov, Pavlov, Makhnev, & Reva, 2001; Bek-
kedal, Rossi, & Panksepp, 2011; Craig, Tran, Wijesuriya, &
Nguyen, 2012; Knyazev, 2012). In response to negative
emotional patterns, EEG activity in the u band was associ-
ated with the right prefrontal cortex activity, following an
increase in the sympathetic response (Balconi, Grippa, &
Vanutelli, 2015). More generally, the EEG u power was
associated with a general emotional response and relaxation
and internal attention states (Tang et al., 2009).

In the context of active exploration, a decrease in EEG
oscillations in the u band was found during haptic explora-
tion compared with the rest intervals (Grunwald, Ettrich
et al., 2001; Grunwald, Weiss et al., 2001). Importantly, such
a power decrease has also been proposed as a possible bio-
marker characterizing anorexia nervosa (Grunwald, Ettrich
et al., 2001). In the frame of cognitive impairment, it has
been shown that Parkinson’s disease alters haptic perception
and the underlying mechanisms of somatosensory and senso-
rimotor integration (Konczak et al., 2012). Differences
between healthy and mild-cognitive impaired subjects on
EEG u power have also been reported (Grunwald et al.,
2002).

Recent studies have shown the importance of spontane-
ous brain oscillations in the a (8–13 Hz) band during tactile
perception (Bonnefond & Jensen, 2012; Lundqvist, Herman,
& Lansner, 2013), which also emphasizes how the level of
EEG power in the prestimulus phase may play a relevant
role in the subsequent tactile stimulus perception (Ai & Ro,
2013). Spatially specific enhancement of tactile detection has
been induced using transcranial magnetic stimulation in the
a band of the contralateral parietal cortex (Ruzzoli & Soto-
Faraco, 2014). Oscillations in the b band (14–30 Hz) have
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traditionally been associated with low-level sensorimotor
processing (Spitzer & Blankenburg, 2011), being influenced
by somatosensory perception and pathological states such as
blindness (Campus et al., 2012; Lalo et al., 2007).

Moreover, our preliminary study (Valenza et al., 2015)
has recently described EEG spectral correlates in response to
haptic stimuli administered by means of a novel haptic
device able to mimic the human caress at different levels of
velocity and force.

Nevertheless, a comprehensive characterization of brain
activity patterns throughout the delivery of affective haptic
stimuli is still missing, especially regarding the relation of
brain dynamics (as estimated through functional connectivity
in addition to power spectra) with physical parameters of the
haptic stimulation (e.g., force and velocity of the stimulus).
This is true both in terms of the subjects’ perceived arousal
and valence levels, as well as in terms of neural correlates.

Therefore, in this study we propose to push such a char-
acterization further by considering six combinations of force
and velocity values (i.e., strength of the caress and velocity
of the caress, respectively) provided by a fabric-based affec-
tive haptic device (Bianchi et al., 2014, 2017). These combi-
nations were studied in terms of locoregional EEG power
spectra and intra- and interhemispheric functional connectiv-
ity of participants. Our main hypothesis is that by modulating
physical parameters of a haptic stimulation it is possible to
elicit different emotions, which, in turn, may be associated
with different local or distributed brain correlates. To this
extent, given the aforementioned studies, a great involvement
of the prefrontal cortex is expected.

To evaluate the emotion elicited in participants by the
haptic device, we adopted a common dimensional model of
emotions, that is, the circumplex model of affect (CMA; Pos-
ner, Russell, & Peterson, 2005). In particular, we used a sim-
plified version of CMA that takes into account two main
dimensions conceptualized in terms of valence and arousal.
Valence is related to the pleasantness/unpleasantness of the
stimulus, whereas arousal is related to the perceived intensity
of the stimulus (Posner et al., 2005; Valenza, Citi, Lanata
et al., 2014). Subjects were asked to rate the stimuli in terms
of valence and arousal through a graphic representation of
subjective arousal and valence levels, the Self-Assessment
Manikin (SAM; Bradley & Lang, 1994). Details on the
experimental design, methodological approaches of data
analysis, and results follow below.

