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Social touch between humans, as well as between humans and animals, was previously
found to reduce pain and stress. We previously reported that touching a social robot can
also induce a reduction in pain ratings. However, it is unclear if the effect that touching a
robot has on pain perception is due to its appearance and its pleasant touch, or due to its
ability to socially interact with humans. In the current experiment, we aimed to assess the
contribution of the interactive quality to pain perception. We assessed the effect of
touching the social robot PARO on mild and strong pain ratings and on stress
perception, on a total of 60 healthy young participants. The robot either interacted with
participants (ON group, n = 30) or was turned off (OFF group, n = 30). Touching the robot
induced a decrease in mild pain ratings (compared to baseline) only in the ON group while
strong pain ratings decreased similarly in both the ON and the OFF groups. The decrease
in mild pain ratings in the ON group was significantly greater in participants with a higher
positive perception of the interaction with PARO. We conclude that part of the effect that
touching the robot has on pain stems from its interactive features.
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1 INTRODUCTION

Positive social relationships are a core psychological need for physical and mental wellbeing (Demir
et al., 2012; Diener et al., 2018; Martela and Sheldon, 2019; Soares et al., 2021). In particular, social
relationship that involve social touch (i.e., stroking, hugging or holding hands) were found to reduce
stress and pain perception (Goldstein et al., 2016; Morrison, 2016; Ditzen et al., 2019; Kreuder et al.,
2019). The neurophysiological mechanism underlying the effect of social touch on pain are not
entirely clear. Treatments that include tactile stimulation, such as massage or transcutaneous
electrical nerve stimulation (TENS), activate mechanoreceptors that can inhibit the nociceptive
input entering the spinal cord (Weinrich and Weinrich, 1990; Sufka and Price, 2002; Snyder and
Shaparin, 2019). Beyond this segmental pain-inhibitory mechanism, affective, social touch may
activate top-down pain-inhibitory mechanisms through cortical and sub-cortical brain regions
(Löken and Olausson, 2010; Björnsdotter and Olausson, 2011; McGlone et al., 2014; Meijer et al.,
2021). Through this mechanism, the pain-inhibitory effect depends on the social relationship and the
context in which the touch occurs; For example, it was found that holding a partner’s hand during
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nociceptive stimulation alleviates pain significantly more than
holding a stranger’s hand or an object (Master et al., 2009;
Goldstein et al., 2016; Che et al., 2021). These studies
highlight the connection between social interaction, touch and
pain perception.

In contrast, social isolation as well as negative social
interactions may lead to high levels of stress (Geva et al., 2014;
Beekman et al., 2016; Helpman et al., 2017), increased pain (Stein
et al., 2007; Geva et al., 2014; Geva and Defrin, 2018; Bannon
et al., 2021) and health problems (Grant et al., 2009; Valtorta
et al., 2016; Williamson et al., 2018). Moreover, people with
chronic pain more often report interpersonal isolation, social
inadequacy and alienation (Rokach et al., 2018), and thus may be
in a vicious cycle, in which they do not have the opportunity to
benefit from the inhibitory effect of social touch on pain
perception. The COVID-19 pandemic highlighted the negative
effect of social isolation. It was found that during the pandemic,
the prevalence of distress and loneliness increased (Killgore et al.,
2020; Rosenberg, 2020; Tull et al., 2020) and that the pandemic
had a significantly negative impact on the physical and
psychological health of chronic pain patients (Karos et al.,
2020; Attal et al., 2021; Carrillo-de-la-Peña et al., 2021). It was
also postulated that chronic pain prevalence may increase in the
near future due to social distancing (Clauw et al., 2020).

A companion animal may serve as a (partial) solution for
loneliness and social distancing. Previous studies demonstrate
that interaction and especially petting a companion animal can
provide a calming effect and increase positive emotions (Walsh,
2009; Beetz et al., 2012; Bao and Schreer, 2016; Gee et al., 2017;
Charry-Sánchez et al., 2018; Young et al., 2020). However, not
everyone is willing or able to take care of a pet.

Another contemporary solution for social loneliness is using
social robots as companions. A social robot may look like a
human or a pet, or move like one (Eizicovits et al., 2018; Kashi
and Levy-Tzedek, 2018). They are designed to create a social
relationship with people, and may assist users in a variety of ways,
from cognitive training (Ananto and Young, 2020; Giansanti,
2021; Henschel et al., 2021; Kubota and Riek, 2021; Cohavi and
Levy-Tzedek, 2022; Kubota et al., 2022) to heart and post-stroke
rehabilitation (Céspedes Gómez et al., 2021; Feingold-Polak et al.,
2021). Pet-like social robots have been found to create good social
interactions especially if they have a soft shell (Schellin et al.,
2020; Osawa et al., 2021). Shibata (2010) (Shibata, 2010)
developed a social robot named PARO, a furry robotic animal
in the shape of a baby seal. It has been found that interaction with
PARO reduces stress and anxiety, increases positive emotions and
reduces pain levels (Wada et al., 2005; Wada and Shibata, 2007;
Moyle et al., 2013; Lu et al., 2021). It should be noted that the
participants in all these studies were older adults with dementia or
children.

We previously examined the effect of interaction with PARO
on young adults (Geva et al., 2020): we tested the effect of touch as
opposed to the robot’s presence (without any physical contact) on
the perception of pain, salivary oxytocin levels and emotional
state. We found that there was a reduction in pain ratings while
PARO was present in the room compared to the baseline pain
ratings. This effect was more pronounced when participants

touched PARO compared to when it was merely present in
the room with them. These results prompted the question of
whether the effect that touching the robot had on pain stemmed
from the social features of the robot, as in human-human and
human-pet social touch, or from other sensory aspects of touch
that can reduce pain, such as local (segmental) pain inhibition
(Guan, 2012; Braz et al., 2014; Stachowski and Dougherty, 2021)
or distraction (Johnson et al., 1998; Kucyi et al., 2013; Birnie et al.,
2017).

As a first step in answering this question, we examined here
the effect of touching the social robot PARO on pain and stress
perception when it is turned on (with active social features),
compared to when it is turned off (with no active social features).

2 MATERIALS AND METHODS

2.1 Participants
Sixty healthy adults (30 females, 30 males; age: 25 ± 1.8 years)
were allocated using a computer-generated simple random
sampling into one of two groups: ON group (30 participants,
15 female, 15 male; 25.1 ± 1.6 years old) or OFF group (30
participants, 15 female, 15 male; 24.9 ± 2.1 years old). The
participants were recruited by advertisements posted on social
media. Exclusion criteria were acute or chronic pain, present
or previous pathology in the arms (testing site), diseases
causing potential neural damage (e.g., diabetes), systemic
and mental illnesses (e.g., anxiety disorders, major
depression, bipolar disorder), communication disabilities
and pregnancy. Written informed consent was obtained
from all participants. The experiment was approved by the
institutional review board of Ben-Gurion University. All
experimental procedures were performed in accordance
with this ethical approval.

2.2 Equipment
2.2.1 PARO Robot
PARO is a robot baby harp seal, manufactured by the
Intelligent System Research Institute of Japan’s National
Institute of Advanced Industrial Science and Technology.
PARO was designed to have a calming effect and to elicit
emotional responses in users (Wada et al., 2002). It has dual
32-bit processors, three microphones, twelve tactile sensors
covering its fur, touch-sensitive whiskers, and a system of
motors and actuators that move its limbs and body. It
responds to petting by moving its tail and opening and
closing its eyes. It seeks out eye contact and produces
sounds intended to mimic those of a real baby seal (Wada
et al., 2002).

2.2.2 Thermal Stimulator
Heat pain was elicited using a Peltier-based computerized
thermal stimulator (TSA II, Medoc Ltd., Ramat-Ishai, Israel),
with a 3 × 3 cm contact probe that was attached to the ventral
side of the non-dominant forearm using a Velcro band. The
initial temperature of the stimulator was set to 35 °C for all
the tests.
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2.2.3 Visual Analogue Scale
The visual analog scale (VAS) is a direct scaling technique, in
which the response of participants is indicated by line length
(Price et al., 1983). The VAS has been reported as a valid and
reliable measure for rating the intensity of pain (Price et al., 1983)
and emotional state (Monk, 1989). We digitally recorded
participants’ pain ratings and stress levels using a custom-
made computer application, installed on a tablet. Participants
slid their finger on the screen, from left to right, to indicate to
what extent they perceived the stimulus to be painful, or the
extent to which they experienced stress (see Figure 1). For the
pain ratings, the right end of the scale was defined as “no pain
sensation” and the left end of the scale as “the most intense pain
sensation imaginable”. For the stress-level ratings, the right end of
the scale was defined as “no stress” and the left end of the scale as
“the highest imaginable level of stress”. The custom-made
application converted the final horizontal finger location to a
number on a scale from zero to 10.

2.3 Experimental Setup
2.3.1 Calibrating Heat-Pain Intensity
To establishwhich temperatures elicit in each individual sensations of
mild and strong pain, participants received a series of heat stimuli in a
set of calibration trials. In each calibration trial, the starting
temperature of the stimulator was 35 °C, and it increased at a rate
of 1 °C/sec to a target temperature. The first target temperature was
40°C. The target temperature was held for 6 sec, and participants were
asked to rate the pain on the VAS application. The temperature then
returned to baseline (35 °C) by an active cooling mechanism.
Following a 45-sec break, the subsequent trial was initiated. An
interstimulus interval of 45 s was maintained and the contact probe
was moved between stimulations to prevent sensitization of the area.
The target temperature was increased by 1 °C in each subsequent
calibration trial until the participant reported a value of 6 (out of 10)
on the VAS. The temperatures eliciting a pain-rating value of 3–4
(mild pain) and a value of 6–7 (strong pain) on the VAS were
identified per participant, and used for the rest of the experiment.

2.3.2 Pain Measurements
In each of the two pain measurements, the temperatures which
elicited a mild pain sensation (value of 3-4 on the VAS), and a
strong pain sensation (a value of 6-7 on the VAS) during the
calibration phase were administered for 40 s each with an inter-
stimulus interval of 2 min; the probe location was changed
between stimulations. VAS pain ratings at the end of each
stimulus were recorded.

2.3.3 Stress State
Perceived stress was evaluated using a VAS 10-cm line with 2
anchor points at its extremes, set as “not at all” (= 0) and “the
most” (= 10), and participants were asked to mark on that scale
their stress level. This method was found to be reliable and valid
for measuring emotional state, including stress (Barré et al.,
2017).

2.3.4 Familiarity Session With PARO
During the interaction with PARO, participants were asked to
answer a questionnaire which encouraged them to examine
PARO’s reactions. The questionnaire for each group was
different, depending on whether PARO was turned ON or
OFF (See Supplementary Materials S1, S2 for the respective
full questionnaires). The goal of asking participants to fill out
these questionnaires was to ensure that they spent the session
touching PARO and actively engaging with it. The OFF-group
participants were not told that the robot had any robotic features.

2.3.5 Perceptions of the Interaction With PARO
At the end of the experiment we evaluated ON-group
participants’ perceptions regarding the interaction with PARO
using a 5-item custom-made questionnaire, to which participants
responded using a 10-cm VAS line with 2 anchor points at its
extremes, set to “not at all” (= 0) and “the most” (= 10). The
questions were: 1) Is it pleasant to touch PARO? 2) Did you feel
good with PARO? 3) Did you feel you could communicate with
PARO? 4) Did PARO help to reduce pain? 5) Would you like to

FIGURE 1 | An illustration of the experimental setup. The participant (on the left) has the thermal stimulator placed on her non-dominant arm, which is placed on the
table. The experimenter (on the right) administers the accurate heat stimuli, and tracks them on the screen. (A) Baseline condition; PARO is not present. The participant
uses the custom-made VAS application to rate pain levels. In order to rate the intensity of pain, the participants were asked to slide their finger from left to right on the
screen of the tablet. Sliding the finger revealed a red area that expanded as the participant slid her finger further to the right. The leftmost edge of the screen was
defined to have a value of zero (no pain), and the rightmost edge was defined to have a value of 10 (the most intense pain). (B) Touch condition; PARO is placed on the
table next to the participant, who touches it during the administration of the heat stimuli.
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meet PARO again? The OFF-group participants were asked: Is it
pleasant to touch PARO?

