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Bodily-Contact Communication
Medium Induces Relaxed Mode of
Brain Activity While Increasing Its
Dynamical Complexity: A Pilot Study
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" Hiroshi Ishiguro Laboratories, Advanced Telecommunications Research Institute International, Kyoto, Japan, 2 Graduate
School of Engineering Science, Osaka University, Suita, Japan

We present the results of the analysis of the effect of a bodily-contact communication
medium on the brain activity of the individuals during verbal communication. Our results
suggest that the communicated content that is mediated through such a device induces
a significant effect on electroencephalogram (EEG) time series of human subjects.
Precisely, we find a significant reduction of overall power of the EEG signals of the
individuals. This observation that is supported by the analysis of the permutation entropy
(PE) of the EEG time series of brain activity of the participants suggests the positive effect
of such a medium on the stress relief and the induced sense of relaxation. Additionally,
multiscale entropy (MSE) analysis of our data implies that such a medium increases
the level of complexity that is exhibited by EEG time series of our participants, thereby
suggesting their sustained sense of involvement in their course of communication. These
findings that are in accord with the results reported by cognitive neuroscience research
suggests that the use of such a medium can be beneficial as a complementary step
in treatment of developmental disorders, attentiveness of schoolchildren and early child
development, as well as scenarios where intimate physical interaction over distance is
desirable (e.g., distance-parenting).

Keywords: electroencephalography, multi-scale entropy, permutation entropy, differential entropy, cognition,
touch, hug

1. INTRODUCTION

Touch establishes the first sensational channel for parent-infant physical bond and
interaction (Gallace and Spence, 2010). In fact, the discovery of human C-tactile (CT) afferent
unveils a preference for tactile information with socio-affective relevance (Loken et al., 2012). This,
in part, explains the intensifying effect of pleasant touch on the emotional experience via other
modalities (Knapp et al., 2012). For instance, the mere observation of touch in another human
activates somatosensory cortex in healthy subjects (Blackmore et al., 2005). These findings help
explain the pivotal role that interpersonal touch plays in human interactions and their physical
and emotional well-being (Kutner et al., 2008; Gallace and Spence, 2010). Chatel-Goldman
et al. (2014) report on the coupling of the electrodermal activity between interacting partners,
regardless of the intensity, and the valence of their emotions, thereby enabling the emergence of
a somatovisceral resonance between interacting individuals. In addition, a rich body of research
provides evidence on the socioemotional significance of such interpersonal relationships and
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their positive physiological and biochemical effects (Field, 2010).
Moreover, these observations are supported by the results of the
study of the effect of the massage therapy on the physiological
signals as well as EEG time series of brain activity of human
subjects (Diego et al., 2004; Field et al., 2005; Field, 2010;
Singh and et al., 2014).

Recent advances in intelligent robotics systems capable
of communicating with human introduces a novel venue
to further explore the interpersonal and societal interactions
among people (Shibata, 2004; Haans and IJsselsteijn, 2006).
For instance, such devices have shown promising results in
promoting sociability and attentiveness among toddlers (Tanaka
et al., 2007) and schoolchildren (Nakanishi et al., 2016). In
addition, such systems provide a tremendous opportunity to fill
the physical interaction gap in our daily life telecommunication
means (e.g., cellphones, Skype, etc.). This is due to their potential
for physical embodiment of the intended action/communication
and hence fulfilling our inherent needs for physical contact and
touch. Research suggests that such mediated communications
show capacity to reduce anxiety (Yamazaki et al, 2016).
Moreover, the acceptability of these systems as embodied
communication media by the senior citizens (Yamazaki et al,
2014) encourage further investigation of their deployment in
healthcare facilities (Wada et al., 2004, 2005a,b; Wada and
Shibata, 2006).

Despite these comprehensive studies on the psychological and
the behavioral effects of these systems on human subjects, there is
a paucity of research on the extent of their physiological impacts.
Our earlier empirical result using the huggable communication
medium, HugvieTM (Minato et al, 2013) (please refer to
Figure 1), suggests that its use positively influences the endocrine
system of human participants (Sumioka et al., 2013). More
specifically, the introduction of such a medium during the course
of tele-communication results in the reduction of the cortisol
level in participants.

However, it is unclear how such a medium affect our brain
activity.

In this article, we investigated the effect of the mediated
communication through Hugvie based on comparative analysis
of the EEG data of human subjects in the presence and the
absence of this mediated communication device. In doing so, we
were interested in ascertaining answers to following two research
questions:

e RQL. Does such a medium induce any significant difference
on the brain activity of the human subjects during a course of
communication?

e RQ2.Is such a difference, if any, persistent independent of the
content of the communication?