2 | METHOD

2.1 | Tactile device

To deliver affective haptic stimulation in a reproducible and
standardized fashion across subjects, we used a haptic system
designed to reproduce caresslike stimuli on the user forearm

(for a more exhaustive description, see Bianchi et al, 2014,
2016). Briefly, the haptic caresslike stimuli are reproduced
using a layer of an elastic fabric whose movements were
controlled by two DC motors. More specifically, the extrem-
ities of a rectangular-shaped fabric (60 mm per 160 mm)
were connected by means of screws to two rolls, each inde-
pendently moved by one motor (HITEC digital DC servomo-
tor HS-7954 H with an input voltage of 7.4 V, see Figure 1).
The choice of this kind of motor was motivated by the fact
that it provides a good trade-off between velocity and torque.
Furthermore, the motors were suitably modified to allow for
a continuous rotation of the motor shaft, which was directly
connected to the rolls. Motor position and rotation velocity
were controlled by means of a customized electronic board
(PSoC-based electronic board with RS-485 communication
protocol, see https://www.naturalmachinemotioninitiative.
net/), which can read motor positions by using two absolute
magnetic encoders (12-bit magnetic encoder by Austrian
Microsystems AS5045 with a resolution of 0.0875 degrees).

The system was endowed with a load cell (Micro Load
Cell [0–5 kg] with a resolution of 5 g by Phidgets) placed at
the base of the forearm support to record the normal force
exerted by the fabric on the forearm (Figure 1). The system
was designed to be wearable, as it can be applied to the user
forearm without any discomfort. When the device is active, we
can distinguish two different operating phases (see Figure 2):

� Calibration phase: in this phase, we calibrated the force
exerted by the fabric on the user forearm adapting the
motor position according to the load cell measurements.

� Movement phase: when the desired level of force exerted
by the fabric was achieved, both motors are in the reference

FIGURE 1 Front view: How the system interacts with the user’s
forearm. The movement phase is displayed in green while the calibration
phase is displayed in blue. In this case, the level of force increases. The
radius of each roll is 15mm
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position, according to the desired force level, and are con-
trolled to synchronously rotate back and forth in response
to a sinusoidal input, whose frequency can be modulated to
reproduce different velocities of the stimulus (see Bianchi
et al., 2014, for further details).

2.2 | Experimental setup

The study was approved by the Ethical Committee of the
University of Pisa. We enrolled 32 healthy (16 male), right-
handed subjects (age: M5 27, SD5 2). Participants were not
affected by any physical limitations or mental/personality
disorders, and signed an informed consent before taking part
in this research.

During the experiment, participants were comfortably
seated, with their right forearm placed horizontally on a spe-
cific support, palm down (see Figure 3). In order to prevent
any auditory cues, the subjects wore earplugs. Before the
experiment, the load cell of the tactile display was autocali-
brated with respect to the forearm weight. Following the
time line reported in Figure 3, we applied six combinations

of stimuli combining two levels of force and three levels of
velocity.

Two force levels, 2 N and 6 N, were used to stretch the
fabric, while the velocity of the caresses were selected
among 9.4 mm/s, 37 mm/s, and 65 mm/s. These velocity lev-
els were obtained by feeding the motors with three different
sinusoidal input trajectories at 0.1 Hz, 0.4 Hz, and 0.7 Hz
frequencies. These force and velocity levels were chosen
based on a pilot trial, avoiding any painful elicitation (Bian-
chi, 2014). Between two stimuli, the motors were stopped
and the force was set to 0 N. In this case, the fabric was only
lightly in contact with the forearm. As the force increased,
the fabric wrapped more closely around the forearm.

