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Abstract

Low-threshold mechanosensory C-fibres, C-tactile afferents (CTs), respond optimally to
sensations associated with a human caress. Additionally, CT-stimulation activates brain
regions associated with processing affective states. This evidence has led to the social
touch hypothesis, that CTs have a key role in encoding the affective properties of social
touch. Thus, to date, the affective touch literature has focussed on gentle stroking touch.
However, social touch interactions involve many touch types, including static, higher force
touch such as hugging and holding. This study aimed to broaden our understanding of the
social touch hypothesis by investigating relative preference for static vs dynamic touch and
the influence of force on these preferences. Additionally, as recent literature has highlighted
individual differences in CT-touch sensitivity, this study investigated the influence of affec-
tive touch experiences and attitudes, autistic traits, depressive symptomology and per-
ceived stress on CT-touch sensitivity. Directly experienced, robotic touch responses were
obtained through a lab-based study and vicarious touch responses through an online study
where participants rated affective touch videos. Individual differences were determined by
self-report questionnaire measures. In general, static touch was preferred over CT-non-opti-
mal stroking touch, however, consistent with previous reports, CT-optimal stroking (velocity
1-10 cm/s) was rated most pleasant. However, static and CT-optimal vicarious touch were
rated comparably for dorsal hand touch. For all velocities, 0.4N was preferred over 0.05N
and 1.5N robotic touch. Participant dynamic touch quadratic terms were calculated for
robotic and vicarious touch as a proxy CT-sensitivity measure. Attitudes to intimate touch
significantly predict robotic and vicarious quadratic terms, as well as vicarious static dorsal
hand touch ratings. Perceived stress negatively predicted robotic static touch ratings. This
study has identified individual difference predictors of CT-touch sensitivity. Additionally, it
has highlighted the context dependence of affective touch responses and the need to con-
sider static, as well as dynamic affective touch.
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Introduction

It has been more than three decades since the discovery of low-threshold mechanosensory C-
fibre afferents in the hairy skin of humans, known as C-tactile afferents (CTs), the preferred
stimulus for which is a low force, low velocity stroking touch, delivered at skin temperature [1,
2]. Discriminative aspects of touch are encoded by fast conducting AP afferents, associated
with somatosensory cortex activation, whereas slowly conducting CT's activate the dorsal pos-
terior insular cortex [3, 4], with subsequent processing activating the medial prefrontal cortex,
dorsal anterior cingulate cortex, and the mid-anterior orbitofrontal cortex [5, 6]. These brain
regions are associated with processing affective states, particularly reward, suggesting CTs are
part of a distinct and dedicated pathway for the processing of the positive affective value of
touch [1, 7-9].

This assertion is supported by identification of a strong positive correlation between ratings of
perceived touch pleasantness and CT mean firing frequency, determined using the single-unit
electrophysiological recording technique, microneurography [1]. CTs fire optimally to stroking
velocities within the 1-10 cm/s range with average pleasantness ratings plotted against velocity
producing an inverted-U function [1]. The tuning of CT afferents to velocity and temperature,
combined with the association between CT activation and activation of brain regions associated
with affective processing, has led to the proposal of a ‘Social Touch’ hypothesis [10, 11] where CT's
play an important role in encoding the rewarding properties of interpersonal social touch.

Social touch involves a variety of gestures delivered at different forces. For example, hug-
ging touch is generally associated with a higher force of touch than caressing touch. Despite
the proposed association between social touch and CT activation, relatively little is known
about the effect of force on CT responses. Whilst there is some evidence of increased CT firing
frequency with increasing force for low force touch of up to 0.1 N [12-14], no such effect has
been shown when delivering touch at slightly higher forces of 0.2 N and 0.4 N [1]. Further-
more, there is no evidence regarding how CT's respond to even higher force touches, such as
those greater than 0.4 N. However, previous literature has identified CT's respond similarly to
both blunt and sharp stimuli [8, 15]. Sharp stimuli will produce a more focal force. This evi-
dence suggests CT's may reach their peak firing potential at relatively low forces, perhaps indi-
cating CTs would respond equally well to light and deep pressure touch.