In order to address these research questions, we conducted
two series of experiments, involving two groups of participants.
We investigated the answer to RQI in the first experiment
(between-group design) in which participants listened to two
different 12-min-long recorded stories either through our
huggable communication medium, Hugvie, or a Bluetooth
speaker. This allowed for a quantitative analysis of the effect
of the presence of our physically embodied medium on

brain activity of human subjects during verbal communication.
On the other hand, we designed the second experimental
setting (within-subject setting) to seek answer to RQ2. In this
experimental setting, we communicated the same recorded story
through Hugvie twice. In addition, the second experimental
setting differed from the first experiment in that it consisted
of two resting periods of 1-min duration each. In one
resting period, participants rested while holding Hugvie
and the other they rested without holding Hugvie. As a
result, we were able to investigate whether the potential
induced effect by our huggable communication medium,
if any, persisted independent of content of communicated
content.

We sought answers to these questions via analyses of
the global field potential (GFP) (Lehmann and Skrandies,
1980) of the EEG time series of human subjects. GFP is
defined as the standard deviation across multiple channels
as a function of time. It is a root mean square measure
that quantifies the spatial potential field sampled over the
scalp. A peak of GFP reflects a maximum of the total
underlying brain activity that contributes to the surface
potential field (Lehmann and Skrandies, 1980; Haenschel et al.,
2000). Therefore, choice of GFP enabled us to evaluate the
effect of a physically embodied communication medium on
the overall brain activity of human subjects, regardless of
the spatial location(s) of the brain region(s) responding to
this medium. In other words, it allowed for comparative
analyses of such an effect in terms of overall residual
change in power while discarding its underlying spatial
distribution.

Research on effect of anesthetic substances on state of
consciousness of human subjects indicates a significant reduction
in relative occurrences of ordinal patterns in EEG time series of
human subjects (Silva et al., 2010). In particular, application of
permutation entropy (PE) (Bandt and Pompe, 2002) is shown
to distinguish between the awake state and unconsciousness
at ~0.4 (Olofsen et al, 2008). Moreover, use of PE in
study and analysis of mindfulness and mediation implies its
significant reduction during meditative state (Vysata et al,
2014). Taken together, these results suggest the potential of
PE for determination of degree of relaxation (from meditative
state of mind to total unconsciousness under the influence
of an anesthetic substance). Therefore, we used PE of GFP-
transformed EEG time series of brain activity of participants in
our study as a measure to investigate the potential relaxing effect
of Hugvie.

Although PE provides a robust measure for analysis of
the overall change in dynamics of EEG time series of brain
activity of human subjects, it is unable to quantify the
temporal changes in such a dynamics. Determination of such
temporal changes in EEG time series of brain activity is
of crucial importance, considering its strong correlation with
productivity of such cognitive functions as attention and
language processing (Goldberger et al.,, 2002; Takahashi et al,,
2009; Manor et al., 2013). Interestingly, an increase in complexity
of brain activity reflects the information content of physiological
systems which, in turn, has a direct correspondence to variational
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FIGURE 1 | An experimenter demonstrates the use of Hugvie, a huggable telecommunication medium.

A user during a
conversation

information of their exhibited activity (Costa et al., 2005a). More
importantly, such a variability in brain activity inherently differs
from randomness and noisy signals (McDonough and Nashiro,
2014). In this regards, multiscale entropy (MSE) (Goldberger
et al, 2000; Costa et al, 2002) presents a robust tool for
analysis and quantification of temporal variability of brain
activity of human subjects (Garrett et al., 2013). Therefore, we
computed MSE of GFP-transformed EEG time series of the
participants to analyze the degree of complexity of the brain
activity of our participants in response to the communicated
stories, thereby realizing the potential influence of Hugvie
on dynamics of the brain activity (and subsequently its
information content in response to narrated stories) of these
individuals.

We expected that the communicated content that is mediated
through a device which activates the sense of hug and touch in
individuals results in a more pronounced positive influence at
the brain activity level, drawing relevant correspondence between
the results of our analyses and the findings reported in cognitive
neuroscience research (Haenschel et al.,, 2000; Knyazev, 2011;
Sarnthein et al., 2011).

2. METHODS
2.1. Experimental Setup

We conducted two series of experiments, referred to as first
experimental setting and second experimental setting hereafter.
Their descriptions are as follows.