The time line of the experimental protocol consisted of
the following consecutive sessions:

� resting state of 3 min

� randomized caressing elicitation of 12-min. resting state of
2 min

During the phase of emotional elicitation, subjects were
exposed to six randomized combinations of the caresslike
stimuli, in terms of the three velocities and two force levels.
The stimulation was preceded and followed by a resting state
interval lasting 35 s. At the end of each poststimulus resting
interval, subjects assessed the stimulus in terms of arousal
and valence scores, within a time frame of 20 s (see Figure 3)
using the SAM (Bradley & Lang, 1994) questionnaire. The
SAM questionnaire is a graphic depiction of various levels
along each of the two major affective dimensions of the
CMA (Posner et al., 2005), that is, valence (pleasantness,
unpleasantness) and arousal (intensity). Regarding the
valence dimension, the SAM consisted of a range of figures
from a smiling figure to a sad one, whereas regarding the
arousal dimension, the SAM ranged from an excited, wide-
eyed figure to a relaxed, sleepy one. Each SAM figure

FIGURE 3 Experimental protocol time line

FIGURE 2 The affective haptic system. The forearm of the subject
is placed on a support equipped with a load cell. A fabric strip performs
the caress
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corresponded to a score in the range from 22 to 2 (from
very unpleasant to very pleasant) on the valence dimension,
and from 1 to 5 (from neutral to emotionally strong) on the
arousal dimension.

2.3 | EEG recording and signal processing

For the entire experimental session, brain signals were
acquired through the Geodesic EEG Systems 300 from Elec-
trical Geodesics, Inc. This monitoring device allowed for a
rapid application and comfortable fit of the electrode cuff on
the subject’s head. For the sake of conciseness, we consid-
ered signals gathered from electrodes placed on the scalp at
standardized positions Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3,
C4, T8, P7, P3, Pz, P4, P8, O1, O2, Oz, according to the
International standard EEG 10–20 system. The sampling fre-
quency was set to 500 Hz, and the reference was computed
as an average of mastoids.

The preprocessing stage consisted of several steps includ-
ing data filtering, eye blink artifact detection and removal,
movement artifact detection and removal, and interpolation
of corrupted channels First, we applied a 6th-order infinite
impulse response band-pass filter with cutoff frequencies of
1–45 Hz. Then, an independent component analysis (ICA)
was used to identify and remove those components associ-
ated with the blinking artifacts (Jung et al., 2000). ICA was
performed using the EEGLAB MATLAB toolbox (Delorme
& Makeig, 2004), and components corresponding to blinking
artifacts were identified by visual inspection. Of note, since
subjects stayed most of the time with their eyes closed, the
amount of artifacts was small and almost entirely limited to
the self-assessment session. Good signal quality was also
confirmed by an expert clinician performing visual inspec-
tion evaluations.

In order to automatically detect and remove movement
artifacts, the EEG signals were divided into epochs of 8 s.
Then, their amplitude distribution was computed. The epochs
above the 95th percentile of the amplitude distribution were
found to be affected by movement artifacts and cautiously
excluded from further spectral analysis (Valenza, 2016). This
automatic process was further validated through visual
inspection. Moreover, EEG channels corrupted by high-
frequency noise and the presence of several unexpected
events (Valenza et al., 2016) were considered as EEG cor-
rupted channels. Specifically, for this detection, after per-
forming the principal component analysis, all channels were
displayed in a bidimensional space whose axes were the first
and second principal components. Channel outliers (i.e., all
the channels that were distant from a cluster centroid over a
threshold value of twice the interquartile range) were
replaced with neighbor interpolated data (Valenza et al.,
2016). This was motivated by the fact that artifact-free EEG
channels usually cluster together, whereas the corrupted ones

drift apart in different directions according to their artifact-
related nature (Valenza et al., 2016).