Social touch gestures include static (e.g. hugging and holding), as well as dynamic, caressing
touch. Close static contact is found in several intimate social settings, such as during cuddling,
hugging, comforting a person with a hand on the back and in non-intimate social settings
such as hand shaking during a friendly introduction. Mammals are also known to implement
close static contact to reduce overall surface area for optimal heat retention [16].

Interestingly, evidence suggests CT's respond to both static and dynamic touch [8, 15, 17].
Additionally, CT's have been reported to be intermediate adapting and thus show sustained fir-
ing during static touch [15, 17, 18]. These studies provide support for CTs’ role in the encoding
of both static and dynamic touch and are particularly relevant when considering certain social
touches, such as hugging and hand holding. Despite this evidence, psychophysical and beha-
vioural assessments directly comparing responses to static vs dynamic touch are currently
lacking [14].

Skin-to-skin contact (also known as Kangaroo Care) between mothers and infants has been
shown to result in improvements in the health of preterm infants, such as increased weight
gain and improvements in lung and heart function [19-21]. Kangaroo Care has also been
shown to reduce pain responses in preterm infants during Heel Stick tests [22]. Most impor-
tantly, Kangaroo Care research indicates that beneficial effects associated with touch can also
occur through static, as well as dynamic touch. Additionally, some of these effects are
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associated with moderate to high pressure, as compared to the light pressure typically associ-
ated with CT activation. Interestingly, recent research has proposed expanding the social
touch hypothesis to include deep pressure touch, with oscillating deep pressure identified as
similarly pleasant and calming as CT-activating stroking touch, but hypothesised to be
encoded through a distinct neuronal pathway [23].

In addition to the distinction between discriminative and affective touch, there also remains
a further distinction between peripheral and central encoding of gentle touch. Where mecha-
noreceptive afferents encode the physical properties of touch, the actual subjective percept of
gentle touch is processed centrally and would thus be prone to individual variability. Croy and
colleagues report individual differences in the inverted-U function between stroking velocity
and touch pleasantness, suggesting affective touch sensitivity varies between individuals [24].
One contributing factor may be touch experiences during childhood, with Devine and col-
leagues reporting early childhood adversity, associated with lower levels of positive childhood
touch (TEAQ) [25], led to differences in hedonic ratings of affective touch in later life [26].
Individual differences in touch experiences and attitudes in childhood and adulthood may
therefore explain some of the variability in affective touch responses.

Moreover, mood may explain some of the variability in affective touch responses. More spe-
cifically, there is evidence that the serotonergic system is involved in the encoding of affective
touch [27], that depression is associated with altered social touch responses [28] and that
depression levels can decrease following massage therapy for lower back pain [29]. It should
also be noted that CT optimal touch has been proposed to be a stress buffer [30, 31] indicating
that stress may induce a need state for affective touch, and thus increase its perceived hedonic
value. However, as anhedonia (the near complete absence of interest, enjoyment, and motiva-
tion) is associated with depression and stress [32-34], touch pleasantness may be reduced by
these conditions. Thus, further investigation into how depression and stress influence affective
touch responses is required.

In addition to mood conditions, studies have also identified altered affective touch
responses in neurodevelopmental conditions such as Autism Spectrum Conditions (ASC),
where deep pressure is known to reduce negative mood and behaviour [35]. Individuals with
ASC are also shown to display atypical responses during the vicarious perception of affective
touch [36]. In contrast to typically developing individuals, those with ASC are shown to have
enhanced responses to non-CT optimal touch verses CT-targeted touch in the primary
somatosensory cortex, suggesting atypical sensory cortical hyper-reactivity [37]. In addition,
autistic traits have been shown to modulate cortical responses to affective, but not discrimina-
tive touch [38]. Furthermore, affective touch awareness, which indicates preference for CT-
optimal compared to non-optimal dynamic touch, for brush strokes applied to the left dorsal
forearm, was identified to negatively correlate with autistic traits, suggesting that autistic traits
influence affective touch responses [39]. This is supported by functional neuroimaging investi-
gations, showing autistic traits correlate negatively with cortical responses to CT-optimal
touch in the orbitofrontal cortex and superior temporal sulcus [40]. This is vital as the former
area is a key area in hedonic processing. In summary, this would indicate that individual dif-
ferences, particularly in autistic traits, influence affective touch responses.