2.1.1. First Experimental Setting

It involved two sessions of storytelling. In each session,
the stories (recorded audio files) were communicated either
through Bluetooth speaker (No-Hugvie condition) or through
the same Bluetooth speaker that was placed in the head-side
pocket of our huggable telecommunication medium, Hugive
(please see Figurel). It is worth noting that prior to the
experiment we received confirmation from Miyuki Giken Co.,
Ltd, Tokyo, Japan, that bluetooth does not interfere with
EEG recording. We instructed our participants to hug this

medium throughout the storytelling sessions. We randomly
counterbalanced the order of these two sessions to eliminate
the potential detrimental effect of the preceding session on
the session that follows (e.g., over/under-excitement and/or
fatigue). Moreover, we chose “The Fall of Freddie the Leaf”
by Leo F. Buscaglia and “The Rabbit Who Wants to Fall
Asleep: A New Way of Getting Children to Sleep” by Carl-
Johan Forssn Ehrlin as our first and the second stories. Each
session lasts for 12 min. We collected EEG data through eight
channels (i.e., Fp2, Fz, Cz, F7, T7, T8, CP5, CP6), following
10-20 international standard system. Once the device was
properly mounted, we collected 1 min worth of data during the
resting period. The first storytelling session started immediately
after data collection for resting state data acquisition was
complete.This was followed by asking our participants to fill
questionnaires regarding the sense of copresence and social
presence induced by the remote storyteller (whether through
Hugvie or otherwise). We adapted our questions on self-reported
sense of copresence and social presence from Nowak and
Biocca (2003). We continued with the second storytelling session,
following the exact same protocol as in first session. We advised
our subjects to stand still, as much as possible, during the
recordings.

2.1.2. Second Experimental Setting

We solely used the first story from the first experimental
setting along with two resting phases (one with and another
without Hugvie) in this experiment to evaluate the persisting
effect of Hugvie. We communicated the selected story with
the participants through Hugvie twice, one for each session.
The remainder of the experimental setting followed the exact
same protocol as in first experimental setting. It is worthy of
note that the two resting periods allowed us to investigate the
effect of our huggable medium irrespective of the content of the
communication.

We conducted the first and the second experiments with two
different groups of participants for each of these experimental
settings. The first experimental setting helped test the hypothesis
that a huggable communication medium induces a significant
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difference on the brain activity of its users. On the other hand,
we designed the second experimental setting to test if such a
difference persisted independent of the content of the narrative
by the storyteller.

2.2. Subjects

Sixteen (eight females, eight males, 20-27 years old,
MEAN = 22.13, SD = 1.54) and 19 (five females, 14 males,
20-35 years old, MEAN = 22.40, SD = 4.53) young adults,
with normal hearing took part in the first and the second
experimental settings. All participants were right-handed, were
free of neurological and psychiatric disorders, and had no
history of hearing impairment. Prior to the data collection,
we received approval (approval code: 16-601-1) from the
ethical committee at the Advanced Telecommunications
Research Institute International (ATR), Kyoto, Japan. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. Subjects were seated in a reclining
easy chair in a sound-attenuated and electrically shielded
testing chamber, with instructions to fully relax while their eyes
closed.

2.3. EEG Recording

An EEG Cap with eight electrodes arranged in accordance with
the international 10-20 system was fitted on the scalp of the
subjects. We used an eight-channel wireless EEG system with
dry active electrodes (AP108, Polymate Mini, Miyuki Giken Co.,
Ltd, Tokyo, Japan). The impedances for channels were kept below
100kS2 at the beginning of the measurements. The right earlobe
was used as a reference. The EEG was recorded at a sampling rate
of 500 Hz.

2.4. EEG Data Processing

First, we excluded channel Fp2 from further processing and
analyses due to excessive noise in its recorded EEG in all
participants. For the remainder of channels, we applied a
notch filter at 60.0 Hz frequency on our raw EEG signals
to remove the effect of the base power. Next, we applied
a bandpass filter with the low- and high-pass 0.0 and
50.0 Hz, respectively. Furthermore, we removed the motion
artifacts from our signals through application of independent
component analysis (ICA). We used the open-source Matlab-
based FastICA package for this purpose (Hyvirinen et al,
2001).

After preprocessing the signals, we computed the global
field potential (GFP) (Lehmann and Skrandies, 1980) of these
eight channels, per participant, to carry out our statistical
analyses. GFP is defined as the standard deviation across
multiple channels as a function of time. It is a root mean
square measure that quantifies the spatial potential field
sampled over the scalp. A peak of GFP reflects a maximum
of the total underlying brain activity that contributes to
the surface potential field (Lehmann and Skrandies, 1980;
Haenschel et al., 2000). We used the GFP associated with
the EEG of the individuals to extract the following frequency
bands during our analysis: delta (0-4 Hz), theta (4-8 Hz),
alpha (8-12 Hz), beta(12-30 Hz), and gamma (30-50 Hz).

It is worth noting that our analyses showed non-significant
difference between the use of reference-free and average-
reference GFP. Therefore, we utilized the reference-free GFP in
our analyses.

2.5. Statistical Analyses

Our analyses are based on a priori hypothesis that presence
of Hugvie results in a positive effect at the EEG-level of brain
activity of the individual participants. Result of the Kolmogorov-
Smirnov test implied that our data was not normally distributed.
Therefore, we applied Wilcoxon rank sum test to investigate the
difference among the EEG frequency bands of the individuals
in the presence and the absence of Hugvie, thereby eliminating
any prior assumption on the distribution of the EEG data of our
participants.