2.3.1 | Spectral analysis

The fast Fourier transform-based power spectrum analysis
(Welch technique) was applied to calculate the individual
alpha frequency (IAF) peak, which was defined as the fre-
quency associated with the highest EEG power within the
extended a range (i.e., 7–13 Hz; Bazanova & Vernon, 2014;
Cecere, Rees, & Romei, 2015; Gonzalez-Rosa et al., 2015;
Grandy et al., 2013; Klimesch, 1999; Saggar et al., 2012).
According to Hooper (2005), the IAF peak was computed
during the resting condition with closed eyes. With reference
to the IAF, EEG spectral analysis was performed using the
discrete fast Fourier transform to estimate the power spectra
within four bands of interest: u (IAF-6 to IAF-4 Hz), a (IAF-
4 to IAF12 Hz), b (IAF12 to 32 Hz; Babiloni et al., 2012).
Furthermore, we selected two other fixed band limits for the
higher frequencies, such as g (32 to 45 Hz; Babiloni et al.,
2012). Noteworthy, the median IAF peak was 10.24 Hz (6
0.62 of median absolute value). Results related to frequency
bands d (< 4 Hz) were not taken into account in this study.
The EEG signals were divided into subsequent epochs of 8 s
in which they were considered stationary. For each epoch
and each electrode in each bandwidth, the power spectral
density (PSD) was estimated, and its natural logarithmic
transform was considered for all further analyses.

2.3.2 | EEG functional connectivity analysis

Functional connectivity analysis refers to the application of
effective measures of neuronal synchrony between two EEG
signals. In this study, the mean phase coherence (MPC; Afta-
nas et al., 2001) was computed as a measure of phase syn-
chronization. This choice was justified by the fact that MPC
is associated with a well-defined chi-square statistic, there-
fore there is no need for surrogate data analysis (Kreuz,
2013; Mormann, Lehnertz, David, & Elger, 2000). Its defini-
tion is as follows:

MPC25E cos D/ð Þ½ �21E sin D/ð Þ½ �2 (1)

where E is the expectation operator, and D/ represents the
relative phase difference between two EEG channels. This
phase difference was derived by the instantaneous difference
between the analytic signals from the Hilbert transform. The
MPC estimates how the relative phase is distributed over the
unit circle. In case of strong phase synchronization between
two EEG channels, the relative phase occupies a small por-
tion of the circle and the MPC is close to 1. But, if the sys-
tems are not synchronized, the relative phase spreads out all
over the unit circle, and the MPC remains low.
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2.3.3 | Correlation analysis

A correlation analysis, based on the Spearman correlation
coefficient, was applied to assess the relationship between a
subject’s perceived valence and arousal scores with the EEG
PSD computed in each bandwidth and for each haptic stimu-
lus. In addition, we calculated the Spearman correlation coef-
ficient between the caressing velocity levels and the
corresponding EEG power. Likewise, the same analysis was
performed for the two caressing force levels. Importantly, for
each stimulus, we considered the differential EEG power dif-
ference between the pre- and poststimulus sessions.

2.4 | Statistical analysis

For the SAM scores, self-assessed arousal and valence scores
were analyzed to compare different caressing force and
velocity levels. Due to the non-Gaussianity of data (p< .05
from Shapiro-Wilk test with null hypothesis of having a
Gaussian sample), Wilcoxon signed-rank tests were applied.
In order to address the problem of multiple comparisons, we
controlled for the false discovery rate (FDR) using the Benja-
mini, Krieger, and Yekutieli algorithm (Benjamini, Krieger,
& Yekutieli, 2006). To compare the two force levels, a pair-
wise statistical comparison was performed. To compare
between the three velocity levels, a multiple comparison fol-
lowing a Bonferroni-corrected Wilcoxon signed-rank test
was carried out.