2.4 Procedure
Each participant was invited to a single testing session that lasted
approximately 45 min. The participants were instructed to avoid
physical exercise for 1 hour before testing. Upon arrival,
participants were divided semi-randomly to either the ON
group or the OFF group, to ensure equal numbers of males
and females in each group. Testing took place in a quiet room.
The temperature was maintained at 25 °C and the participant sat
in a comfortable chair. Five minutes after arrival, the first stress-
state rating was obtained, followed by the pain-intensity
calibration and the first pain measurements (T1). Immediately
after that, participants in both groups spent 5 min in a structured
familiarity session with PARO. The participants in both groups
were encouraged to touch and stroke PARO throughout the
familiarity session. They then underwent the pain
measurements while touching PARO, which was either in
interactive mode (ON), or in inactive mode (OFF). They
placed the dominant hand on PARO while receiving the
sensory stimuli on their non-dominant inner forearm. Then
the participants rated their perceptions of the contact with
PARO and finally, both groups underwent the second stress
state rating (T2) (Figure 2).

2.5 Data Analysis
Data were analyzed using IBM SPSS statistic software version 27. All
data underwent Kolmogorov-Smirnov analysis for normality of
distribution. Continuous variables are described as means ±
standard deviation. Parametric and nonparametric ANOVA
(Kruskal-Wallis analysis) of variance with corrected post-hoc
Bonferroni tests were used to evaluate the effect of experimental
condition (T1/T2) and of group (ON/OFF) on pain ratings. Effects
size of post-hoc comparisons were evaluated with Cohen’s d.
Differences in the outcome measures between T1 and T2
conditions (delta) were calculated by subtracting the former from
the latter. Correlations between pairs of variables were calculated with
Pearson’s r; p < 0.05 was considered significant. The Bonferroni
correction was applied to multiple comparisons, where needed.

3 RESULTS

3.1 The Effect of the Interaction With PARO
on the Participants’ Perceived Stress
When tested across all participants, stress levels did not change
significantly from T1 (BASELINE condition) to T2 (TOUCH
condition) [F (1,60) = 3.8, p = 0.05]. There was no significant
effect of the group (ON/OFF) [F (1,60) = 0.2, p = 0.9) and no
interaction effect of condition*group [f (1,60) = 1.8, p = 0.2]. No
gender effects were found. However, post hoc tests revealed that
in the ON group there was a significant reduction in stress ratings
from T1 (2.9 ± 2.5) to T2 (1.8 ± 2.1, p < 0.05), while in the OFF
group there was no significant reduction from T1 (2.5 ± 2.7) to T2
(2.3 ± 2.7, p = 0.3; see Figure 3).

3.2 The Effect of the Interaction With PARO
on Pain Perception
3.2.1 Mild Pain
Figure 4A presents the change in mild pain VAS scores from
baseline (T1) to touching PARO (T2). A significant effect of
condition (T1/T2) [F (1,60) = 11.12, p < 0.01) was found,
suggesting a change in pain ratings between T1 to T2. The
effect of group (ON/OFF) was not significant (F (1,60) = 0.1,
p = 0.90). However, the interaction effect of condition*group was
significant (F (1,60) = 5.8, p < 0.05), indicating that the magnitude
of pain inhibition was different between ON and OFF groups. No
gender effects were found.

Post hoc tests revealed that there was no significant
difference in pain ratings at T1 between the ON (2.0 ± 1.7)
and the OFF (2.4 ± 1.9, p = 0.19) groups. However, only in the
ON group there was a significant decrease in pain ratings from
T1 to T2 (delta of 1.3 ± 1.8 VAS units, p < 0.01) while no
significant difference was found in the OFF group (delta of
0.2 ± 1.6 VAS units, p = 0.24).

FIGURE 2 | Flow chart of the experimental design.

FIGURE 3 | The change in perceived stress betweenBASELINE (T1) and
TOUCH (T2) in the ON andOFF groups. Only in the ON group perceived stress
decreased from T1 to T2 (*p < 0.05). Values denote mean visual-analogue
scale (VAS) ratings (0–10) ± SEM. Results from the ON group aremarked
in blue, and results from the OFF group are marked in red. T1—before
encountering PARO, T2—while touching PARO.
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In the ON group there were negative correlations between
participants’ mild pain ratings during T2 and their perception of
the interaction with PARO: their willingness to meet PARO again
(r = −0.4, p < 0.05) and their feeling that PARO helped alleviating
pain (r = −0.5, p < 0.01). That is, the lower their pain ratings
during the interaction with PARO, the higher their willingness to
meet PARO again and their feeling that PARO helped to alleviate
pain. In addition, there were also correlations between the
decrease in pain ratings (from T1 to T2) and the participants’
perceptions of the interaction with PARO: pleasant touch (r = 0.3,
p < 0.05) and willingness to meet PARO again (r = 0.5, p < 0.01).

3.2.2 Strong Pain
Figure 4B presents the change in strong-pain VAS scores from
baseline (T1) to touching PARO (T2). A significant effect of
condition (T1/T2) [F (1,60) = 30.5, p < 0.0001) was found,
suggesting a change in pain ratings from T1 to T2. The effect
of group (ON/OFF) (F (1,60) = 0.8) and the interaction
condition*group (F (1,60) = 0.20) were not significant,
suggesting that the change in pain ratings from T1 to T2 was
similar in the ON and the OFF groups. No gender effects
were found.

FIGURE 4 | Changes in pain perception between BASELINE (T1) and
TOUCH (T2). (A)Mild pain: The change in pain ratings (marked with a Δ) from
T1 to T2 was significantly different between the ON (blue) and OFF (red)
groups (**p < 0.01). Only in the ON group, pain ratings decreased
significantly at T2 compared to T1 (***p < 0.001). (B) Strong pain: In both the
ON and the OFF groups, pain ratings decreased at T2 compared to T1 (***p <
0.0001). Values denote mean visual-analogue scale (VAS) ratings (0–10) ±
SEM. T1—before encountering PARO, T2—while touching PARO.

FIGURE 5 | Differences in strong-pain ratings between participants who
gave high vs. low ratings to the pleasantness of touching PARO. (A)Within the
ON group there was a significant decrease in pain ratings from T1 to T2 both in
HPT (***p < 0.001, purple) and LPT (**p < 0.01, green). (B) Within the
OFF group there was a significant decrease in pain ratings from T1 to T2 only
in HPT (***p < 0.001). The change in pain ratings from T1 to T2 (marked with a
Δ) was significantly different between the HPT and LPT sub-groups (**p <
0.01). Values denote mean visual-analogue scale (VAS) ratings (0–10) ± SEM.
T1—before encountering PARO, T2—while touching PARO.
HPT—participants who gave above-median ratings to the pleasantness of
touching PARO. LPT—participants who gave below-median ratings to the
pleasantness of touching PARO.
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We found the following significant correlations in the ON
group: 1) between participants’ strong pain ratings at T2 and the
perception of pleasant touch (r = 0.3, p < 0.05); 2) between the
decrease in strong pain ratings (from T1 to T2) and the
perception of good feeling with PARO (r = 0.4, p < 0.05); and
their willingness to meet PARO again (r = 0.4, p < 0.01).

In the OFF group we found a negative correlation between the
decrease in strong pain ratings from T1 to T2 and their perceived
stress at T1 (r = −0.3, p < 0.05). That is, the lower their perceived
stress at baseline, the greater the reduction in pain ratings from
baseline to the touch condition.

3.3 Perceptions of the Interaction With
PARO
All participants were asked how pleasant was the sensation of
touching PARO. There was no statistically significant
difference in the ratings of pleasantness of touch between
the ON group (7.0 ± 2.5) and the OFF group (7.8 ± 1.6;
p = 0.06).

The participants in the ON group gave high ratings when
asked how good they felt in the presence of PARO (7.1 ± 2.8).
They gave intermediate ratings when asked about their
willingness to meet PARO again (5.4 ± 2.7), about their
perceived ability to communicate with PARO (4.2 ± 3.0),
and whether they thought PARO helped to reduce pain
(4.1 ± 3.0).

To further investigate the effect of the interaction with PARO
on pain perception, we divided the participants according to their
mean ratings of pleasantness of touch, perceived ability to
communicate with PARO and willingness to meet PARO
again, as detailed below.

3.3.1 Pleasantness of Touch
We divided the participants in each group according to the
pleasantness-of-touch ratings into high pleasantness of touch
(HPT) and low pleasantness of touch (LPT). The division was
made using themedian value of participants’ perceived pleasantness
of touching PARO (7.0 in the ON group, 7.8 in the OFF group).
Among the ON group, themean pleasantness of touch was 9.1 ± 1.0
for HPT (n = 15) and 4.8 ± 1.6 for LPT (n = 15) (p < 0.0001).
Among the OFF group, the mean pleasantness of touch was 9.1 ±
0.7 for HPT (n = 14) and 6.7 ± 1.2 for LPT (n = 16) (p < 0.0001).

Figure 5 presents the strong-pain ratings for T1 and T2 by
participants in the HPT and LPT sub-groups within the ON and
the OFF groups. At T1, there was no difference between pain
ratings by participants in the HPT and the LPT groups in either
the ON (6.6 ± 2.5 and 5.1 ± 2.8 respectively, p = 0.07) or the OFF
(6.3 ± 2.0 and 5.5 ± 2.6 respectively, p = 0.18). Only in the OFF
group, there was a significantly greater decrease in pain ratings
within the HPT sub-group (delta of 1.8 ± 1.5) compared to the
LPT subgroup (delta of 0.4 ± 1.5, p < 0.01). For mild pain ratings,
there were no significant differences between HPT and LPT both
in OFF and ON groups.

3.3.2 Communication With PARO
We divided the participants in the ON group into high
communicators (HC) and low communicators (LC). The
division into the two groups was made using the median value
of participants’ perceived ability to communicate with PARO
(3.8). The mean communication rating was 6.8 ± 1.8 for HC (n =
14) and 1.5 ± 1.0 for LC (n = 15) (p < 0.0001). Figure 6 presents
the mild-pain ratings for T1 and T2 conditions by High and Low
communicators. There was no significant difference in pain
ratings at T1 between high (2.1 ± 2.4) and low communicators

FIGURE 6 | Differences in mild-pain ratings between high
communicators (HC) and low communicators (LC). Pain ratings decreased at
T2 compared to T1 in both the HC (*p < 0.05, gray) and the LC groups (*p <
0.05, blue). However, at T2 pain ratings by HC were significantly lower
than ratings by LC (**p < 0.01). Values denote mean visual-analogue scale
(VAS) ratings (0–10) ± SEM. T1—before encountering PARO, T2—while
touching PARO. HC—participants who gave above-median ratings to their
ability to communicate with PARO. LC—participants who gave below-median
ratings to their ability to communicate with PARO.