The main aim of the study was to broaden our understanding of the social touch hypothesis
by investigating relative preference for static vs dynamic touch and the influence of force on
these preferences. Additionally, we aimed to determine whether self-reported attitudes
towards and experiences of affective touch, autistic traits, perceived stress, and depressive
symptomology, could account for some of the individual differences in affective touch
responses previously reported. Responses to both directly experienced and vicarious touch
were obtained.
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As static touch is more socially relevant than CT non-optimal stroking touch (stroking
touch delivered at a velocity of < 1 cm/s or > 10 cm/s), we hypothesised a preference for static
compared to CT non-optimal touch. Static touches, such as hugs and holding touch are typi-
cally associated with higher forces than caressing touch, therefore we hypothesised that static
touch would be preferred at a higher force (1.5 N) than dynamic touch. In terms of individual
differences in affective touch responses, we hypothesised there would be positive relationships
between the following variables: attitudes towards and experiences of affective touch, psycho-
physical and vicarious ratings of touch, and sensitivity to CT targeted touch. Finally, we
hypothesised there would be negative relationships between affective touch pleasantness and
stress, depressive symptomology, and autistic traits.

Materials and methods
Participants

Two-hundred and fifty-three participants (41 male, 211 female, one non-binary) aged between
18-71 (Mean = 23.07, SD = 9.12) took part in the study. Of these 31 (11 males and 20 females)
aged 20-71 (Mean = 39.45, SD = 16.43) attended our laboratory at Liverpool John Moores
University (LJMU) and completed the laboratory-based, as well as online aspects of this study.

Participants were recruited using posters displayed around the university campuses, emails
to research panel lists, and social media advertisements. Participants for the lab-based study
were compensated for their time with a £10 gift voucher. Participants for the online study were
given the option to enter a prize draw for a £50 gift voucher on completion of the study. Addi-
tionally, undergraduate psychology students were awarded course credits for participation.

The inclusion criteria for the lab-based study were that participants had to be aged 18 or
over, with no neurological condition, no skin condition affecting the arms and not taking neu-
rologically active medication. For the online study, the inclusion criteria were that participants
were aged 18 or over with normal or corrected to normal vision.

This study received ethical approval from the Liverpool John Moores University Research
Ethics Committee (ethical approval: 19/NSP/037), as well as from the Manchester Metropoli-
tan University Health, Psychology and Social Care Research Ethics and Governance Commit-
tee (EthOS ID: 10311). Written informed consent was obtained for the lab-based study.
Informed implied consent was obtained for the online study through study completion and
response submission.

Materials

Touch Experiences and Attitudes Questionnaire. The Touch Experiences and Attitudes
Questionnaire (TEAQ) [25] is a 57-item self-report questionnaire. The TEAQ is designed to
measure experiences of and attitudes towards positive touch across relationships and the life-
span using six subscales: Friends and Family Touch (FFT), Current Intimate Touch (CIT),
Childhood Touch (ChT), Attitude to Self-Care (AtSC), Attitude to Intimate Touch (AIT) and
Attitude to Unfamiliar Touch (AUT). Subscale scores are obtained through calculation of a
mean score per subscale for the items belonging to each subscale. Participants rate each state-
ment on a 5-point Likert scale ranging from 1-“Disagree strongly” to 5-“Agree strongly”. High
scores indicate more positive attitudes towards and experiences of affective touch. The TEAQ
has been shown to have high internal consistency (Cronbach Alpha = .78 - .92) [25].

Autism Quotient. The Autism Quotient (AQ) [41] is a 50-item self-report questionnaire
which aims to assess the level of autistic traits that an individual has over five separate sub-
scales: Social Skill, Attention Switching, Attention to Detail, Communication and Imagination.
For half of the items, a ‘definitely agree’ or ‘slightly agree’ response indicates characteristics
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similar to those on the autistic spectrum and are scored as 1, whereas ‘definitely disagree’ or
‘slightly disagree’ responses are scored as 0. The other half of the questions are reverse scored.
Subscale scores are determined through summing the scores of the items belonging to each
subscale. A total score is calculated by summing the scores obtained for all 50 items. The mini-
mum total score on the AQ is 0 and the maximum is 50. If an adult has a score equal to or
more than 32, this is highly predictive of ASC [41].