In addition, we calculated the permutation entropy
(PE) (Bandt and Pompe, 2002) of the GFP of the EEG time
series of the participants. The PE describes the order relations
between the values of a time series. Furthermore, its computation
is fast, simple, and robust with respect to the noise. Although
its normalized value varies within [0, 1], its minimum practical
boundary is 22 0.4 (i.e., the state of unconscious in an anesthetized
patient) (Olofsen et al., 2008). PE has been successfully applied
in a variety of biomedical and neuroscientific applications
ranging from computation of the depth of the anesthetic drug
effect (Olofsen et al., 2008; Silva et al., 2010) to the detection
of the epilepsy and the epileptic seizure (Cao et al., 2004; Veisi
et al., 2007; Mammone et al., 2015). In particular, we utilized
this measure to estimate the level of relaxation with respect to
the overall power of the EEG signal of the participants due to its
application in the detection of the anesthetic effect (Zanin et al.,
2012). We applied the Wilcoxon rank sum test while analyzing
the PE values of these time series.

Moreover, we compared the complexity of the time series
data of our participants using multiscale entropy (MSE) (Costa
et al., 2002). MSE finds numerous applications in a number of
biosignal analyses ranging from assessment of EEG dynamical
complexity in Alzheimer’s disease (Mizuno et al, 2010)
and epileptic vs. healthy EEG discrimination (Gao et al,
2015) to classification of surface electromyography (EMG) of
neuromuscular disorders (Istenic et al., 2010). We applied MSE
on the EEG time series of our participants to analyze the presence
of any significant difference in dynamics of the pattern of their
brain activity over the multiple time scales (Goldberger et al.,
2000; Costa et al, 2005a). We used pattern length m = 2,
similarity criterion r = 0.15, and range of 1-20 for the scale factor,
as suggested in Goldberger et al. (2000). We utilized the grand
average of the MSE values of all the participants (i.e., average of
the MSE sequences of length 20, corresponding to range of 1-
20 for the scale factor Goldberger et al., 2000) to conduct the
Wilcoxon rank sum test.

Considering the configuration of our EEG channels (i.e., Fp2,
Fz, Cz, F7, T7, T8, CP5, CP6) and after exclusion of Fp2 (due to
excessive noise, as explained in section 2.4) from further analyses,
F7 was the only channel that was not hemispherically paired.
We excluded F7 and observed that our results were unaffected.
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Therefore, we decided to report our results on full set of EEG
channels (with the exception of Fp2) in this article.

For all cases of Wilcoxon rank sum tests (ie., power,
frequencies, PE, and MSE), we report r \/L‘I/TT’ as suggested

by Tomczak and Romczak (2014), where W is the Wilcoxon
statistics and N represent the sample size.

3. RESULTS

As we expected, presence of Hugvie (H) induced significant
difference on the brain activity of the participants while
listening to the narrated stories. In the first experimental setting,
presence of Hugvie resulted in reduction of the EEG power
of participants as compared with the No-Hugvie (NH) group
[p < 0.001, Wqs5 = 32431, r = 83.74], and W(.) is the
value of Wilcoxon test statistics. This observation was further
supported by the permutation entropy (PE, Figure 2A) indexes
of these groups [p < 0.05, W(;5 = 2.05, r = 0.53]. Table 1,
“Overall Power” and “PE” column entries, summarize these
results.

Figure 3 shows the effect of Hugvie on power in different
frequency bands. Presence of Hugvie evoked significant decrease
in beta and gamma frequency bands [beta: p < 0.001,
W15y = 447, r = 1.15, and gamma: p < 0.001, W5 = 3.91,
r 1.01]. Moreover, alpha, delta, and theta frequencies
significantly decreased in its presence [alpha: p < 0.001,
Wis) = 4.43, r = 1.14, delta: p < 0.01, Wj5) = 2.54, r = 0.66,
theta: p < 0.01, W(;5) = 2.96, r = 0.76]. Table 2 summarizes these
results.

r = 1.04]. Table1, “MSE” column entry, summarizes these
results.

In the second experimental setting, we observed a significant
reduced power between the two story sessions [p < 0.001,
Ws) = 184.45, r = 43.48]. This observation was supported by
significant reduction of PEs, shown in Figure 2C, between these
sessions [p < 0.02 W5y = 2.30, r = 0.54]. Column entries
“Overall Power” and “PE” in Table 3 summarize these results.

Figure 4C shows the grand average of MSE values of these
two sessions. Analysis of the MSE values of these time series (i.e.,
Figure 5C) implied that the temporal complexity of the brain
activity of these individuals exhibited an incremental pattern of
activity [p < 0.001, W35y = 4.32, r = 1.02]. Table 1, column entry
“MSE,” summarizes these results.