FIGURE 7 | Differences in pain ratings between HMA and LMA. Only in
the HMA sub-group (brown) there was a significant decrease in pain ratings at
T2 compared to T1 (***p < 0.001). The change in pain ratings from T1 to T2
(marked with a Δ) was significantly different between the HMA and the
LMA (magenta) sub-groups (**p < 0.01). Values denote mean visual-analogue
scale (VAS) ratings (0–10) ± SEM. T1—before encountering PARO, T2—while
touching PARO. HMA—participants who gave above-median ratings to their
willingness to meet PARO again. LMA—participants who gave below-median
ratings to their willingness to meet PARO again.
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(2.5 ± 2.1, p = 0.31). However, at T2 pain ratings by high
communicators (0.5 ± 0.6) were significantly lower than
ratings by low communicators (1.5 ± 1.9, p < 0.05). One
participant was excluded from the HC analysis due to
irregular values in T2 pain ratings (4.7 standard deviations
from the mean).

3.3.3 Meeting PARO Again
We divided the participants in the ON group into high
willingness to meet PARO again (HMA) and low willingness
to meet PARO again (LMA). The division into the two groups
was made using the median value of the response to the
question: “to what extent would you want to meet PARO
again?” (5.7 ± 3.9). The mean ratings were 8.8 ± 1.4 for the
HMA group (n = 15) and 1.9 ± 2.1 for the LMA group (n = 15)
(p < 0.0001). Figure 7 presents the mild pain ratings for T1
and T2 conditions in HMA and LMA. There was no significant
difference in pain ratings at T1 between high (3.0 ± 2.5) and low
MA (1.9 ± 2.0, p = 0.09). However, the decrease in pain ratings
from T1 to T2 was significantly greater among HMA (delta of
2.2 ± 2.1) compared to LMA (delta of 0.3 ± 0.7, p < 0.01).

4 DISCUSSION

We found that touching the social robot PARO reduced pain
ratings for both mild and strong heat stimuli. The reduction in
mild pain ratings was significant only in the group that touched
PARO when it was turned ON. The reduction in pain ratings in
this group correlated with the participants’ positive perceptions
of the interaction with PARO in response to both mild- and
strong-pain stimuli: those who enjoyed the interaction with it
more experienced a greater reduction in perceived pain.
Moreover, within the ON group, participants who perceived
themselves as communicating well with PARO, or who wished
to meet it again, demonstrated a significantly greater decrease in
pain during the social touch. Within the OFF group, however,
participants who perceived PARO as more pleasant to touch
demonstrated a significantly greater decrease in pain while
touching PARO.

4.1 The Effect of Social-Touching PARO on
Stress
Only the ON-group participants reported a decrease in stress
levels after the interaction with PARO which was found to be
significant.

Affective social touch among humans is known to reduce
stress and anxiety (Ditzen et al., 2007; Burleson and Davis, 2013;
Morrison, 2016; Ditzen et al., 2019). Tactile information of
pleasant touch (such as stroking) is processed in the insula,
which down-regulates the stress response via amygdalar
inhibition (Eckstein et al., 2020). It was suggested that social
touch can act as a social signal for safety, and thus reduce the
degree of anxiety (Morrison, 2016; Eckstein et al., 2020) and
regulate stress (Morrison, 2016; Fotopoulou et al., 2022). These
beneficial effects of social touch were found both for the toucher

and the receiver of the touch (Schirmer et al., 2022). Especially
during exposure to acute or chronic stressors, social touch may
act as a stress buffer and reduce the physiological and behavioral
stress response (Morrison, 2016; Dreisoerner et al., 2021). Petting
animals was similarly found to reduce stress and anxiety. Shiloh
et al. (Shiloh et al., 2003) randomly assigned participants to
petting a rabbit, a turtle, a toy rabbit, a toy turtle or to a
control group after a stressful situation. The authors found
that petting an animal, but not a matched doll, reduced state-
anxiety. The anxiolytic effect was observed both for petting a
rabbit and a turtle, demonstrating that social touch rather than
the texture of the object produced the effect. Interestingly, the
anxiolytic effect was not restricted to animal lovers. Martos-
Montes et al. (Martos-Montes et al., 2019) similarly found that
petting a dog after a psychosocial stress task, reduced the levels of
anxiety and heart rate compared to petting a toy dog.

Previous studies demonstrate that a similar effect on emotions
can be achieved by human-robot interactions (HRI) (though not
necessarily to the same extent). For example, several studies
demonstrated that HRI can increase positive emotions among
healthy participants (Crossman et al., 2018; Geva et al., 2020;
Hoffmann and Krämer, 2021). HRI was also found to reduce
student stress during final exams (Edwards et al., 2020), reduce
stress and anxiety among hospitalized children undergoing a
medical procedure (Beran et al., 2013; Okita, 2013; Beran et al.,
2015; Ruocco et al., 2019; Trost et al., 2019; Trost et al., 2020;
Smakman et al., 2021) and among older adults living in senior
healthcare settings (Góngora Alonso et al., 2019; Pu et al., 2019).
It is important to note that all the mentioned studies did not
report the role of plain touch compared to social touch in HRI.

We found three previous studies that compared how an
interaction with a robot affects emotions differently from a
similar-looking doll. Tanaka et al. (Tanaka et al., 2012)
randomly assigned older women to receive either a social
robot, designed to resemble a 3-year-old boy, or a control
robot (inactive) with the same appearance; the object (active
robot or control robot) was placed in their homes for a period of
8 weeks. In the social-robot group, there was a significant
decrease in salivary cortisol levels (a measure of the
physiological stress response) while no change was observed in
the control-robot group (Tanaka et al., 2012). Kidd et al. (Kidd
et al., 2006) investigated the interaction with PARO turned ON
vs. turned OFF among older individuals living in a nursery home.
The authors conclude that social dimensions significantly
improve the benefits of the interaction with PARO (Kidd
et al., 2006). Crossman et al. (Crossman et al., 2018)
compared the effect that social touching PARO had on
emotions in its ON vs. its OFF state. The authors reported
that positive emotions increased to a greater extent when
participants touched it in the ON state, compared to the OFF
state. They concluded that experience with the robot, rather than
some other appealing feature of the robot (e.g., that it is soft),
produced the increase in the positive affect. Taken together, it
appears that interaction with a social robot is effective among all
age groups in creating positive emotions as well as in reducing
stress during stressful situations (Edwards et al., 2020), including
during hospitalization [e.g., 86]. In accordance with these
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previous studies, we show here that social touching a robot is
more effective for stress reduction than touch alone.

4.2 The Effect of the Interaction with PARO
on Pain Perception
In the mild-pain stimuli, we found a significant reduction in pain
perception only in the group that touched PARO in the ON
mode, and not in the group that touched PARO in the OFFmode.
In the strong-pain stimuli, pain perception decreased in both the
ON and the OFF groups. These results suggest that human-robot
social touch has a greater effect on pain inhibition than
plain touch.

Our findings are in line with previous studies which found that
human-robot social interaction is effective in diminishing clinical
pain. This effect was found in studies where the HRI was without
any physical contact with the robot (Beran et al., 2013; Yasemin
et al., 2016; Ruocco et al., 2019; Trost et al., 2020; Smakman et al.,
2021) as well as in studies where the HRI involved touch (Such as
hugging the robot and/or stroking it) (Tanaka et al., 2012;
Eskander et al., 2013; Okita, 2013; Pu et al., 2019). In our
previous experiment (Geva et al., 2020) we demonstrated that
touching a social robot is more effective for pain reduction than
social interaction with the robot that does not include physical
contact.

There are several possible explanations for the analgesic effect
of social touching PARO. First, the effect of touch on pain
perception can be attributed to the discriminative properties of
touch: it is known that tactile information, transmitted by A beta
fibers to the spinal cord, can suppress nociceptive information in
the same segment by secreting inhibitory neurotransmitters in the
posterior horn of the spinal cord (Salter and Henry, 1990a; Salter
and Henry, 1990b; Bardoni et al., 2013; Mendell, 2014; West et al.,
2015). It was recently found that pleasant touch, such as stroking,
is transmitted by tactile C-fibers and can also suppress
nociceptive information in the same segment (Liljencrantz
et al., 2016; Fidanza et al., 2021). However, since the pain
modulation via this mechanism is, as far as is known today,
segmental (Mancini et al., 19362015; Stachowski and Dougherty,
2021), it cannot explain the decrease in pain in an area far from
the pleasant touch. Therefore, it does not give a sufficient answer
to the decrease in pain in the present study where touching PARO
was done with the opposite hand to where the nociceptive stimuli
were applied.

Another conceivable explanation is that touching PARO
during the nociceptive stimulus distracted participants from
the painful stimuli. It is already known that a cognitive
distraction can lead to a decrease in pain (Buhle and Wager,
2010; Kucyi et al., 2013; Loreto-Quijada et al., 2014; Gupta
et al., 2018; Gates et al., 2020). However, a number of studies
suggest that the effect of social touch on pain does not stem
primarily from distraction. For example, gentle skin stroking
alleviated pain ratings while controlling for distraction through
temporally separated stimuli (Liljencrantz et al., 2017). In
another study, women received nociceptive thermal
stimulation in different social and non-social conditions that
included holding the hand of the partner and holding an object

(a squeeze ball). In order to assess whether participants were
more distracted in one condition, the participants were asked to
press the space bar on computer-generated beeps that were
infrequently and randomly emitted throughout the study. The
results reveal that the reaction time was similar in all
conditions, and thus the social support condition was not
confounded with distraction (Master et al., 2009). In
addition, women receiving social touch (hand holding) had
reduced perceived pain and attenuated functional magnetic
resonance imaging activity in pain-processing brain networks
which were distinct from the functional network associated
with cognitive distraction (López-Solà et al., 2019). The above
studies focused on human-human social touch. Less is known
about the effect of distraction in human-robot social touch. To
study the effect of distraction, one recent pilot study compared
the effect of interaction with social assistive humanoid robot
programmed to distraction vs. empathy on pain and fear
ratings among hospitalized children during insertion of
peripheral intravenous (IV) catheter (Trost et al., 2020).
Mean pain and fear scores were lowest in the empathy
group immediately before and after IV placement. In
addition, children were more likely to attribute
characteristics of empathy to the robot programmed for the
empathic condition. The results of the current study also
further emphasize the involvement of pain inhibitory
mechanisms other than distraction in human-robot social
interaction. First, the very presence of PARO, even when it
was turned OFF also constitutes a distraction, and yet the
decrease in mild pain was greater during social touching PARO
than when touching it in its OFF mode. Additionally, within
the ON group there was a positive correlation between the
decrease in pain ratings and the perception of feeling good
during the social touch. Moreover, the division of the ON
group according to their perceptions of the interaction with
PARO verified that participants who perceived themselves as
highly able to communicate with PARO and participants who
were willing to meet PARO again exhibited significantly greater
pain inhibition during social touch compared to low
communicators and those less willing to meet PARO
again—results which echo those we documented in our
previous work (Geva et al., 2020). These findings highlight
the role of positive social interactions in pain inhibition during
human-robot contact.

A possible underlying mechanism for the pain inhibition
during social touch is the effect of stress reduction on pain. It
is already well known that there are bidirectional neural
interactions between pain and stress (Sawicki et al., 2021).
During acute social stress, fear and anxiety, the amygdala
activates the dorsomedial hypothalamic nucleus (DMH)
which, in turn, may suppress pain-inhibitory pathways
through the rostro ventral medulla (RVM) (Davis, 1992;
Roozendaal et al., 2009; Tovote et al., 2015; Kataoka et al.,
2020). Accordingly, a number of studies in which a model of
negative social relationships was used to elicit acute stress,
found that the stress manipulation induced pain amplification
(Geva et al., 2014; Geva and Defrin, 2018; Mertens et al.,
2020).
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In addition, previous studies demonstrated that interventions
aimed at reducing stress, such as relaxation techniques and
mindfulness lead to pain reduction (Heidarigorji et al., 2014;
Feuille and Pargament, 2015; Hilton et al., 2017; Nelson et al.,
2017; Case et al., 2021). Social, affective touch can induce
relaxation and stress reduction which is attributed to insular
suppression of the amygdala (Ellingsen et al., 2016; Eckstein et al.,
2020). Interaction with PARO was found to induce a sense of
calm and positive feelings (Pu et al., 2019; Geva et al., 2020).
Taken together, we suggest that social-touching PARO induced
positive feelings, reduced stress and thus had a greater effect on
pain inhibition then touching an inanimate object. The reduction
in stress ratings while social-touching PARO, but not when it is
turned OFF, supports this notion.