Patient Health Questionnaire-9. The Patient Health Questionnaire-9 (PHQ-9) [42] isa
9-item questionnaire designed to measure the nine symptoms of depression, as defined by the
Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) (American
Psychiatric Association, 1994), that an individual has experienced over the last two weeks. Par-
ticipants rate how often they have been bothered by the symptoms on a 4-point Likert scale
ranging from 0-“not at all” to 3-“nearly every day”. In addition to this, participants also rate
how difficult they have found it to overcome the symptoms. The PHQ-9 is scored by summing
the scores for the nine symptom items. Participants can obtain a minimum score of 0 and a
maximum score of 27. A higher score indicates higher depressive symptomology.

Perceived Stress Scale. The Perceived Stress Scale (PSS) [43] is a 10-item self-report ques-
tionnaire designed to assess participant’s stress experiences over the last month. Participants
rate each statement on a 5-point Likert scale ranging from 0-“never” to 4-“very often”. Four
items are reverse scored, then a total score is obtained by summing the scores for all items.
Scores can range from a minimum of 0 to a maximum of 40, with higher scores representing
greater levels of perceived stress.

Rotary Tactile Stimulator (RTS). Robotic touch was delivered using an RTS (Dancer
Design. St Helens, UK) with a flat-bottomed probe covered with a soft polyurethane foam pad,
with a stroking surface measuring ~10 x 2 cm. Participants experienced six velocities: 0 cm/s
(static), 0.3 cm/s, 1 cm/s, 3 cm/s, 10 cm/s and 30 cm/s at three forces: 0.05N, 0.4 N, and 1.5 N
in a randomised manner for a total of 18 trials per block. Participants experienced all 18 differ-
ent stimuli once per block, with participants experiencing three blocks in total. The RTS
applied the touch to the ventral forearm in a proximal to distal fashion over an aperture of
approximately 5 cm. Participants rated the perceived pleasantness and intensity of each stroke
using a visual analogue scale (VAS). For ratings of touch pleasantness, participants were asked:
“Please rate the pleasantness of the sensation”. A visual analogue scale (VAS) was provided
beneath the question with anchor points “-10 Unpleasant” on the far left, “0 Neutral” at the
mid-point, indicated by a purple point on the scale and “+10 Pleasant” on the far right. For rat-
ings of touch intensity, the question: “Please rate the intensity of the sensation”, with a VAS
scale below the question with anchor points “0 Not detectable” on the far left and “+100 Most
intense sensation imaginable” on the far right. The VAS scales were displayed on a 43” TV
screen (Hitachi, Tokyo, Japan) with a 1920 x 1080 resolution. The TV screen was placed
approximately 1.5 meters away from the participant and 1 meter away from the ground on a
portable stand. Participants responded using a response slider consisting of a slider which
allowed them to move an onscreen cursor and a blue button on the left to confirm the partici-
pant’s choice. Using the response slider, participants made their ratings by moving a cursor
displayed on the VAS to the position they felt was most appropriate, then confirming their
response using the response button on the left. Participants were asked to return the slider
back to the midpoint, indicated by the purple mark on the response slider, after each rating.

Touch videos rating task. The touch videos used in this study are from the same collec-
tion of videos reported previously [44]. Touch videos consisted of a female applying various
touches to a male. The videos lacked any form of social context and only the arm and hand of
the female and body area of the male being touched was visible. The male was stroked at veloc-
ities of 30 cm/s, 3 cm/s, 0.5 cm/s, as well as 0 cm/s, static touch. All videos were six seconds
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long and depicted touch being applied to either the upper arm, dorsal forearm, ventral fore-
arm, dorsal hand or palm. All videos were presented in a randomised order with one velocity
and location depicted per video, leading to twenty videos in total. Participants were asked two
questions after each video: “How pleasant do you think the action was for the person being
touched?”, where participants responded on a 7-point Likert scale ranging from “1-very
unpleasant” to “7-very pleasant”, followed by “How much would you like to be touched like
this?” to which participants responded on a 7-point Likert scale ranging from “1-not at all” to
“7-very much so.