Changes in EEG spectra, EEG functional connectivity,
and correlation were evaluated for each kind of affective hap-
tic stimulus, investigating groupwise differences between
pre- and poststimulus sessions of 35 s each. Results on EEG
spectra are shown in terms of p-value topographic maps
gathered from nonparametric Wilcoxon tests for paired sam-
ples, whereas results from EEG functional connectivity show
connections with statistically relevant (i.e., p< .05) changes

between pre- and poststimulus samples. Approximation for
large samples has been applied to calculate p-value topo-
graphic maps for correlation analysis, using t-Student distri-
bution at N2 2 degrees of freedom.

3 | EXPERIMENTAL RESULTS

3.1 | Statistical analysis on perceived arousal
and valence scores

Results from the statistical analysis on SAM scores are sum-
marized in Figure 4. Specifically, nonparametric statistics
revealed that the lower force level (2 N) was associated with
a pleasant (Z5 3.16, p5 .0016) and low arousing elicitation
(Z522.99, p5 .0028). Concerning the relationship between
velocity and affective perception of the caress, we could
associate the stimulus with the highest velocity to the one
with the highest arousal and lowest valence (unpleasant). In
particular, the post hoc signed-rank Bonferroni-corrected
multiple pairwise comparisons showed that only the arousal
scores between the lowest and highest velocity levels were
statistically different (Z522.80, p5 .0051). Concerning the
valence scores, the lower velocity level was significantly
higher than the other two levels (for V1 vs. V2: Z5 4.57,
p< .001, for V1 vs. V3: Z5 4.83, p< .001), which, how-
ever, were statistically indistinguishable from each other. Of
note, Bonferroni-corrected significance level was .0167.

3.2 | Statistical analysis on EEG spectra

Changes in EEG PSD between each force and velocity level
were evaluated using nonparametric Wilcoxon tests for
paired samples, given the non-Gaussianity of data (p< .05
from Shapiro-Wilk test with null hypothesis of having a
Gaussian sample).

FIGURE 4 Group-wise statistics of arousal (top) and valence (bottom) scores among different levels of forces and velocity
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Results expressed in terms of p-value topographic maps
are shown in Figure 5 for all combinations of caressing force
and velocity. Results revealed a suppression of the oscilla-
tions over the contralateral somatosensory cortex, during
caresses performed with the lowest force (2 N) and the high-
est velocity (65 mm/s). This occurred in the a, b, and g fre-
quency bands. Lower velocities (9.4 mm/s and 37 mm/s) did
not significantly modify EEG reactivity in such bands. Con-
cerning caresses administered at high force (6 N), there was
a significant decrease of EEG activity over the midfrontal
electrodes in all of the considered frequency bands, when the
velocity of the caresses was lowest. As the velocity increased
during caresses performed at the highest force, an EEG sup-
pression in the a and b bands generalized to both hemi-
spheres occurred in sensorimotor regions ipsilateral to the
caresses side and in midposterior regions. Also in the u band,
the deactivation spread across both hemispheres as in a and
b, but without involving the frontal area. This generalized
response did not occur for the g band, in which an isolated
cluster of deactivation involving ipsilateral sensorimotor
regions was detected only for caresses applied with the high-
est velocity.

3.3 | Statistical analysis on MPC estimates

Concerning the functional connectivity statistical analysis,
Figure 6 shows the cortical connections for each bandwidth,

which became significantly stronger (red) or weaker (blue)
following a specific affective haptic stimulus (i.e., given a
specific combination of caressing force and velocity). The
caresses performed at the lowest force produced significant
stronger connections in the u band, especially between the
lateral frontal electrodes and O1. When the velocity
increased, these stronger connections were more lateralized
and moved first to the right and then to the left hemisphere.
Considering EEG oscillations in the a band at the lowest
force (2 N), we observed a large number of connections that
were significantly suppressed after the haptic elicitation,
especially at the lowest velocities (i.e., 9.4 mm/s, 37 mm/
sec), most of them over the frontal region. Conversely, look-
ing at the g band, an opposite trend emerged since, at the
lowest velocities, the number of connections significantly
increased. Still considering the lowest force, the number of
significant changes in connectivity was much lower in the b
band. It is worthwhile noting that at the lowest velocity the
frontopolar electrodes (Fp1, Fp2) were associated with stron-
ger connections with the ipsilateral temporal region. More
specifically, by increasing the velocity of caressing stimula-
tion, they increased their phase synchronization with the con-
tralateral temporal area despite the weaker connection
between the two temporal electrodes.