An additional explanation of the effect of social touching PARO
on pain perception is activation of the opioid system. Endogenous
opioids are key players in acute pain inhibition (Roques et al., 2012;
Pacheco et al., 2014; Zhang et al., 2020). Pharmacological studies in
non-human primates (Meller et al., 1980; Manduca et al., 2014) as
well as preliminary results among humans (Massaccesi et al., 2021),
indicate that administration of µ-opioid antagonists increase
motivation for social contact and affiliative touch behaviors. In
line with this, increased μ-opioid receptor (MOR) availability
among humans was associated with social attachment
(Nummenmaa et al., 2015). In a PET study in men, social touch
increased MOR availability in the anterior cingulate cortex (ACC),
insula and other brain regions associated with socioemotional
processes (Nummenmaa et al., 2016). In recent years a growing
number of reviews suggest that endogenous opioids serve as
important neurotransmitters that enable social touch and positive
social connections (Ellingsen et al., 2016; Morrison, 2016; Su and Su,
2018; Jablonski, 2021). Accordingly, it is conceivable that social
touching PARO increased secretion of endogenous opioids and
MOR availability which enabled a stronger pain inhibition. It
should be noted that oxytocin is another important
neurotransmitter involved in social touch, but its role in pain
inhibition is still not completely clear. In our previous study, we
found a decrease in salivary oxytocin during interaction with PARO
(Geva et al., 2020). This finding is in contrast to the increase in
oxytocin secretion during social contact between humans as well as
non-human primates (Feldman et al., 2010; Feldman et al., 2011;
Tang et al., 2020), and may indicate that human-robot social touch
affects socioemotional brain processes differently.

The effect of touching PARO on pain was found to be different
between mild vs. strong pain. For mild pain, there was a decrease
in pain ratings only in the social-touch (ON) group, whereas for
strong pain, there was a decrease in both the ON and the OFF
groups. The decrease in strong pain ratings among the OFF group
can be attributed to the pleasantness of touching PARO. We
found that only among the OFF-group participants, the degree of
pleasantness of touch predicted pain inhibition. Namely, only
participants who perceived PARO as very pleasant to touch
(mean rating of 9 out of 10) demonstrated pain inhibition
during touch compared to baseline pain ratings. Whereas
among the ON-group participants, there was no difference in
pain inhibition magnitude between participants with high vs. low
ratings for pleasantness of touch. A possible mechanism

underlying these findings is a decrease in stress and anxiety
during non-social pleasant touch. Animal studies
demonstrate that passive gentle stimuli significantly reduce
stress response among rat pups separated from the dam (Kuhn
et al., 1990; van Oers et al., 1998). More recently, stimulation
of C-tactile afferents was found to induce positive reinforcing
and anxiolytic behavior (Vrontou et al., 2013). Similarly,
among humans, optimal velocity of non-social soft
brushing reduced the physiological stress response among
infants (Fairhurst et al., 2014) and adults (Triscoli et al.,
2017). Taken together, we postulate that the pleasant non-
social touch produced by stroking PARO while off, mirrored
the effect of gentle social touch on stress and anxiety during
noxious stimuli and thus inhibits pain. Supporting this
notion, we found a correlation between the decrease in
pain ratings and perceived stress only in the OFF group,
whereas in the ON group we found a correlation between
the decrease in pain ratings and feeling good in the presence of
PARO. It is possible that when stroking an inanimate object,
participants are more focused in the pleasantness of its touch,
whereas while stroking a social robot, participants are more
focused on its social characteristics. Thus, it can be speculated
that the reduction in pain stemmed from different pain-
inhibitory mechanisms in each group: social touch in the
ON group and stress reduction in the OFF group. Notably, for
less intense pain we found a clear advantage of social touching
PARO for pain relief.

4.3 Limitations and Future Directions
Below we list some of the study’s limitations, and future
directions that might be inspired by the current work:

1) The different features of PARO when it is turned ON and
OFF dictated the use of one out of five questions about the
perception of the interaction with PARO in the OFF group.
However, it would be instructive to conduct a follow-up
experiment in which identical questions are administered
to both groups, and the answers compared.

2) Participants were not monitored during the familiarity session
with PARO. It is possible that different interaction patterns
emerged in the high-communicators vs. the low-
communicators subgroups, as well as in the participants
with high willingness to meet PARO again vs. those with
low willingness to meet it again; E.g., perhaps HCs and HMAs
tended to stroke PARO more times than the other
subgroups—which may, in turn, have affected their
perception of pain and stress. It would be of interest to
track the pattern of interaction in future research, to
establish whether there is a connection between this
pattern and the beneficial effect of the interaction. Should
such a pattern emerge, it could be used as a model, according
to which guided interactions with PARO can be designed to
transition individuals from the LC and LMA subgroups into
the HC and HMA subgroups, assuming they will then gain
more by the interaction.

3) In a previous study, we documented the effects of touching
PARO, while in the ON state, on levels of salivary oxytocin. It
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would be interesting to track the profile of salivary cortisol
levels before, during, and after an interaction with PARO.

4) The study took place during the COVID-19 pandemic. The
experimenter and the participants were wearing a mask
throughout the experiment. The potential effect of wearing
a mask on experimentally induced pain ratings and stress
should be explored in future work.

5) The effect of touching PARO on pain ratings and stress may
change over time: the beneficial effect observed here may be
enhanced or diminished, and the direction of the changemight be
different for high communicators vs. low communicators.
Charting these patterns over a long-term interaction will be an
important step in understanding howHRImay be helpful in pain
and stress reduction in the long term.

6) Our results suggest that PARO, an animal-like robot, is helpful
in reducing the perception of pain. It would be of interest to
explore the effects of a human-like robot in this context.

4.4 CONCLUSION

This study demonstrates that touching the social robot PARO
when it is turned ON is more effective in reducing stress and mild
pain levels than touching it while it is turned OFF. Participants
with high perceived ability to communicate with PARO and with
high willingness to meet PARO again exhibited greater pain
inhibition during social touching PARO. Participants who
perceived PARO as very pleasant to touch exhibited greater
pain inhibition when touching PARO while it was turned
OFF. These finding may add insight to the effect of social
touch on pain perception and may have clinical implications
for using social robots in the treatment of acute and chronic pain.
This is of special importance during the COVID-19 pandemic,
which led to a requirement for social distancing.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ben-Gurion University Ethics Committee. The

participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

NG, NH, and SL-T contributed to conception and design of
the study. NH collected the data with the close guidance of
NG. NG analyzed the data, and wrote the first draft of the
manuscript with the assistance of NH. NG wrote the advanced
draft of the manuscript, with critical comments made by SL-T.
SL-T supervised the project and secured the funding for it. All
authors contributed to manuscript revision, read, and
approved the submitted version.

FUNDING

The research was partially supported by the Helmsley
Charitable Trust through the Agricultural, Biological and
Cognitive Robotics Initiative, by the Marcus Endowment
Fund, and the Paul Ivanier Center for Production
Management, all at the Ben-Gurion University of the
Negev. Financial support was provided by the Rosetrees
Trust, the Borten Family Foundation, the Robert Bergida
bequest, and the Consolidated Anti-Aging Foundation.
This research was also supported by grant no. 3000017258
from the Chief Scientist Office of the Israeli Ministry of
Health, by the National Insurance Institute of Israel, and
received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 754340.

ACKNOWLEDGMENTS

The authors would like to thank Yuliya Berdichevsky for help
with technical support during the manuscript revision
process.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/frobt.2022.926185/
full#supplementary-material

REFERENCES

Ananto, R. A., and Young, J. E. (2020). “Robot Pets for Everyone: the
Untapped Potential for Domestic Social Robots,” In Proceedings of the
29th International Conference on Robot & Human Interactive
Communication, Naples Italy, August 31–September 4, 2020.

Attal, N., Martinez, V., and Bouhassira, D. (2021). Potential for Increased
Prevalence of Neuropathic Pain after the COVID-19 Pandemic. Pain Rep. 6
(1), e884. doi:10.1097/pr9.0000000000000884

Bannon, S., Greenberg, J., Mace, R. A., Locascio, J. J., and Vranceanu, A.-M. (2021).
The Role of Social Isolation in Physical and Emotional Outcomes Among
Patients with Chronic Pain. General Hosp. psychiatry 69, 50–54. doi:10.1016/j.
genhosppsych.2021.01.009

Bao, K. J., and Schreer, G. (2016). Pets and Happiness: Examining the Association
between Pet Ownership and Wellbeing. Anthrozoös 29 (2), 283–296. doi:10.
1080/08927936.2016.1152721

Bardoni, R., Takazawa, T., Tong, C.-K., Choudhury, P., Scherrer, G., andMacDermott, A.
B. (2013). Pre- and Postsynaptic Inhibitory Control in the Spinal Cord Dorsal Horn.
Ann. N.Y. Acad. Sci. 1279 (1), 90–96. doi:10.1111/nyas.12056

Frontiers in Robotics and AI | www.frontiersin.org July 2022 | Volume 9 | Article 92618510

Geva et al. Interaction Reduces Pain More Effectively

https://www.frontiersin.org/articles/10.3389/frobt.2022.926185/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frobt.2022.926185/full#supplementary-material
https://doi.org/10.1097/pr9.0000000000000884
https://doi.org/10.1016/j.genhosppsych.2021.01.009
https://doi.org/10.1016/j.genhosppsych.2021.01.009
https://doi.org/10.1080/08927936.2016.1152721
https://doi.org/10.1080/08927936.2016.1152721
https://doi.org/10.1111/nyas.12056
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


Barré, R., Brunel, G., Barthet, P., and Laurencin-Dalicieux, S. (2017). The Visual
Analogue Scale: An Easy and Reliable Way of Assessing Perceived Stress. Qual.
Prim. Health Care 1 (1), 1–5.

Beekman, J. B., Stock, M. L., and Marcus, T. (2016). Need to Belong, Not Rejection
Sensitivity, Moderates Cortisol Response, Self-Reported Stress, and Negative
Affect Following Social Exclusion. J. Soc. Psychol. 156 (2), 131–138. doi:10.1080/
00224545.2015.1071767

Beetz, A., Uvnäs-Moberg, K., Julius, H., and Kotrschal, K. (2012). Psychosocial and
Psychophysiological Effects of Human-Animal Interactions: the Possible Role
of Oxytocin. Front. Psychol. 3, 234. doi:10.3389/fpsyg.2012.00234

Beran, T. N., Ramirez-Serrano, A., Vanderkooi, O. G., and Kuhn, S. (2013).
Reducing Children’s Pain and Distress towards Flu Vaccinations: a Novel
and Effective Application of Humanoid Robotics. Vaccine 31 (25), 2772–2777.
doi:10.1016/j.vaccine.2013.03.056

Beran, T. N., Ramirez-Serrano, A., Vanderkooi, O. G., and Kuhn, S. (2015).
Humanoid Robotics in Health Care: An Exploration of Children’s and
Parents’ Emotional Reactions. J. Health Psychol. 20 (7), 984–989. doi:10.
1177/1359105313504794

Birnie, K. A., Chambers, C. T., and Spellman, C. M. (2017). Mechanisms of
Distraction in Acute Pain Perception andModulation. Pain 158 (6), 1012–1013.
doi:10.1097/j.pain.0000000000000913

Björnsdotter, M., and Olausson, H. (2011). Vicarious Responses to Social Touch in
Posterior Insular Cortex Are Tuned to Pleasant Caressing Speeds. J. Neurosci.
31 (26), 9554–9562.