Procedure

For the laboratory-based study, after providing written informed consent, participants com-
pleted a screening questionnaire to verify they met the inclusion criteria for the study and pro-
vided demographic details, including their age and gender. They then completed a paper-
based PHQ-9. Following this, the robotic touch protocol using the RTS was carried out. Partic-
ipants were sat in a dental chair with their left forearm fixed with a VacFix® (Par Scientific)
cushion to prevent movement. Once the RTS was calibrated, participants were given a trial ses-
sion of the RTS, where the researcher explained how to provide responses to the touch and
participants provided some practice ratings. Once the trial session was complete and partici-
pants were able to use the response box successfully, the first block was started. Before each
stroke, participants were asked to close their eyes and then asked to open their eyes and rate
the stroke once it had finished. For static touches, participants were told by the researcher
(SHA) when to open their eyes to rate the touch, which was after the touch had been applied
for three seconds. A static touch duration of three seconds was chosen to reflect the average
duration of naturally occurring static touches, such as embraces, which have been reported to
have a mean duration of three seconds [45]. Additionally, we have previously applied three
second static touches, due to longer duration static touches feeling unnatural [46]. After the
first block, participants were then seated at a desk and completed the touch videos rating task
described above. Following completion, participants were taken back to the dental chair where
the RTS was re-calibrated, and the second stroking block began. Participants were then seated
at the desk again to complete the AQ. They then returned to the dental chair a final time to
complete block three of the RTS task. Finally, participants returned back to the desk to com-
plete the TEAQ and PSS. The touch videos, AQ, TEAQ and PSS were all completed via Qual-
trics™ (Provo, UT, USA). Participants were debriefed at the end of the study.

For the online study, participants followed a link whereby they were presented with the Par-
ticipant Information Sheet using Qualtrics@®. Participants were then screened for eligibility. If
eligible to take part, they were then asked to provide consent and provide demographic infor-
mation, including their age and gender. Participants were then asked to complete the touch
videos rating task described above. Following this, participants completed the AQ followed by
the PSS, TEAQ and PHQ-9. Participants were then debriefed.

Data analysis

Examination of histograms and QQ-norm plots of model residuals revealed the data to be nor-
mally distributed. As participant ratings were on a continuous scale and our data met the
assumptions for parametric analyses [47, 48], ratings for both robotic touch and vicarious
touch were analysed using a linear mixed-effects model fit using the Imer function from the
Ime4 package [49] in R [50].

For robotic touch, the dependent variable was the pleasantness/intensity ratings, with fixed
effects of force with three levels: 0.05, 0.4 and 1.5 N, and velocity with 6 levels: 0, 0.3, 1, 3, 10
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and 30 cm/s. A random effect of participant was included in the model. One female participant
was excluded from this analysis due to an incomplete dataset.

For vicarious touch responses, the dependent variable was the ratings provided, with three
fixed effects: question with two levels (self vs other focus), touch velocity with four levels (0,
0.3, 3, and 30 cm/s) and touch location with five levels (upper arm, dorsal forearm, ventral
forearm, dorsal hand and palm). A random effect of participant was included in the model.

For both models, omnibus effects were tested using Kenward-Roger F tests using the Anova
function from the car package [51]. When required, significant effects were followed up using
the emmeans function from the emmeans package version 1.6.1 [52] with FDR correction for
multiple comparisons.

For the individual differences analyses, the quadratic velocity terms for dynamic touch
(excluding static touch) for each participant was calculated for each force separately using R
[50]. Log;, velocity was used, as the velocities selected for this study were chosen based on
their equidistance on a log scale. The above mentioned female participant was excluded from
these analyses, as well as one additional female, due to missing data. Additionally, one further
female was excluded from analyses using the TEAQ, with two other female participants being
excluded from the analyses using the PSS, PHQ-9 and AQ total score, due to missing data.

Results
Pleasantness ratings of directly experienced robotic touch

The main effect of force was significant (F(2, 1609.0) = 26.50, p < .001). Pairwise comparisons
identified 0.4 N touch, typically used in studies investigating CT-targeted touch, was rated as
significantly more pleasant than 0.05 N touch (#(1609) = 2.32, p =.021) and 1.5 N touch (¢
(1609) = 7.14, p < .001). Additionally, 0.05 N touch was rated as significantly more pleasant
than 1.5 N touch (#(1609) = 4.82, p < .001). These findings are summarised in Fig 1.