Interestingly, differences between the frequency bands of
these two sessions were non-significant [Delta: p = 0.33 and
Wag) =0.96,r =0.23, Theta: p=0.24 and W g) = 1.17,r =0.28,
Alpha: p = 0.14 and W(y4) = 1.46, r = 0.34, Beta: p = 0.16 and
W(sy = 1.14, r = 0.27, Gamma: p = 0.23 and W35 = 1.20,
r=0.28].

Table 4 summarizes the overall power and PE values of the
participants during resting with (H) and without (NH) Hugvie.
Presence of Hugvie induced the same pattern of reduction of

TABLE 1 | First Experimental Setting: Wilcoxon rank sum p-value, test statistics,
and effect size (r = ﬂl\/ Tomczak and Romczak, 2014) along with mean (M) and
standard deviation (SD) for overall power, permutation entropy (PE), and
multi-scale entropy (MSE) in Hugvie (H) vs. No-Hugvie (NH) scenarios.

Figure 4A shows the grand average of MSE values for Hugvie p< w r My SDy  Myy  SDwn
and No-Hugvie settings. Analysis of the MSE values of these time
series (i.e., Figure 5A) revealed a significant difference between Overall Power  0.001  324.31  83.74 —11018 12.61 -8262  14.42
the dynamical pattern of the brain activity of the participants in PE 0.05 205 053 056 003 061 003
the presence and the absence of Hugvie [p < 0.001, W(;5) = 4.02, MSE 0.001 402 104 042 014 021 008
A
0.8 0.65
0.75 i} - _—
- m EE
0.7 : (=% !
| -T
0.65 - ' : =
} .
1 0.5 L
0.6 H | Hugvie No-Hugvie
- 0.65
0.55 . i
o 0.6 B
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"
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FIGURE 2 | Magnitude of permutation entropies of the EEG time series of the participants (A) first experimental setting (B) second experimental setting during rest
(i.e., with and without Hugvie) (C) second experimental setting during first and second storytelling sessions. *p < 0.05; **o < 0.01 **p < 0.001.
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TABLE 2 | First Experimental Setting: Wilcoxon rank sum p-value, test statistics,
and effect size (r = ﬂ/\/ Tomczak and Romczak, 2014) along with mean (M) and
standard deviation (SD) for delta (3), theta (9), alpha («), beta (8), and gamma () in
Hugvie (H) vs. No-Hugvie (NH) scenarios.

p < w r MH SDH MNH SDNH
8 0.01 2.54 0.66 —16.40 4.47 —-9.76 7.89
0 0.01 2.96 0.76 —32.07 5.37 —24.33 6.87
o 0.001 4.43 1.14 —39.45 3.12 —30.53 4.55
B 0.001 4.47 1.15 —49.82 2.72 —40.81 4.28
0.001 3.91 1.01 —62.59 3.26 —54.58 5.33

power in the resting periods [p < 0.001, W ;) = 23.61, r = 5.56].
Moreover, the PEs (i.e., Figure 2B) of these resting periods
supported this significant reduced power in presence of Hugvie
(p < 0.001, W(;5) = 3.40, r = 0.80].

Figure 4B shows the grand average of MSE values of these
two resting periods. We observed a significant difference between
the MSE values of the time series of the participants during the
resting with and without Hugvie, where its presence induced
a higher complexity in the pattern of brain activity of these
individuals (Figure 5B, p < 0.05, W(;4) = 2.00, r = 0.47). Column
entry “MSE” in Table 4 summarizes these results.

Lastly, our result indicated significant differences between
the frequency bands of resting (i.e., Table 5) with and without
Hugvie [Delta: p < 03, W(yg) = 2.31, r = 0.54, Theta: p < 03,
Was) = 2.34, r = 055, Alpha: p < 0.01, W = 2.76,
r = 0.65, Beta: p < 0.03, W35y = 2.51, r = 0.59, Gamma:
p < 0.05, W4y = 2.17, r = 0.51]. Figure 6 illustrates these
results.

4. DISCUSSION

In this study we investigated whether a physically embodied
communication medium induces any significant difference on
the brain activity of human subjects during a course of verbal
communication. Furthermore, we examined if such a potentially
induced difference persisted independent of the communication
content. We expected that communication through a medium
whose physical embodiment brings about the sense of hug to
induce patterns of brain activity that supports the characteristics
that are implicit in our research questions.