Considering the highest force (6 N), most of the signifi-
cant variations in the MPC were found in the b band. Even
in this case, the dynamics of brain connectivity changed as

FIGURE 5 P-value topographic maps obtained fromWilcoxon nonparametric tests on EEG PSD, eachwith a combination of caressing force and
velocity level. The color map goes from red when there is a significant increase of the activation in the poststimulus session as compared to the prestimulus
session, to blue when a significantly decreased activation in the poststimulus session as compared to the prestimulus session occurred; green indicates no
difference between the two sessions
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the velocity of the caresses increased. In fact, at the lowest
caressing velocity, a significant increase of the MPC was
shown between the parietal left and frontal middle and right
regions. At the highest velocity, the connections with the
ipsilateral frontal region became significantly weaker,
whereas those between the frontal-left and the temporal- and
central-right areas significantly increased. Also in the a and
g bands, the transition from the lowest velocity to the highest
caressing velocity determined a reversal in the trend of the
significant MPC changes. Specifically, in the a band, the
connections in the posterior regions increased their strength
at the lowest velocity and were suppressed at the highest
level. On the contrary, in the g band, we found a desynchro-
nization at the lowest velocity and a significant increase of
connections at the highest velocity. Concerning the u band,
at the lowest velocity we found a decrease of MPC in several
connections between electrodes of the central and parietal
midline regions. These desynchronizations were kept at
37 mm/s and disappeared almost completely when the veloc-
ity of the stimuli was at maximum. Instead, within the frontal
area, it was possible to show a significant increase of the
connectivity but only at the lowest velocity level. A further
synchronization increase was shown after the fastest caresses
between T7 and the occipital region and Pz-F8.

3.4 | Correlation analysis

Figure 7–9, and 10 summarize the results from the correla-
tion analysis between EEG power in the u, a, b, and g

bands, and the caressing force/velocity levels. Correlation
between EEG spectra and perceived arousal/valence scores
were investigated as well.

Perceived valence scores significantly correlated with
EEG oscillations over the contralateral central/frontal areas
in the g band. Concerning the arousal scores, clusters of cor-
relations were mainly evident between EEG PSD over the
temporal right electrodes, with an additional recruitment of
the frontal electrode overlying the contralateral hemisphere
to the applied caresses in the a band.

The correlation between EEG PSD and caressing velocity
showed significant results only in two spots over the tempo-
ral left and frontopolar right areas in the a band, and over
the temporal and central left regions in the g band.

The correlation between EEG PSD and caressing force
and EEG oscillations in the a, b, and g bands showed signif-
icant results all over the scalp, with highest correlation values
(and the lowest p values) in the prefrontal and parietal-left
regions, and in the occipital- and temporal-right areas.

4 | DISCUSSION AND CONCLUSION

In this study, we reported on EEG oscillatory dynamics
related to caresslike, affective haptic elicitation administered
to healthy subjects on the forearm. The haptic stimuli were
delivered using a haptic device that was able to mimic
human caresses at different force and velocity levels, there-
fore standardizing the haptic stimulation among subjects
(Bianchi et al., 2016). Such a standardization will allow for
exploiting haptic stimulations even in patients without con-
scious cooperation. The experimental protocol provided for
six kinds of caresses as defined through combinations of
three velocity (9.4 mm/s, 37 mm/s, 65 mm/s) and two force
(2 N, 6 N) levels. Aiming toward a comprehensive

FIGURE 6 Significant changes of theMPC values in the three bands (p< .05) between pre- and poststimulus sessions. For each combination of force
and velocity, the red arrows indicate a significant increase of theMPC, and the blue arrows a significant decrease ofMPC after the caresses