The main effect of velocity was also significant (F(5,1609.7) = 33.08, p < .001). Pairwise
comparisons revealed 10 cm/s touch to be rated as significantly more pleasant than all other
velocities (ts > 4.23, ps < .001). In partial support of our hypothesis that static touch would be
preferred over CT non-optimal dynamic touch, due to the greater social relevance of static
touch, significantly greater pleasantness ratings were obtained for static than 0.3 cm/s touch (¢
(1610) = 2.37, p = .021) and static touch was rated as significantly less pleasant than the CT
optimal velocities of 1, 3 and 10 cm/s (ts > 2.37, p < .021). However, ratings of static compared
to 30 cm/s touch were not significantly different (#(1610) = 1.75, p = .086).

Touch delivered at 0.3 cm/s was rated as significantly less pleasant than touch delivered at
1, 3,10 and 30 cm/s (ts > 4.16, ps < .001). Touch delivered at 1 cm/s was rated significantly
less pleasant than touch at 3 and 10 cm/s (ts > 2.70, ps < .010), but there was no significant dif-
ference for ratings of touch delivered at 1 compared to 30 cm/s (£(1609) = 0.62, p = .535).
Touch delivered at 3 cm/s was rated as significantly more pleasant than 30 cm/s touch (#(1610)
=3.32, p =.001). These findings are summarised in Fig 2.

The interaction of force with velocity was not significant (F(10,1609.0) = 1.52, p = .126).
This does not support our hypothesis that static touch may be preferred at a higher force (1.5
N) than dynamic touch. Rather, our results show dynamic and static touch are both preferred
at 0.4 N and that a velocity of 10 cm/s is most pleasant.

Vicarious touch ratings

Combined lab and online dataset. The three-way interaction of question by velocity by
location was not significant (F(12, 9826) = 0.39, p = .968). The two-way interactions of
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Fig 1. Effect of force on pleasantness ratings for directly experienced, robotic touch to the ventral forearm.
Means + 95% confidence intervals are shown. Touch delivered at a force of 0.4 N was rated significantly more pleasant
than touch delivered at 0.05 N (p =.021) and 1.5 N (p < .001). Touch delivered at 0.05 N was rated significantly more
pleasant than touch delivered at 1.5 N (p < .001).

https://doi.org/10.1371/journal.pone.0281253.g001

question by velocity (F(3,9826 = 0.79, p = .497) and question by location (F(4, 9826 = 0.24, p =
.913) were also not significant.

The two-way interaction of velocity by location was significant (F(12, 9826) = 18.42, p <
.001). Pairwise comparisons identified that for the palm, 3 cm/s touch was rated significantly
more positively than static, 0.5 cm/s and 30 cm/s touch (¢5(9826) > 4.66, ps < .001). Addition-
ally, static touch was rated significantly more positively than 0.5 cm/s touch and 30 cm/s touch
(ts(9826) > 2.43, ps < .015). Touch applied at a velocity of 0.5 cm/s was rated significantly
more positively than 30 cm/s touch (£#(9826) = 7.27, p < .001).

For touch applied to the dorsal hand, ratings for touch applied at 3 cm/s and static touch
were not significantly different (#(9826) = 0.26, p =.793). Static and 3 cm/s touch were rated
significantly more positively than 0.5 and 30 cm/s touches (#s(9826) > 11.12, ps < .001). Rat-
ings for 0.5 cm/s touch and 30 cm/s touch were not significantly different (#(9826) = 1.12, p =
.316).

For touch applied to the dorsal forearm, 3 cm/s touch was rated significantly more posi-
tively than static, 0.5 cm/s and 30 cm/s touch (£s(9826) > 9.15, ps < .001). Static touch was
rated significantly more positively than 0.5 cm/s and 30 cm/s touch (#s(9826) > 5.46, ps <
.001). Ratings for 0.5 cm/s and 30 cm/s touch were not significantly different (¢s(9826) 1.67, p
=.096).