Results of our analyses verified this expectation. Precisely,
we observed that the presence of our embodied communication
medium, Hugvie, resulted in a significant reduction of power
in brain activity of participants, as compared with the absence
of Hugvie, in the first experimental setting. This observation
that was further supported by significant reduction of power
in different frequency bands of the EEG time series of these
participants implied that the use of Hugvie, in fact, induced
a significant difference on the brain activity of the human
subjects during their course of communication (i.e., RQ1).
Additionally, we observed that the power in EEG time series
of these participants significantly reduced as we moved from
the first to the second session of the storytelling in the second
experimental setting while the reduction of the magnitude of
power in different frequencies of these time series remained
non-significant between these two storytelling sessions. These
results implied that the induced differences in the presence of our
physically embodied communication medium, Hugyvie, in fact
persisted independent of the communication content (i.e., RQ2).
This is due to the fact that we used the same story content during
the two sessions of the second experimental setting.
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TABLE 3 | Second Experimental Setting: Wilcoxon rank sum p-value, test

statistics, and effect size (r = TWN Tomczak and Romczak, 2014) along with mean

(M) and standard deviation (SD) for overall power, permutation entropy (PE), and
multi-scale entropy (MSE) during session1 (S1) and session2 (S2) of storytelling.

p< w r Msi  SDsy Msz  SDs
Overall Power  0.001 184.45 43.48 —-106.17 16.16 —114.52 15.02
PE 0.02 230 0.54 0.57  0.02 0.54  0.02
MSE 0.001 4.32 1.02 0.49 0.17 0.57 0.18

Remarkably, our results attributed these induced significant
differences primarily to the act of hugging. This is due to
the observation that the effect of Hugvie during the resting
periods in second experimental setting remained in full accord
with our results during the first experiment. This result was
of great importance due to two reasons. First and foremost,
these resting periods, unlike the storytelling sessions in both
experimental settings, did not include any communication,
thereby discarding the communicated content as a decisive
factor in our results. Secondly, these resting periods were
substantially shorter than storytelling sessions (i.e., one- in
contrast with 12-min-long), thereby discarding the duration
of the interaction as an essential factor. Therefore, and with
regards to aforementioned factors (i.e., physical embodiment,
communication content, and duration of interaction), it is
plausible to primarily attribute the induced reduction of overall
power (with a very large effect size in all experimental settings
and conditions) in EEG time series of the participants to
physical embodiment of Hugvie. The attribution of observed
reduction of power to the act of hugging in our experiments
finds evidence in psychological studies that suggest the direct
influence of behavior and posture on formation of emotional

perception (Riskind and Gotay, 1982; Aron et al., 1997; Schubert
and Koole, 2009). However, it is crucial to point out the
potential that some other aspects of a physically embodied
medium may impose on these results. For instance, it is necessary
to investigate the effect of such qualities as warmth, texture,
and softness of a physically embodied medium can bear on
our results, given the reports on brain activation in response
to tactile effect (Gallace and Spence, 2012) and touch (Field,
2010). Moreover, research suggests that mirror system of human
brain responds to actions that are performed by human and
robotic agents alike (Gazzola et al, 2007). This implies the
importance of determining the effect of morphological aspect
of this physically embodied medium (e.g., human-likeness and
anthropomorphic design vs. a neutrally designed medium) on
these result. Therefore, future research is necessary to determine
the utility of these inherent properties of physically embodied
media.

An interesting observation with regards to aforementioned
results pertains to the reduced PE values of EEG time series
of brain activity of the participants while listening to narrated
stories in our experimental settings. Research findings on
awake state in conjunction with administration of anesthetic
substances as well as state of mindfulness during meditation
associate the reduced PE to loss of consciousness (Olofsen et al.,
2008; Silva et al., 2010) and relaxed state of mind (Vysata
et al, 2014), respectively. Considering these findings, it is
plausible to interpret the reduced PE values of the EEG
time series of the participants in the first and the second
experimental settings along with its decrease in resting with
Hugvie setting (as opposed to resting without Hugvie) as an
indication of induced feeling of relaxed mood by this physically
embodied communication medium. Further support to this line
of reasoning comes from the observed reduction of power in
alpha and beta frequencies that is in accord with the effect
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TABLE 4 | Second Experimental Setting: Wilcoxon rank sum p-value, test
statistics, and effect size (r = ﬂN Tomczak and Romczak, 2014) along with mean
(M) and standard deviation (SD) for overall power, permutation entropy (PE), and
multi-scale entropy (MSE) during resting with (H) and without (H) Hugvie.

p < w r MH SDH MNH SDNH
Overall Power  0.001 23.61 556 —-85.06 10.61 -84.26 10.12
PE 0.001 3.40 0.80 0.54 0.02 0.56 0.04
MSE 0.05 2.00 0.47 0.57 0.18 0.49 0.17

of massage therapy on stress relief (Shagass, 1972; Klimesch
et al,, 1999; Diego et al., 2004) along with the reduction of beta
during a certain meditation practices (Hinterberger et al., 2014).
This interpretations are also evident in positive effect of Hugvie
on reduced cortisol level of human subjects (Sumioka et al,
2013).