F7-F10
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assessment on EEG oscillations in the u, a, b, and g bands,
defined according the IAF technique (IAF peak: median,
10.24 Hz; median absolute deviation, 0.62 Hz), we per-
formed a power spectral analysis as well as functional con-
nectivity and correlation analyses between physiological,
psychological, and physical variables associated with the
affective elicitation. Of note, the neuronal synchrony
between EEG channels was estimated through the mean
phase coherence coefficient, which is considered as the
most prominent index of phase synchronization for EEG
signals.

In accordance with the adopted circumplex model of
affect, we found that, as the velocity of the caresses and force

level increased, the perceived arousal level increased as well,
whereas the perceived valence decreased.

Concerning caresses administered at the highest force
(6 N) results from a SAM analysis, and EEG power spectra
revealed that pleasant cutaneous stimuli significantly
decreased brain activity over the midfrontal electrodes. This
occurred only on a and u rhythms and also on the contralat-
eral somatosensory cortex. Importantly, locoregional EEG a
rhythms of sensory-motor areas reflect the activation of
motor attention, and even that of mirroring systems impli-
cated in simulating the other’s actions and feelings (Perry,
Bentin, Bartal, Lamm, & Decety, 2010). Therefore, it can
be hypothesized that the additional involvement of a

FIGURE 7 Spearman correlation coefficients and related p values from EEG PSD and perceived caressing arousal scores

FIGURE 8 Spearman correlation coefficients and related p values from EEG PSD and perceived caressing valence scores
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suppression in the midfrontal cortex may represent a corre-
late of unpleasantness of touch stimuli that are perceived as
negative feelings. Anticipatory EEG a rhythm predicts sub-
jective perception of pain intensity (Babiloni et al., 2016),
and, during actual task demands, the extent of a power sup-
pression is positively correlated with cognitive and memory
performance (Klimesch, 1999). Note also that the frontal u
power has been demonstrated to be sensitive to emotions
(Aftanas & Golosheykin, 2005; Bekkedal et al., 2011) and,
more generally, was associated with a general emotional
response and states of relaxation and internal attention (Tang
et al., 1999).

For higher velocities, a significant widespread deactiva-
tion occurred in all considered frequency bands. Instead,

caresses conveyed at the lowest force induced only slight
changes in brain activity, even if they were perceived as
pleasant. However, when the velocity was maximal and the
stimulus became more unpleasant, all four bandwidths
showed a strong deactivation in the contralateral somatosen-
sory, temporal, and parietal cortices. In conclusion, the more
the affective cutaneous stimuli became unpleasant due to an
increase of the force and velocity of stimulation, the more
the brain dynamics decreased its activity all over the scalp,
thus revealing a more complex involvement of several neo-
cortical regions in the case of unpleasant affective stimula-
tion. Note that it is difficult to further discuss these EEG-
related findings in the light of previous fMRI studies (Desh-
pande et al., 2008; Field, 2010; Rolls, 2010; Sathian &

FIGURE 9 Spearman correlation coefficients and related p values from EEG PSD and superimposed caressing velocity

FIGURE 10 Spearman correlation coefficients and related p values fromEEG PSD and superimposed caressing force
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Lacey, 2007), since EEG spectral power may even inversely
correlate with BOLD signal (Ritter et al., 2009).

Considering EEG oscillations in the g band, the contra-
lateral somatosensory area along with the contralateral frontal
cortex showed a significant inverse correlation with the
valence scores of the caressing stimuli. In other words, the
more the EEG power increases after the affective stimulus
(i.e., a negative pre–poststimulus power), the more the pleas-
ure increases, and vice versa. Another interesting significant
correlation concerned the ipsilateral temporal power spectra
and the arousal level: for each bandwidth, a decrease in the
arousal level was associated with an increase in poststimulus
power spectra.