Braz, J., Solorzano, C., Wang, X., and Basbaum, A. I. (2014). Transmitting Pain and
Itch Messages: a Contemporary View of the Spinal Cord Circuits that Generate
Gate Control. Neuron 82 (3), 522–536. doi:10.1016/j.neuron.2014.01.018

Buhle, J., and Wager, T. D. (2010). Performance-dependent Inhibition of Pain by
an ExecutiveWorkingMemory Task. PAIN® 149 (1), 19–26. doi:10.1016/j.pain.
2009.10.027

Burleson, M. H., and Davis, M. C. (2013). 10 Social Touch and Resilience," The
Resilience Handbook: Approaches to Stress and Trauma. Editor M. Kent,
M. C. Davis, and J. W. Reich. New York, 131.

Carrillo-de-la-Peña, M. T., González-Villar, A., and Triñanes, Y. (2021). Effects of
the COVID-19 Pandemic on Chronic Pain in Spain: a Scoping Review. Pain
Rep. 6 (1), e899. doi:10.1097/pr9.0000000000000899

Case, L., Adler-Neal, A. L., Wells, R. E., and Zeidan, F. (2021). The Role of
Expectations and Endogenous Opioids in Mindfulness-Based Relief of
Experimentally Induced Acute Pain. Psychosom. Med. 83 (6), 549–556.
doi:10.1097/psy.0000000000000908

Céspedes Gómez, N., Irfan, B., Senft, E., Cifuentes, C. A., Guitierrez, L. F., Rincon-
Roncancio, M., et al. (2021). A Socially Assistive Robot for Long-Term Cardiac
Rehabilitation in the Real World. Front. Neurorobotics 15, 21. doi:10.3389/
fnbot.2021.633248

Charry-Sánchez, J. D., Pradilla, I., and Talero-Gutiérrez, C. (2018). Animal-assisted
Therapy in Adults: A Systematic Review. Complementary Ther. Clin. Pract. 32,
169–180. doi:10.1016/j.ctcp.2018.06.011

Che, X., Luo, X., Chen, Y., Li, B., Li, X., Li, X., et al. (2021). Social Touch Modulates
Pain-Evoked Increases in Facial Temperature. Curr. Psychol., 1–10. doi:10.
1007/s12144-020-01212-2

Clauw, D. J., Häuser, W., Cohen, S. P., and Fitzcharles, M.-A. (2020). Considering
the Potential for an Increase in Chronic Pain after the COVID-19 Pandemic.
Pain 161 (8), 1694–1697. doi:10.1097/j.pain.0000000000001950

Cohavi, O., and Levy-Tzedek, S. (2022). Young and Old Users Prefer Immersive
Virtual Reality over a Social Robot for Short-Term Cognitive Training. Int.
J. Human-Computer Stud. 161, 102775. doi:10.1016/j.ijhcs.2022.102775

Crossman, M. K., Kazdin, A. E., and Kitt, E. R. (2018). The Influence of a Socially
Assistive Robot on Mood, Anxiety, and Arousal in Children. Prof. Psychol. Res.
Pract. 49 (1), 48–56. doi:10.1037/pro0000177

Davis, M. (1992). The Role of the Amygdala in Fear and Anxiety. Annu. Rev.
Neurosci. 15 (1), 353–375. doi:10.1146/annurev.ne.15.030192.002033

Demir, M., Jaafar, J., Bilyk, N., and Mohd Ariff, M. R. (2012). Social Skills,
Friendship and Happiness: A Cross-Cultural Investigation. J. Soc. Psychol.
152 (3), 379–385. doi:10.1080/00224545.2011.591451

Diener, E., Oishi, S., and Tay, L. (2018). Advances in Subjective Well-Being
Research. Nat. Hum. Behav. 2 (4), 253–260. doi:10.1038/s41562-018-0307-6

Ditzen, B., Neumann, I. D., Bodenmann, G., von Dawans, B., Turner, R. A., Ehlert,
U., et al. (2007). Effects of Different Kinds of Couple Interaction on Cortisol and

Heart Rate Responses to Stress in Women. Psychoneuroendocrinology 32 (5),
565–574. doi:10.1016/j.psyneuen.2007.03.011

Ditzen, B., Germann, J., Meuwly, N., Bradbury, T. N., Bodenmann, G., and
Heinrichs, M. (2019). Intimacy as Related to Cortisol Reactivity and
Recovery in Couples Undergoing Psychosocial Stress. Psychosom. Med. 81
(1), 16–25. doi:10.1097/psy.0000000000000633

Dreisoerner, A., Junker, N. M., Schlotz, W., Heimrich, J., Bloemeke, S., Ditzen, B.,
et al. (2021). Self-soothing Touch and Being Hugged Reduce Cortisol Responses
to Stress: A Randomized Controlled Trial on Stress, Physical Touch, and Social
Identity. Compr. Psychoneuroendocrinology 8, 100091. doi:10.1016/j.cpnec.
2021.100091

Eckstein, M., Mamaev, I., Ditzen, B., and Sailer, U. (2020). Calming Effects of
Touch in Human, Animal, and Robotic Interaction—Scientific State-Of-The-
Art and Technical Advances. Front. psychiatry 11, 555058. doi:10.3389/fpsyt.
2020.555058

Edwards, A., Edwards, C., Abendschein, B., Espinosa, J., Scherger, J., and Vander
Meer, P. (2020). Using Robot Animal Companions in the Academic Library to
Mitigate Student Stress. UK: Library Hi Tech.

Eizicovits, D., Edan, Y., Tabak, I., and Levy-Tzedek, S. (2018). Robotic Gaming
Prototype for Upper Limb Exercise: Effects of Age and Embodiment on User
Preferences and Movement. Rnn 36 (2), 261–274. doi:10.3233/rnn-170802

Ellingsen, D.-M., Leknes, S., Løseth, G., Wessberg, J., and Olausson, H. (2016). The
Neurobiology Shaping Affective Touch: Expectation, Motivation, and Meaning
in the Multisensory Context. Front. Psychol. 6, 1986. doi:10.3389/fpsyg.2015.
01986

Eskander, R., Tewari, K., Osann, K., and Shibata, T. (2013). Pilot Study of the
PARO Therapeutic Robot Demonstrates Decreased Pain, Fatigue, and Anxiety
Among Patients with Recurrent Ovarian Carcinoma. Gynecol. Oncol. 130 (1),
e144–e145. doi:10.1016/j.ygyno.2013.04.410

Fairhurst, M. T., Löken, L., and Grossmann, T. (2014). Physiological and
Behavioral Responses Reveal 9-Month-Old Infants’ Sensitivity to Pleasant
Touch. Psychol. Sci. 25 (5), 1124–1131. doi:10.1177/0956797614527114

Feingold-Polak, R., Barzel, O., and Levy-Tzedek, S. (2021). A Robot Goes to Rehab:
a Novel Gamified System for Long-Term Stroke Rehabilitation Using a Socially
Assistive Robot—Methodology and Usability Testing. J. NeuroEngineering
Rehabilitation 18 (1), 1–18. doi:10.1186/s12984-021-00915-2

Feldman, R., Gordon, I., Schneiderman, I.,Weisman, O., and Zagoory-Sharon, O. (2010).
Natural Variations in Maternal and Paternal Care Are Associated with Systematic
Changes in Oxytocin Following Parent-Infant Contact. Psychoneuroendocrinology 35
(8), 1133–1141. doi:10.1016/j.psyneuen.2010.01.013

Feldman, R., Gordon, I., and Zagoory-Sharon, O. (2011). Maternal and Paternal
Plasma, Salivary, and Urinary Oxytocin and Parent-Infant Synchrony:
Considering Stress and Affiliation Components of Human Bonding. Dev.
Sci. 14 (4), 752–761. doi:10.1111/j.1467-7687.2010.01021.x

Feuille, M., and Pargament, K. (2015). Pain, Mindfulness, and Spirituality: a
Randomized Controlled Trial Comparing Effects of Mindfulness and
Relaxation on Pain-Related Outcomes in Migraineurs. J. Health Psychol. 20
(8), 1090–1106. doi:10.1177/1359105313508459

Fidanza, F., Polimeni, E., Pierangeli, V., and Martini, M. (2021). A Better Touch:
C-Tactile Fibers Related Activity Is Associated to Pain Reduction during
Temporal Summation of Second Pain. J. Pain 22 (5), 567–576. doi:10.1016/
j.jpain.2021.01.001

Fotopoulou, A., VonMohr, M., and Krahé, C. (2022). Affective Regulation through
Touch: Homeostatic and Allostatic Mechanisms. Curr. Opin. Behav. Sci. 43,
80–87. doi:10.1016/j.cobeha.2021.08.008

Gates, M., Hartling, L., Shulhan-kilroy, J., MacGregor, T., Guitard, S., Wingert,
A., et al. (2020). Digital Technology Distraction for Acute Pain in Children:
a Meta-Analysis. Pediatrics 145 (2), e20191139. doi:10.1542/peds.2019-
1139

Gee, N. R., Mueller, M. K., and Curl, A. L. (2017). Human-Animal Interaction and
Older Adults: An Overview. Front. Psychol. 8, 1416. doi:10.3389/fpsyg.2017.
01416

Geva, N., and Defrin, R. (2018). Opposite Effects of Stress on Pain Modulation
Depend on the Magnitude of Individual Stress Response. J. Pain 19 (4),
360–371. doi:10.1016/j.jpain.2017.11.011

Geva, N., Pruessner, J., and Defrin, R. (2014). Acute Psychosocial Stress Reduces
Pain Modulation Capabilities in Healthy Men. Pain® 155 (11), 2418–2425.
doi:10.1016/j.pain.2014.09.023

Frontiers in Robotics and AI | www.frontiersin.org July 2022 | Volume 9 | Article 92618511

Geva et al. Interaction Reduces Pain More Effectively

https://doi.org/10.1080/00224545.2015.1071767
https://doi.org/10.1080/00224545.2015.1071767
https://doi.org/10.3389/fpsyg.2012.00234
https://doi.org/10.1016/j.vaccine.2013.03.056
https://doi.org/10.1177/1359105313504794
https://doi.org/10.1177/1359105313504794
https://doi.org/10.1097/j.pain.0000000000000913
https://doi.org/10.1016/j.neuron.2014.01.018
https://doi.org/10.1016/j.pain.2009.10.027
https://doi.org/10.1016/j.pain.2009.10.027
https://doi.org/10.1097/pr9.0000000000000899
https://doi.org/10.1097/psy.0000000000000908
https://doi.org/10.3389/fnbot.2021.633248
https://doi.org/10.3389/fnbot.2021.633248
https://doi.org/10.1016/j.ctcp.2018.06.011
https://doi.org/10.1007/s12144-020-01212-2
https://doi.org/10.1007/s12144-020-01212-2
https://doi.org/10.1097/j.pain.0000000000001950
https://doi.org/10.1016/j.ijhcs.2022.102775
https://doi.org/10.1037/pro0000177
https://doi.org/10.1146/annurev.ne.15.030192.002033
https://doi.org/10.1080/00224545.2011.591451
https://doi.org/10.1038/s41562-018-0307-6
https://doi.org/10.1016/j.psyneuen.2007.03.011
https://doi.org/10.1097/psy.0000000000000633
https://doi.org/10.1016/j.cpnec.2021.100091
https://doi.org/10.1016/j.cpnec.2021.100091
https://doi.org/10.3389/fpsyt.2020.555058
https://doi.org/10.3389/fpsyt.2020.555058
https://doi.org/10.3233/rnn-170802
https://doi.org/10.3389/fpsyg.2015.01986
https://doi.org/10.3389/fpsyg.2015.01986
https://doi.org/10.1016/j.ygyno.2013.04.410
https://doi.org/10.1177/0956797614527114
https://doi.org/10.1186/s12984-021-00915-2
https://doi.org/10.1016/j.psyneuen.2010.01.013
https://doi.org/10.1111/j.1467-7687.2010.01021.x
https://doi.org/10.1177/1359105313508459
https://doi.org/10.1016/j.jpain.2021.01.001
https://doi.org/10.1016/j.jpain.2021.01.001
https://doi.org/10.1016/j.cobeha.2021.08.008
https://doi.org/10.1542/peds.2019-1139
https://doi.org/10.1542/peds.2019-1139
https://doi.org/10.3389/fpsyg.2017.01416
https://doi.org/10.3389/fpsyg.2017.01416
https://doi.org/10.1016/j.jpain.2017.11.011
https://doi.org/10.1016/j.pain.2014.09.023
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