Kerlin et al. (2010) use a multi-source auditory paradigm
(referred to as “cocktail party”) to show that increased power
in theta frequency pertains to the attended talker (i.e., choice
of auditory source) while alpha rhythm increases in response to
the direction of auditory attention (i.e., its spatial information).
These results are further observed in response to auditory
stimuli along with their correspondences with known effect
of visual stimuli on these frequency bands by Banrejee et al.
(2011). Furthermore, increased power in delta is reported to
reflect the absorption state in hypnotic state (Rainville et al,,
2002), decreased vigilance and attention (Paus et al., 1997),
as well as slow wave sleep (Kajimura et al., 1999). It is also
worthy of note that despite the potential correspondence between
increased power in alpha and attention (Klimesch, 2012), such
an incremental pattern of activity is unwarranted in case of

tasks with high demand on the frontal and parietal cortex,
attentive processing of external stimuli, as well as intentional
mental operation with high cognitive load (Laufs et al., 2003).
Moreover, Gevins et al. (1997) indicate a decrease of power in
alpha in response to working memory load, thereby indicating its
inverse proportionality to the allocated cortical resources while
performing spatial and verbal tasks. Therefore, considering the
active listening nature of our experimental settings (i.e., attended
auditory stimuli), strong correspondence between such tasks and
(medial)PFC (Baddeley, 2003; Mar, 2011), along with the fact that
our experimental settings incorporate single auditory source with
the direction of whose is fixed (i.e., recorded stories through a
single, fixed speaker), it is plausible to attribute observed overall
reduction of power in these frequency bands in our participants
along with accompanying decrease in PE to relaxing effect of the
presence of our physically embodied medium.

An important observation that requires further explanation is
the decreased power in beta and gamma frequencies. Research
findings associate the increase of power in these frequencies
with selective attention and vigilance (Olufsen et al, 2003;
Reynolds and Chelazzi, 2004; Borgers et al., 2005; Howells et al.,
2012). Additionally, increase in gamma power is associated with
excessive load on working memory (WM) (Howard et al., 2003;
Fries et al., 2007). In this respect, the physical embodiment of
communication medium appears to induce a relaxed mode that
decreases the degree of vigilance and the demand on cognitive
resources for processing of the auditory stimuli by WM. This
interpretation is also in accord with observed decrease of beta
power during meditation (Gomez et al, 1998; Amihai and
Kozhevnikov, 2014). Therefore, it is plausible to interpret the
reduced power in beta and gamma frequencies in presence of
physically embodied medium as an indication of ease in following
the course of narrated stories.
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Further evidence on the potential positive effect of this
physically embodied communication medium was provided
through the result of the analyses of the MSEs of the time
series of the participants in the first and the second experimental
settings. More specifically, the analysis of the complexity of
these time series in their different degrees of temporal resolution
(as reflected in varying scaling factor of MSE) revealed that
the presence of Hugvie resulted in a higher complexity of the
brain activity of these participants during the first experimental
setting. Similarly, our analysis suggested the same significant
increase in complexity of the brain activity of the participants
during the resting period in presence of Hugvie, as compared to
their values in its absence, in the second experimental setting.
More importantly, we observed a significant increase of MSEs
as we moved from sessionl to session2 of the storytelling
of the second experimental setting. Although it is plausible

TABLE 5 | Second Experimental Setting: Wilcoxon rank sum p-value, test
statistics, and effect size (r = ﬂ/\/ Tomczak and Romczak, 2014) along with mean
(M) and standard deviation (SD) for delta (), theta (9), alpha («), beta (8), and
gamma (y) during resting with (H) and without (H) Hugvie.

to expect a reduction of MSE as a complementary result to
observed reduction of PE values in response to induced feeling
of relaxed mood, such an interpretation is unwarranted due
to two main reasons. Firstly and as noted by a number of
research findings (Zhang, 1991; Costa et al, 2002, 2005a),
deterministic as well as full random signals are not really
complex. This implies that change in pattern of activity of
brain activity, as reflected in measures such as PE and MSE,
cannot be interpreted in terms of reduction and/or increase in
randomness of the given time series but the change in their
degree of variability in response to stimuli. Secondly, increase
in signal variability, as quantified by MSE, is associated with
a number of cognitive functions as attention and language
processing (Goldberger et al., 2002; Takahashi et al., 2009; Manor
et al., 2013), learning (Heisz et al, 2012), as well as reduced
behavioral variability and maturation of the brain in various
stages of aging (McIntosh et al., 2008, 2013; Garrett et al., 2013).
Therefore, it is plausible to interpret the increased MSEs of EEG
time series of brain activity of participants in Hugvie setting as an
indication of their involvement and attention to communicated
contents.