For touch applied to the ventral forearm, 3 cm/s touch was rated significantly more posi-
tively than static, 0.5 cm/s and 30 cm/s touch (£s(9826) > 9.12, ps < .001). Touch applied at 0.5
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Fig 2. Effect of velocity on pleasantness ratings for directly experienced robotic touch to the ventral forearm.
Means + 95% confidence intervals are shown. Touch delivered at 10 cm/s was rated as significantly more pleasant than
all other velocities (ps < .001), with 0.3 cm/s touch rated as significantly less pleasant than all other velocities (ps <
.021). All pairwise comparisons were significant, apart from the difference between static and 30 cm/s touch (p = .086)
and the difference between 1 and 30 cm/s touch (p = .535).

https://doi.org/10.1371/journal.pone.0281253.9002

cm/s was rated significantly more positively than static and 30 cm/s touch (¢s(9826) > 5.10,
p < .001). Ratings for static compared to 30 cm/s touch were not significantly different (¢
(9826) = 0.76, p = .446).

For touch applied to the upper arm, 3 cm/s touch was rated significantly more positively
than static, 0.5 cm/s and 30 cm/s touch (¢s(9826) > 9.03, ps < .001). Static touch was rated sig-
nificantly more positively than 0.5 cm/s and 30 cm/s touch (s(9826) > 2.19, ps < .034). Rat-
ings for 0.5 cm/s and 30 cm/s touch were not significantly different (£(9826) = 0.29, p =.775).

Thus, at all locations CT optimal touch was rated higher than slower and faster non-CT
optimal dynamic touch. However, preference for static touch varied by location, with static
touch being rated equally pleasant to CT optimal touch on the dorsal hand. Consistent with
our hypothesis that static touch would be preferred over CT non-optimal dynamic touch, static
touch was preferred to slow (0.3 cm/s) and fast (30 cm/s) non-CT optimal touch, except on the
ventral forearm. These findings are summarised in Fig 3.

The main effect of location was significant (F(4,9826) = 41.96, p < .001). Pairwise compari-
sons comparing the ratings for each location to all other locations were all significantly differ-
ent (£s(9826) > 2.38, ps < .019), except ratings for the dorsal compared to ventral forearm (¢
(9826) = 1.01, p = .311). As shown in Fig 4, ratings were highest for touch to the dorsal hand,
followed by the forearm then upper arm, with touch to the palm rated least positively.
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Fig 3. Interaction effect of location by velocity on vicarious touch ratings. Means + 95% confidence intervals are shown. For
touch applied to the dorsal hand, static touch (0 cm/s) was not rated as significantly different to CT-optimal (3 cm/s) touch (p =
.793). For all other locations, CT-optimal (3 cm/s) touch was rated significantly more pleasant than all other velocities (ps < .001).

https://doi.org/10.1371/journal.pone.0281253.9003

The main effect of velocity was also significant (F(3,9826) = 352.56, p < .001). Pairwise
comparisons identified CT-optimal 3 cm/s touch was rated significantly more positively than
all other velocities (ts(9826) > 16.45, ps < .001). However, supporting our hypothesis that
static touch would be preferred over CT non-optimal dynamic touch, static touch was rated
significantly more positively than 0.5 cm/s touch and 30 cm/s touch (£s(9826) > 7.32, ps <
.001). Touch at 0.5 cm/s was rated significantly more positively than 30 cm/s touch (£(9826) =
7.24, p < .001). These results are summarised in Fig 5.

Additionally, the main effect of question was significant (F(1,9826) = 292.20, p < .001).
Opverall, participant ratings for how pleasant the touch was for the person receiving the touch
in the video (other-focussed question) were significantly higher than ratings for how much
they would like to be touched like that (self-focussed question).

Individual differences analyses. Lab data (robotic touch). Effect of force. There was no sig-
nificant effect of force on the participants’ quadratic velocity terms (F(2,60) = 1.27, p = .288).
Examination of the QQ norm plot and histogram of model residuals identified one participant
as an outlier. After removal of this participant, the effect of force was still not significant (F
(2,58) =2.67, p = .078), but the QQ norm plot and histogram identified no further outliers. It
was therefore decided to investigate how individual difference measures predicted the qua-
dratic velocity term for each participant for the optimally rated 0.4 N force, commonly used in
previous CT research. A mixed-effects model was not required, as there was only one data
point per participant, so the Im function was used in R to carry out two multiple regression
analyses.
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Fig 4. Effect of location on vicarious touch ratings. Means + 95% confidence intervals are shown. Pairwise comparisons
comparing the ratings for each location to all other locations were all significantly different (ps < .019), except ratings for
the dorsal compared to ventral forearm (p = .311).