Geva, N., Uzefovsky, F., and Levy-Tzedek, S. (2020). Touching the Social Robot
PARO Reduces Pain Perception and Salivary Oxytocin Levels. Sci. Rep. 10 (1),
9814–9815. doi:10.1038/s41598-020-66982-y

Giansanti, D. (2021), The Social Robot in Rehabilitation and Assistance: What Is
the Future? Healthcare, 9, 244, Note: MDPI stays neutral with regard to
jurisdictional claims in published .doi:10.3390/healthcare9030244

Goldstein, P., Shamay-Tsoory, S. G., Yellinek, S., and Weissman-Fogel, I. (2016).
Empathy Predicts an Experimental Pain Reduction during Touch. J. Pain 17
(10), 1049–1057. doi:10.1016/j.jpain.2016.06.007

Góngora Alonso, S., Hamrioui, S., de la Torre Díez, I., Motta Cruz, E., López-
Coronado, M., and Franco, M. (2019). Social Robots for People with Aging and
Dementia: a Systematic Review of Literature. Telemedicine e-Health 25 (7),
533–540. doi:10.1089/tmj.2018.0051

Grant, N., Hamer, M., and Steptoe, A. (2009). Social Isolation and Stress-Related
Cardiovascular, Lipid, and Cortisol Responses. Ann. Behav. Med. 37 (1), 29–37.
doi:10.1007/s12160-009-9081-z

Guan, Y. (2012). Spinal Cord Stimulation: Neurophysiological and Neurochemical
Mechanisms of Action. Curr. Pain Headache Rep. 16 (3), 217–225. doi:10.1007/
s11916-012-0260-4

Gupta, A., Scott, K., and Dukewich, M. (2018). Innovative Technology Using
Virtual Reality in the Treatment of Pain: Does it Reduce Pain via Distraction, or
Is There More to it? Pain Med. 19 (1), 151–159. doi:10.1093/pm/pnx109

Heidarigorji, A., Heidari Gorji, M., and Davanloo, A. (2014). The Efficacy of
Relaxation Training on Stress, Anxiety, and Pain Perception in Hemodialysis
Patients. Indian J. Nephrol. 24 (6), 356. doi:10.4103/0971-4065.132998

Helpman, L., Penso, J., Zagoory-Sharon, O., Feldman, R., and Gilboa-Schechtman,
E. (2017). Endocrine and Emotional Response to Exclusion Among Women
and Men; Cortisol, Salivary Alpha Amylase, and Mood. Anxiety, Stress, &
Coping 30 (3), 253–263. doi:10.1080/10615806.2016.1269323

Henschel, A., Laban, G., and Cross, E. S. (2021). What Makes a Robot Social? a
Review of Social Robots from Science Fiction to a Home or Hospital Near You.
Curr. Robot. Rep. 2 (1), 9–19. doi:10.1007/s43154-020-00035-0

Hilton, L., Hempel, S., Ewing, B. A., Apaydin, E., Xenakis, L., Newberry, S., et al.
(2017). Mindfulness Meditation for Chronic Pain: Systematic Review and
Meta-Analysis. Ann. Behav. Med. 51 (2), 199–213. doi:10.1007/s12160-016-
9844-2

Hoffmann, L., and Krämer, N. C. (2021). The Persuasive Power of Robot Touch.
Behavioral and Evaluative Consequences of Non-functional Touch from a
Robot. Plos one 16 (5), e0249554. doi:10.1371/journal.pone.0249554

Jablonski, N. G. (2021). Social and Affective Touch in Primates and its Role in the
Evolution of Social Cohesion. Neuroscience 464, 117–125. doi:10.1016/j.
neuroscience.2020.11.024

Johnson, M. H., Breakwell, G., Douglas, W., and Humphries, S. (1998). The Effects
of Imagery and Sensory Detection Distractors on Different Measures of Pain:
HowDoes DistractionWork? Br. J. Clin. Psychol. 37 (2), 141–154. doi:10.1111/j.
2044-8260.1998.tb01290.x

Karos, K., McParland, J. L., Bunzli, S., Devan, H., Hirsh, A., Kapos, F. P., et al.
(2020). The Social Threats of COVID-19 for People with Chronic Pain. Pain
161 (10), 2229–2235. doi:10.1097/j.pain.0000000000002004

Kashi, S., and Levy-Tzedek, S. (2018). Smooth Leader or Sharp Follower? Playing
the Mirror Game with a Robot. Rnn 36 (2), 147–159. doi:10.3233/rnn-170756

Kataoka, N., Shima, Y., Nakajima, K., and Nakamura, K. (2020). A Central Master
Driver of Psychosocial Stress Responses in the Rat. Science 367 (6482),
1105–1112. doi:10.1126/science.aaz4639

Kidd, C. D., Taggart, W., and Turkle, S. (2006). “A Sociable Robot to Encourage
Social Interaction Among the Elderly,” in Proceedings 2006 IEEE International
Conference on Robotics and Automation, ICRA, Orlando, FL, USA, 15-19 May
2006 (IEEE), 3972–3976.

Killgore, W. D. S., Cloonan, S. A., Taylor, E. C., and Dailey, N. S. (2020). Loneliness:
A Signature Mental Health Concern in the Era of COVID-19. Psychiatry Res.
290, 113117. doi:10.1016/j.psychres.2020.113117

Kreuder, A. K., Wassermann, L., Wollseifer, M., Ditzen, B., Eckstein, M., Stoffel-
Wagner, B., et al. (2019). Oxytocin Enhances the Pain-relieving Effects of Social
Support in Romantic Couples.Hum. Brain Mapp. 40 (1), 242–251. doi:10.1002/
hbm.24368

Kubota, A., and Riek, L. D. (2021). Methods for Robot Behavior Adaptation for
Cognitive Neurorehabilitation. Annu. Rev. Control, Robotics, Aut. Syst. 5,
109–135. doi:10.1146/annurev-control-042920-093225

Kubota, A., Cruz-Sandoval, D., Kim, S., Twamley, E. W., and Riek, L. D. (2022).
“Cognitively Assistive Robots at Home: HRI Design Patterns for Translational
Science,” in Proceedings of the 2022 ACM/IEEE International Conference on
Human-Robot Interaction, Sapporo Hokkaido Japan, March 7 - 10, 2022,
53–62.

Kucyi, A., Salomons, T. V., and Davis, K. D. (2013). Mind Wandering Away from
Pain Dynamically Engages Antinociceptive and Default Mode Brain Networks.
Proc. Natl. Acad. Sci. U.S.A. 110 (46), 18692–18697. doi:10.1073/pnas.
1312902110

Kuhn, C. M., Pauk, J., and Schanberg, S. M. (1990). Endocrine Responses to
Mother-Infant Separation in Developing Rats.Dev. Psychobiol. 23 (5), 395–410.
doi:10.1002/dev.420230503

Liljencrantz, J., Pitcher, M., Bushnell, M. C., and Olausson, H. (2016). “Pain and
Touch: Roles for C-Tactile Afferents in Pain Inhibition and Tactile Allodynia,”
in Affective Touch and the Neurophysiology of CT Afferents (Germany:
Springer), 409–420. doi:10.1007/978-1-4939-6418-5_24

Liljencrantz, J., Strigo, I., Ellingsen, D. M., Krämer, H. H., Lundblad, L. C., Nagi, S.
S., et al. (2017). Slow Brushing Reduces Heat Pain in Humans. Eur. J. Pain 21
(7), 1173–1185. doi:10.1002/ejp.1018

Löken, L. S., and Olausson, H. (2010). The Skin as a Social Organ. Exp. Brain Res.
204 (3), 305–314.

López-Solà, M., Geuter, S., Koban, L., Coan, J. A., and Wager, T. D. (2019). Brain
Mechanisms of Social Touch-Induced Analgesia in Females. Pain 160 (9),
2072–2085. doi:10.1097/j.pain.0000000000001599

Loreto-Quijada, D., Gutiérrez-Maldonado, J., Nieto, R., Gutiérrez-Martínez, O.,
Ferrer-García, M., Saldaña, C., et al. (2014). Differential Effects of Two Virtual
Reality Interventions: Distraction versus Pain Control. Cyberpsychology, Behav.
Soc. Netw. 17 (6), 353–358. doi:10.1089/cyber.2014.0057

Lu, L. C., Lan, S. H., Hsieh, Y. P., Lin, L. Y., Lan, S. J., and Chen, J. C. (2021).
Effectiveness of Companion Robot Care for Dementia: A Systematic Review
and Meta-Analysis. Innov. Aging 5 (2), igab013. doi:10.1093/geroni/igab013

Mancini, F., Beaumont, A. L., Hu, L., Haggard, P., Iannetti, G. D., and Iannetti, G.
D. (19362015). Touch Inhibits Subcortical and Cortical Nociceptive Responses.
Pain 156 (10), 1936–1944. doi:10.1097/j.pain.0000000000000253

Manduca, A., Campolongo, P., Palmery, M., Vanderschuren, L. J. M. J.,
Cuomo, V., and Trezza, V. (2014). Social Play Behavior, Ultrasonic
Vocalizations and Their Modulation by Morphine and Amphetamine in
Wistar and Sprague-Dawley Rats. Psychopharmacology 231 (8), 1661–1673.
doi:10.1007/s00213-013-3337-9

Martela, F., and Sheldon, K. M. (2019). Clarifying the Concept of Well-Being:
Psychological Need Satisfaction as the Common Core Connecting Eudaimonic
and Subjective Well-Being. Rev. General Psychol. 23 (4), 458–474. doi:10.1177/
1089268019880886

Martos-Montes, R., Ordóñez-Pérez, D., Ruiz-Maatallah, J., and Martínez-Cobos,
M. (2019). Psychophysiological Effects of Human-Dog Interaction in
University Students Exposed to a Stress-Induced Situation Using the Trier
Social Stress Test (TSST). Hum. Anim. Interact. Bull. 8 (2), 36–50.

Massaccesi, C., Willeit, M., Quendnow, B. B., Nater, U. M., Lamm, C., Mueller, D.,
et al. (2022). Opioid-Blunted Cortisol Response to Stress is Associated with
Increased Negative Mood and Wanting of Social Reward.
Neuropsychopharmacology, 1–10.