A wide range of developmental disorders is associated with
the increased relative power of the low EEG frequencies,

p< w r My SDy Mng SDnw including the delta and the theta bands (Knyazev, 2011;
Moretti, 2015). Moreover, these low frequencies show increased
b 008 281 054 —13.68 454 o8 8.04 activity in attention-deficit/hyperactivity disorder (ADHD),
o 008 284 055 —80.24 8.8 —2648 8.08 predominantly the theta, but also the delta in children with
« 001 2.76 065 —33.88 848 —30.23 828 ADHD compared to the control group (Barry et al, 2003).
g 003 251 059 —4415 260 —41.76 231 Additionally, these activities are observed in children with Down
0.05 27 051 —57.55 397 -54.69 182 syndrome (Babiloni et al., 2009), people with schizophrenia (Fehr
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FIGURE 6 | Reduction of power during resting in all frequency bands in the presence of the huggable communication medium and irrespective of communication
content.
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et al., 2001), depression (Gatt et al., 2008), adults with anxiety
disorder (Gauthier et al., 2009), and neurogenic pain (Sarnthein
etal., 2011), as well as victims of torture and physical abuse (Ray
et al., 2006) (please refer to Knyazev, 2011 for a exhaustive
review of the literature on this topic). In addition, excess of
spectral power in low frequency bands is associated with the
disorders in learning and attention in children (Chabot et al.,
2001; Knyazev, 2011). Reduction of power in delta and theta
frequencies in presence of Hugvie, as indicated in the first
experimental setting as well as resting periods in the second
experimental setting (please refer to Figures 3, 6) suggests the use
of such physically embodied huggable telecommunication media
as a complementary step in treatment of patients struggling with
such mental and emotional anomalies. This suggestion is further
strengthened through observation of the reduction of the overall
EEG power of the brain activity of our participants along with
their corresponding PE values. For instance, Yamazaki et al.
(2016) show that these embodied tele-communication media
help reduce the anxiety of the participants. In addition, Sumioka
et al. (2013) show that communication while hugging such
media help reduce blood cortisol level. Our results suggest
that these influences are in fact present at the brain activity
level.

Taken together, our results implied the significant effect of
hug, as opposed to no-hug condition, on brain activity of human
subjects during verbal communication. Moreover, they implied
that such an effect is primarily due to the hug and is unaffected by
the communicated content and/or duration of interaction. These
results that, to the best of our knowledge, represent the first direct
comparative analyses of effect of hug on brain activity of human
subjects during the course of telecommunication (in comparison
with no-hug condition) are in line with our earlier findings
on effect of a physically embodied communication medium on
reduction of cortisol level in human subjects (Sumioka et al.,
2013). These results that are also in accord with neuroscientific
findings on positive effect of physical interaction (as suggested
by massage therapy) on stress relief (Shagass, 1972; Klimesch
et al., 1999; Diego et al, 2004), induced feeling of relaxation
(as suggested by reduced PE values of brain activity of our
participants) during mediation (Hinterberger et al., 2014; Vysata
et al., 2014), as well as potential increase in involvement and
attentiveness of our participants [due to increase in MSE of
their brain activity, as observed in such cognitive functions
as attention and language processing (Goldberger et al., 2002;
Takahashi et al., 2009; Manor et al., 2013) and learning (Heisz
et al.,, 2012)] suggest that the use of these media are potential
complementary tools in treatment of developmental disorders,
children with ADHD, attentiveness of schoolchildren and early
child development, as well as scenarios where intimate physical
interaction over distance is desirable (e.g., distance-parenting).
However, we strongly believe that further investigation of
these effects on larger group of human subjects along with
richer number of EEG channels (in particular in orbitofrontal,

parietal, and temporal areas, given the more pronounced effect
of auditory and tactile effects on these regions; Field, 2010;
Gallace and Spence, 2012; Miiller and Lindenberger, 2012) is
necessary to realize the true potential that such media can
offer to the solution concept of more physically enhanced tele-
communication scenarios.

One the limitation of present study is the absence of
a control medium in which the communication is routed
without any physical contact between the medium and the
participants. Therefore, it is necessary to include this setting
to further assert the observed effect of hug on brain activity
of human subjects during verbal telecommunication. Moreover,
It is of utmost importance to determine the utility of physical
properties of such physically embodied media (e.g., texture,
warmth, softness, and morphology), given the tactile effect
on brain activity (Field, 2010; Gallace and Spence, 2012).
In particular, it is crucial to clarify whether human-likeness
of the shape of Hugvie bears any positive influence on
observed significant differences in brain activity of human
subjects (Gazzola et al., 2007) or these effects can be solely
explained in light of physical embodiment of this communication
medium. It is also crucial to compare and analyze these results
in contrast with the effect of other media (e.g., cell phone,
TV, etc.) on the brain activity to determine the utility of
the physical embodiment of the medium that we use in this
study.
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