We also investigated possible correlations between EEG
power spectra and physical characteristics of the haptic stim-
ulation (i.e., force and velocity). While the velocity showed a
low significant correlation only with the contralateral tempo-
ral region in g band, the whole cortex modulated its activa-
tion in relation with changes in the force level of the
stimulation. Therefore, as underlined by the statistical analy-
sis, when the force of the caresses increased, the entire cortex
tended to decrease its power in all the bandwidths, especially
the frontopolar region, the ipsilateral temporal and occipital
areas, and the contralateral parietal region.

The b band showed the most interesting results. In fact,
concerning the functional connectivity in the case of high
force haptic stimuli, pleasant stimulation determined a stron-
ger synchronization between the contralateral parietal cortex
and the frontal ipsilateral region. Conversely, when the
velocity increases and therefore the pleasantness of the stim-
ulus decreases, the same neural paths were subjected to sup-
pression, whereas other connections between the frontal area
and the ipsilateral temporal and central regions were
strengthened. Concerning the power spectra, it is known that
EEG oscillations in the b band can be considered as an index
of level of cortical excitation (Haenschel et al., 2000), whose
rhythmicity is generated by trains of GABAA receptor-
mediated inhibitory synaptic events, which are linked to syn-
aptic plasticity (Whittington, Faulkner, Doheny, & Traub,
2000) as well as stress and fear (Manzanares, Isoardi, Carrer,
& Moline, 2005). Note that unpleasant haptic stimuli were
associated with a significant reduction in b power over the
frontal cortex at lower caressing velocity, and spread to both
hemispheres and occipital and parietal cortices at higher
caressing velocities.

It is worthwhile noting the opposite behavior of func-
tional connections in a and g bands for stimuli with the mid-
dle velocity and the lowest force. These unpleasant stimuli
determined a greater MPC coefficient in many neural con-
nections around the midline area and the frontal region in g
and several weaker connections on the same regions in a

band. More generally, it is possible to conclude that, within
the same bandwidth, the same neural connections were

adversely affected by pleasant and unpleasant haptic stimuli
(being stronger and then weaker, or vice versa), although it
is difficult to identify a clear-cut pattern of these changes.

It is worthwhile noting that, although all analyses have
been performed for each EEG frequency band and each EEG
electrode in search of differences between pre- and poststi-
mulus recordings, results are presented in terms of p-values
topographic controlling the FDR at a level of 0.05.

The findings of this study are correlational by nature and
do not allow for further mechanistic inferences on precise
neural underpinnings of oscillatory changes accompanying
haptic stimulation. Nevertheless, they represent an attempt to
quantify behavioral and locoregional neurophysiological
cortical effects and their relationships of haptic affective
stimulation. This represents a necessary first step for stand-
ardization in terms of locoregional reactivity and brain con-
nectivity patterns, in view of possible clinical applications
(Acharya, Joseph, Kannathal, Lim, & Suri, 2006) involving
objective assessment of patients with mood or emotional dis-
orders, such as bipolar disorder (e.g., applications in
Valenza, Citi, Scilingo, 2014; Valenza, Nardelli, Bertschy,
Lanata, & Scilingo, 2014).

Current results are also of interest for the development of
emotion-inspired human-machine interfaces (e.g., to inform
the design of haptic systems), which can be commanded to
elicit a given emotional state, or in response to a given emo-
tional state of users quantified through physiological signals
related to ANS dynamics (for further details on this envis-
aged human-robot interaction paradigm, see Bianchi et al.,
2016).

It is worth noting that future development of artificial
devices is not limited to EEG data only, but could include
other affective information gathered from the autonomic
nervous system dynamics (e.g., Valenza, Lanata, & Scilingo,
2013). Future work will focus on investigating differences in
gender (Peck & Childers, 2003) as well as other autonomic
nervous system estimates (Valenza, Cici, Scilingo, & Bar-
bieri, 2014).
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