Master, S. L., Eisenberger, N. I., Taylor, S. E., Naliboff, B. D., Shirinyan, D., and
Lieberman, M. D. (2009). A Picture’s Worth. Psychol. Sci. 20 (11), 1316–1318.
doi:10.1111/j.1467-9280.2009.02444.x

McGlone, F., Wessberg, J., and Olausson, H. (2014). Discriminative and Affective
Touch: Sensing and Feeling. Neuron 82 (4), 737–755. doi:10.1016/j.neuron.
2014.05.001

Meijer, L. L., Ruis, C., van der Smagt, M. J., Scherder, E. J., and Dijkerman, H. C.
(2021). Neural Basis of Affective Touch and Pain: A Novel Model Suggests
Possible Targets for Pain Amelioration. J. Neuropsychology 16, 38–53. doi:10.
1111/jnp.12250

Meller, R. E., Keverne, E. B., and Herbert, J. (1980). Behavioural and Endocrine
Effects of Naltrexone in Male Talapoin Monkeys. Pharmacol. Biochem. Behav.
13 (5), 663–672. doi:10.1016/0091-3057(80)90010-6

Mendell, L. M. (2014). Constructing and Deconstructing the Gate Theory of Pain.
Pain® 155 (2), 210–216. doi:10.1016/j.pain.2013.12.010

Mertens, M., Hermans, L., Van Oosterwijck, J., Meert, L., Crombez, G., Struyf, F.,
et al. (2020). The Result of Acute Induced Psychosocial Stress on Pain

Frontiers in Robotics and AI | www.frontiersin.org July 2022 | Volume 9 | Article 92618512

Geva et al. Interaction Reduces Pain More Effectively

https://doi.org/10.1038/s41598-020-66982-y
https://doi.org/10.3390/healthcare9030244
https://doi.org/10.1016/j.jpain.2016.06.007
https://doi.org/10.1089/tmj.2018.0051
https://doi.org/10.1007/s12160-009-9081-z
https://doi.org/10.1007/s11916-012-0260-4
https://doi.org/10.1007/s11916-012-0260-4
https://doi.org/10.1093/pm/pnx109
https://doi.org/10.4103/0971-4065.132998
https://doi.org/10.1080/10615806.2016.1269323
https://doi.org/10.1007/s43154-020-00035-0
https://doi.org/10.1007/s12160-016-9844-2
https://doi.org/10.1007/s12160-016-9844-2
https://doi.org/10.1371/journal.pone.0249554
https://doi.org/10.1016/j.neuroscience.2020.11.024
https://doi.org/10.1016/j.neuroscience.2020.11.024
https://doi.org/10.1111/j.2044-8260.1998.tb01290.x
https://doi.org/10.1111/j.2044-8260.1998.tb01290.x
https://doi.org/10.1097/j.pain.0000000000002004
https://doi.org/10.3233/rnn-170756
https://doi.org/10.1126/science.aaz4639
https://doi.org/10.1016/j.psychres.2020.113117
https://doi.org/10.1002/hbm.24368
https://doi.org/10.1002/hbm.24368
https://doi.org/10.1146/annurev-control-042920-093225
https://doi.org/10.1073/pnas.1312902110
https://doi.org/10.1073/pnas.1312902110
https://doi.org/10.1002/dev.420230503
https://doi.org/10.1007/978-1-4939-6418-5_24
https://doi.org/10.1002/ejp.1018
https://doi.org/10.1097/j.pain.0000000000001599
https://doi.org/10.1089/cyber.2014.0057
https://doi.org/10.1093/geroni/igab013
https://doi.org/10.1097/j.pain.0000000000000253
https://doi.org/10.1007/s00213-013-3337-9
https://doi.org/10.1177/1089268019880886
https://doi.org/10.1177/1089268019880886
https://doi.org/10.1111/j.1467-9280.2009.02444.x
https://doi.org/10.1016/j.neuron.2014.05.001
https://doi.org/10.1016/j.neuron.2014.05.001
https://doi.org/10.1111/jnp.12250
https://doi.org/10.1111/jnp.12250
https://doi.org/10.1016/0091-3057(80)90010-6
https://doi.org/10.1016/j.pain.2013.12.010
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


Sensitivity and Modulation in Healthy People. Pain physician 23 (6),
E703–E712.

Monk, T. H. (1989). A Visual Analogue Scale Technique to Measure Global Vigor
and Affect. Psychiatry Res. 27 (1), 89–99. doi:10.1016/0165-1781(89)90013-9

Morrison, I. (2016). Keep Calm and Cuddle on: Social Touch as a Stress Buffer.
Adapt. Hum. Behav. Physiology 2, 344–362. doi:10.1007/s40750-016-0052-x

Moyle, W., Jones, C., Cooke, M., O’Dwyer, S., Sung, B., and Drummond, S. Social
Robots Helping People with Dementia: Assessing Efficacy of Social Robots in
the Nursing Home Environment," in 2013 6th International Conference on
Human System Interactions (HSI), 6-8 June 2013. Poland. 2013: IEEE, pp.
608–613.doi:10.1109/hsi.2013.6577887

Nelson, K., Adamek, M., and Kleiber, C. (2017). Relaxation Training and
Postoperative Music Therapy for Adolescents Undergoing Spinal Fusion
Surgery. Pain Manag. Nurs. 18 (1), 16–23. doi:10.1016/j.pmn.2016.10.005

Nummenmaa, L., Manninen, S., Tuominen, L., Hirvonen, J., Kalliokoski, K. K.,
Nuutila, P., et al. (2015). Adult Attachment Style Is Associated with Cerebral μ-
opioid Receptor Availability in Humans. Hum. Brain Mapp. 36 (9), 3621–3628.
doi:10.1002/hbm.22866

Nummenmaa, L., Tuominen, L., Dunbar, R., Hirvonen, J., Manninen, S., Arponen,
E., et al. (2016). Social Touch Modulates Endogenous μ-opioid System Activity
in Humans. NeuroImage 138, 242–247. doi:10.1016/j.neuroimage.2016.05.063

Okita, S. Y. (2013). Self-Other’s Perspective Taking: The Use of Therapeutic Robot
Companions as Social Agents for Reducing Pain and Anxiety in Pediatric
Patients. Cyberpsychology, Behav. Soc. Netw. 16 (6), 436–441. doi:10.1089/
cyber.2012.0513

Osawa, Y., Kinbara, Y., Kageoka, M., Iida, K., and Kheddar, A. (2021). Soft Robotic
Shell with Active Thermal Display. Sci. Rep. 11 (1), 1–12. doi:10.1038/s41598-
021-99117-y

Pacheco, D. d. F., Romero, T. R. L., and Duarte, I. D. G. (2014). Central Antinociception
Induced by Ketamine Is Mediated by Endogenous Opioids and μ- and δ-opioid
Receptors. Brain Res. 1562, 69–75. doi:10.1016/j.brainres.2014.03.026

Price, D. D., McGrath, P. A., Rafii, A., and Buckingham, B. (1983). The Validation
of Visual Analogue Scales as Ratio Scale Measures for Chronic and
Experimental Pain. Pain 17 (1), 45–56. doi:10.1016/0304-3959(83)90126-4

Pu, L., Moyle, W., Jones, C., and Todorovic, M. (2019). The Effectiveness of Social
Robots for Older Adults: a Systematic Review and Meta-Analysis of
Randomized Controlled Studies. Gerontologist 59 (1), e37–e51. doi:10.1093/
geront/gny046

Rokach, A., Rosenstreich, E., Brill, S., and Goor Aryeh, I. (2018). People with
Chronic Pain and Caregivers: Experiencing Loneliness and Coping with it.
Curr. Psychol. 37 (4), 886–893. doi:10.1007/s12144-017-9571-2

Roozendaal, B., McEwen, B. S., and Chattarji, S. (2009). Stress, Memory and the
Amygdala. Nat. Rev. Neurosci. 10 (6), 423–433. doi:10.1038/nrn2651

Roques, B. P., Fournié-Zaluski, M.-C., and Wurm, M. (2012). Inhibiting the
Breakdown of Endogenous Opioids and Cannabinoids to Alleviate Pain.
Nat. Rev. Drug Discov. 11 (4), 292–310. doi:10.1038/nrd3673

Rosenberg, M. (2020). Depression and Loneliness during COVID-19 Restrictions
in the United States, and Their Associations with Frequency of Social and
Sexual. Soc. Psychiatry Psychiatr. Epidemiol. 56 (7), 1221–1232. doi:10.1007/
s00127-020-02002-8

Ruocco, M., Larafa, M., and Rossi, S. (2019). Emotional Distraction for Children
Anxiety Reduction During Vaccination. arXiv preprint arXiv:1909.04961.

Salter, M. W., and Henry, J. L. (1990). Differential Responses of Nociceptive vs.
Non-nociceptive Spinal Dorsal Horn Neurones to Cutaneously Applied
Vibration in the Cat. Pain 40 (3), 311–322. doi:10.1016/0304-3959(90)
91128-6

Salter, M.W., and Henry, J. L. (1990). Physiological Characteristics of Responses of
Wide Dynamic Range Spinal Neurones to Cutaneously Applied Vibration in
the Cat. Brain Res. 507 (1), 69–84. doi:10.1016/0006-8993(90)90524-f

Sawicki, C. M., Humeidan, M. L., and Sheridan, J. F. (2021). Neuroimmune
Interactions in Pain and Stress: an Interdisciplinary Approach.
Neuroscientist 27 (2), 113–128. doi:10.1177/1073858420914747

Schellin, H., Oberley, T., Patterson, K., Kim, B., Haring, K. S., and Tossel, C. C.
(2020). “Man’s New Best Friend? Strengthening Human-Robot Dog Bonding
by Enhancing the Doglikeness of Sony’s Aibo,” in 2020 Systems and
Information Engineering Design Symposium (SIEDS), Charlottesville, VA,
USA, 24-24 April 2020, 1–6.

Schirmer, A., Croy, I., and Schweinberger, S. R. (2022). Social Touch - a Tool rather
Than a Signal. Curr. Opin. Behav. Sci. 44, 101100. doi:10.1016/j.cobeha.2021.
101100

Shibata, T. (2010). “Integration of Therapeutic Robot, Paro, into Welfare Systems,”
in Proceedings of the 28th Annual European Conference on Cognitive
Ergonomics, Delft Netherlands, 25 August 2010, 3. doi:10.1145/1962300.
1962302

Shiloh, S., Sorek†, G., and Terkel, J. (2003). Reduction of State-Anxiety by Petting
Animals in a Controlled Laboratory Experiment. Anxiety, Stress & Coping 16
(4), 387–395. doi:10.1080/1061580031000091582

Smakman, M. H. J., Smit, K., Buser, L., Monshouwer, T., van Putten, N., Trip,
T., et al. (2021). Mitigating Children’s Pain and Anxiety during Blood Draw
Using Social Robots. Electronics 10 (10), 1211. doi:10.3390/
electronics10101211

Snyder, M., and Shaparin, N. (2019). “Stimulation-Produced Analgesia (TENS and
Acupuncture),” in Academic Pain Medicine (Heidelberg,Germany: Springer),
153–157. doi:10.1007/978-3-030-18005-8_24

Soares, M. U., Facchini, L. A., Nedel, F. B., Wachs, L. S., Kessler, M., and Thumé, E.
(2021). Social Relationships and Survival in the Older Adult Cohort. Rev.
Latino-Americana Enferm. 29, e3395. doi:10.1590/1518-8345.3844.3395

Stachowski, N. J., and Dougherty, K. J. (2021). Spinal Inhibitory Interneurons:
Gatekeepers of Sensorimotor Pathways. Ijms 22 (5), 2667. doi:10.3390/
ijms22052667

Stein, D. J., vanHonk, J., Ipser, J., Solms, M., and Panksepp, J. (2007). Opioids: from
Physical Pain to the Pain of Social Isolation. CNS Spectr. 12 (9), 669–674. doi:10.
1017/s1092852900021490

Su, J., and Su, Y. (2018). A Touch-Scaffolded Model of Human Prosociality.
Neurosci. Biobehav. Rev. 92, 453–463. doi:10.1016/j.neubiorev.2018.07.008

Sufka, K. J., and Price, D. D. (2002). Gate Control Theory Reconsidered. Brain
Mind 3 (2), 277–290. doi:10.1023/a:1019996809849

Tanaka, M., Ishii, A., Yamano, E., Ogikubo, H., Okazaki, M., Kamimura, K., et al.
(2012). Effect of a Human-type Communication Robot on Cognitive Function
in ElderlyWomen Living Alone.Med. Sci. Monit. 18 (9), CR550–CR557. doi:10.
12659/msm.883350

Tang, Y., Benusiglio, D., Lefevre, A., Hilfiger, L., Althammer, F., Bludau, A., et al.
(2020). Social Touch Promotes Interfemale Communication via Activation of
Parvocellular Oxytocin Neurons.Nat. Neurosci. 23 (9), 1125–1137. doi:10.1038/
s41593-020-0674-y

Tovote, P., Fadok, J. P., and Lüthi, A. (2015). Neuronal Circuits for Fear and
Anxiety. Nat. Rev. Neurosci. 16 (6), 317–331. doi:10.1038/nrn3945

Triscoli, C., Croy, I., Steudte-Schmiedgen, S., Olausson, H., and Sailer, U. (2017).
Heart Rate Variability Is Enhanced by Long-Lasting Pleasant Touch at CT-
optimized Velocity. Biol. Psychol. 128, 71–81. doi:10.1016/j.biopsycho.2017.
07.007

Trost, M. J., Ford, A. R., Kysh, L., Gold, J. I., and Matarić, M. (2019). Socially
Assistive Robots for Helping Pediatric Distress and Pain. Clin. J. pain 35 (5),
451–458. doi:10.1097/ajp.0000000000000688

Trost, M. J., Chrysilla, G., Gold, J. I., and Matarić, M. (2020). Socially-Assistive
Robots Using Empathy to Reduce Pain and Distress during Peripheral IV
Placement in Children. Pain Res. Manag. 2020, 7935215. doi:10.1155/2020/
7935215

Tull, M. T., Edmonds, K. A., Scamaldo, K. M., Richmond, J. R., Rose, J. P., and
Gratz, K. L. (2020). Psychological Outcomes Associated with Stay-At-Home
Orders and the Perceived Impact of COVID-19 on Daily Life. Psychiatry Res.
289, 113098. doi:10.1016/j.psychres.2020.113098

Valtorta, N. K., Kanaan, M., Gilbody, S., Ronzi, S., and Hanratty, B. (2016).
Loneliness and Social Isolation as Risk Factors for Coronary Heart Disease
and Stroke: Systematic Review and Meta-Analysis of Longitudinal
Observational Studies. Heart 102 (13), 1009–1016. doi:10.1136/
heartjnl-2015-308790

van Oers, H. J. J., de Kloet, E. R., Whelan, T., and Levine, S. (1998). Maternal
Deprivation Effect on the Infant’s Neural Stress Markers Is Reversed by Tactile
Stimulation and Feeding but Not by Suppressing Corticosterone. J. Neurosci. 18
(23), 10171–10179. doi:10.1523/jneurosci.18-23-10171.1998

Vrontou, S., Wong, A. M., Rau, K. K., Koerber, H. R., and Anderson, D. J. (2013).
Genetic Identification of C Fibres that Detect Massage-like Stroking of Hairy
Skin In Vivo. Nature 493 (7434), 669–673. doi:10.1038/nature11810

Frontiers in Robotics and AI | www.frontiersin.org July 2022 | Volume 9 | Article 92618513

Geva et al. Interaction Reduces Pain More Effectively

https://doi.org/10.1016/0165-1781(89)90013-9
https://doi.org/10.1007/s40750-016-0052-x
https://doi.org/10.1109/hsi.2013.6577887
https://doi.org/10.1016/j.pmn.2016.10.005
https://doi.org/10.1002/hbm.22866
https://doi.org/10.1016/j.neuroimage.2016.05.063
https://doi.org/10.1089/cyber.2012.0513
https://doi.org/10.1089/cyber.2012.0513
https://doi.org/10.1038/s41598-021-99117-y
https://doi.org/10.1038/s41598-021-99117-y
https://doi.org/10.1016/j.brainres.2014.03.026
https://doi.org/10.1016/0304-3959(83)90126-4
https://doi.org/10.1093/geront/gny046
https://doi.org/10.1093/geront/gny046
https://doi.org/10.1007/s12144-017-9571-2
https://doi.org/10.1038/nrn2651
https://doi.org/10.1038/nrd3673
https://doi.org/10.1007/s00127-020-02002-8
https://doi.org/10.1007/s00127-020-02002-8
https://doi.org/10.1016/0304-3959(90)91128-6
https://doi.org/10.1016/0304-3959(90)91128-6
https://doi.org/10.1016/0006-8993(90)90524-f
https://doi.org/10.1177/1073858420914747
https://doi.org/10.1016/j.cobeha.2021.101100
https://doi.org/10.1016/j.cobeha.2021.101100
https://doi.org/10.1145/1962300.1962302
https://doi.org/10.1145/1962300.1962302
https://doi.org/10.1080/1061580031000091582
https://doi.org/10.3390/electronics10101211
https://doi.org/10.3390/electronics10101211
https://doi.org/10.1007/978-3-030-18005-8_24
https://doi.org/10.1590/1518-8345.3844.3395
https://doi.org/10.3390/ijms22052667
https://doi.org/10.3390/ijms22052667
https://doi.org/10.1017/s1092852900021490
https://doi.org/10.1017/s1092852900021490
https://doi.org/10.1016/j.neubiorev.2018.07.008
https://doi.org/10.1023/a:1019996809849
https://doi.org/10.12659/msm.883350
https://doi.org/10.12659/msm.883350
https://doi.org/10.1038/s41593-020-0674-y
https://doi.org/10.1038/s41593-020-0674-y
https://doi.org/10.1038/nrn3945
https://doi.org/10.1016/j.biopsycho.2017.07.007
https://doi.org/10.1016/j.biopsycho.2017.07.007
https://doi.org/10.1097/ajp.0000000000000688
https://doi.org/10.1155/2020/7935215
https://doi.org/10.1155/2020/7935215
https://doi.org/10.1016/j.psychres.2020.113098
https://doi.org/10.1136/heartjnl-2015-308790
https://doi.org/10.1136/heartjnl-2015-308790
https://doi.org/10.1523/jneurosci.18-23-10171.1998
https://doi.org/10.1038/nature11810
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


Wada, K., and Shibata, T. (2007). Living with Seal Robots-Its Sociopsychological
and Physiological Influences on the Elderly at a Care House. IEEE Trans. Robot.
23 (5), 972–980. doi:10.1109/tro.2007.906261

Wada, K., Shibata, T., Saito, T., and Tanie, K. (2002). “Effects of Robot Assisted
Activity for Elderly People at Day Service Center and Analysis of its Factors,” in
Proceedings of the 4th World Congress on Intelligent Control and Automation
(Cat. No. 02EX527), IEEE, 10-14 June 2002, 1301–1305.2

Wada, K., Shibata, T., Saito, T., Sakamoto, K., and Tanie, K. (2005). "Psychological
and Social Effects of One Year Robot Assisted Activity on Elderly People at a
Health Service Facility for the Aged," in Proceedings of the 2005 IEEE
international conference on robotics and automation, Barcelona, Spain, 18-
22 April 2005, 2785–2790.

Walsh, F. (2009). Human-Animal Bonds I: The Relational Significance of
Companion Animals. Fam. process 48 (4), 462–480. doi:10.1111/j.1545-5300.
2009.01296.x

Weinrich, S. P., and Weinrich, M. C. (1990). The Effect of Massage on Pain in Cancer
Patients. Appl. Nurs. Res. 3 (4), 140–145. doi:10.1016/s0897-1897(05)80135-1

West, S. J., Bannister, K., Dickenson, A. H., and Bennett, D. L. (2015). Circuitry and
Plasticity of the Dorsal Horn - Toward a Better Understanding of Neuropathic
Pain. Neuroscience 300, 254–275. doi:10.1016/j.neuroscience.2015.05.020

Williamson, T. J., Thomas, K. S., Eisenberger, N. I., and Stanton, A. L. (2018).
Effects of Social Exclusion on Cardiovascular and Affective Reactivity to a
Socially Evaluative Stressor. Int.J. Behav. Med. 25 (4), 410–420. doi:10.1007/
s12529-018-9720-5

Yasemin, M., Kasımoğlu, Y., Kocaaydın, S., Karslı, E., İnce, E. B. T., and İnce, G.
(2016). “Management of Dental Anxiety in Children Using Robots,” in 2016

24th Signal Processing and Communication Application Conference (SIU), 16-
19 May 2016 (Turkey: IEEE), 237–240. doi:10.1109/siu.2016.7495721

Young, J., Pritchard, R., Nottle, C., and Banwell, H. (2020). Pets, Touch, and
COVID-19: Health Benefits from Non-human Touch through Times of Stress.
J. Behav. Econ. Policy 4, 25–33.

Zhang, X. Y., Dou, Y. N., Yuan, L., Li, Q., Zhu, Y. J., Wang, M., et al. (2020).
Different Neuronal Populations Mediate Inflammatory Pain Analgesia by
Exogenous and Endogenous Opioids. Elife 9, e55289. doi:10.7554/eLife.55289

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Geva, Hermoni and Levy-Tzedek. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Robotics and AI | www.frontiersin.org July 2022 | Volume 9 | Article 92618514

Geva et al. Interaction Reduces Pain More Effectively

https://doi.org/10.1109/tro.2007.906261
https://doi.org/10.1111/j.1545-5300.2009.01296.x
https://doi.org/10.1111/j.1545-5300.2009.01296.x
https://doi.org/10.1016/s0897-1897(05)80135-1
https://doi.org/10.1016/j.neuroscience.2015.05.020
https://doi.org/10.1007/s12529-018-9720-5
https://doi.org/10.1007/s12529-018-9720-5
https://doi.org/10.1109/siu.2016.7495721
https://doi.org/10.7554/eLife.55289
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

	Interaction Matters: The Effect of Touching the Social Robot PARO on Pain and Stress is Stronger When Turned ON vs. OFF
	1 Introduction
	2 Materials and Methods
	2.1 Participants
	2.2 Equipment
	2.2.1 PARO Robot
	2.2.2 Thermal Stimulator
	2.2.3 Visual Analogue Scale

	2.3 Experimental Setup
	2.3.1 Calibrating Heat-Pain Intensity
	2.3.2 Pain Measurements
	2.3.3 Stress State
	2.3.4 Familiarity Session With PARO
	2.3.5 Perceptions of the Interaction With PARO

	2.4 Procedure
	2.5 Data Analysis

	3 Results
	3.1 The Effect of the Interaction With PARO on the Participants’ Perceived Stress
	3.2 The Effect of the Interaction With PARO on Pain Perception
	3.2.1 Mild Pain
	3.2.2 Strong Pain

	3.3 Perceptions of the Interaction With PARO
	3.3.1 Pleasantness of Touch
	3.3.2 Communication With PARO
	3.3.3 Meeting PARO Again


	4 Discussion
	4.1 The Effect of Social-Touching PARO on Stress
	4.2 The Effect of the Interaction with PARO on Pain Perception
	4.3 Limitations and Future Directions

	4.4 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