https://doi.org/10.1371/journal.pone.0281253.9g004

TEAQ subscales as predictors of participants’ quadratic terms for 0.4 N force. A multiple
regression analysis with the outcome variable as the quadratic velocity terms for the 0.4 N
force and the predictors as the six TEAQ subscales, identified the TEAQ subscales to signifi-
cantly predict the 0.4 N quadratic velocity terms, explaining 27% of the variance (R” = .42,
adjusted R%*= 27, F(6,23) =2.78, p =.035). It was identified that the attitude to intimate touch
(AIT) subscale significantly predicted the quadratic velocity terms for 0.4 N (F(1, 23) = 7.14, p
=.014). A negative relationship was identified, with a more negative quadratic term, and there-
fore a steeper inverted U, which indicates greater sensitivity towards CT-targeted touch, being
related to more positive attitudes to intimate touch. This relationship is presented in Fig 6.
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Fig 5. Effect of velocity on vicarious touch ratings. Means + 95% confidence intervals are shown. Pairwise comparisons
identified CT-optimal 3 cm/s touch was rated significantly more positively than CT non-optimal static, 0.5 cm/s and 30
cm/s touch (£s(9826) > 16.45, ps < .001). However, static touch was rated significantly more positively than 0.5 cm/s
touch and 30 cm/s touch (#s(9826) > 7.32, ps < .001). Touch at 0.5 cm/s was rated significantly more positively than 30
cm/s touch (#(9826) = 7.24, p < .001).

https://doi.org/10.1371/journal.pone.0281253.g005

The current intimate touch (CIT) scale was identified as a marginally significant predictor
of the quadratic velocity terms for 0.4 N touch (F(1, 23) = 3.68, p = .067). A positive relation-
ship was identified, where a more negative quadratic term and therefore steeper inverted U
was related to lower levels of current intimate touch. The attitude to unfamiliar touch (AUT)
scale was also marginally significantly predictive of the quadratic velocity term for 0.4 N touch
(F(1,23) = 3.60, p = .071). More negative attitudes to unfamiliar touch were related to a more
negative quadratic term and therefore a steeper inverted U. Friends and family touch (FFT),
childhood touch (ChT) and attitude to self-care (AtSC) were not significantly predictive of the
quadratic term for 0.4 N touch (Fs(1, 23) < 2.40, ps > .135). These findings indicate that atti-
tudes towards and experiences of intimate touch are predictive of a person’s sensitivity to the
specific rewarding value of CT-optimal affective touch.
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Fig 6. Relationship between attitude to intimate touch (AIT, as determined by the Touch Experiences and
Attitudes Questionnaire (TEAQ)) and the quadratic velocity terms for 0.4 N touch. The linear regression line with
95% confidence interval band is shown. More positive attitudes towards intimate touch are related to a more negative
quadratic term and therefore steeper inverted U-shaped relationship between touch pleasantness and stroking velocity,
indicating greater sensitivity towards CT-targeted touch (p = .014).

https://doi.org/10.1371/journal.pone.0281253.g006

Investigating stress, depression and autistic traits as predictors of the quadratic velocity terms
for 0.4 N touch. A multiple regression analysis was carried out to determine whether the total
score for the autism quotient (AQ), the total score for the perceived stress scale (PSS) and the
measure of depressive symptoms determined by the Patient Health Questionnaire (PHQ-9),
were significantly predictive of the quadratic velocity terms for 0.4 N touch. It was identified
that the three measures combined did not explain a significant amount of the variance in the
quadratic velocity terms for 0.4 N touch (R* = .02, adjusted R* = -.09, F(3, 25) = 0.197, p =
.898). Thus neither current perceived stress, depressive symptomology or autistic traits
accounted for a significant proportion of the variance in the quadratic velocity terms for 0.4 N
touch.

Predictors of static robotic touch ratings. It was investigated whether there was a significant
effect of force on static robotic touch ratings. No significant effect of force was identified (F(2,
234.102) = 0.61, p = .546). As previous literature and the results of this analysis do not impli-
cate an optimal force in terms of pleasantness ratings of static touch, all participant data was
included in the analysis of static touch ratings, regardless of force applied. Two mixed effects
models were therefore used, with a random effect of participant, to investigate whether the
individual differences measures included in the study significantly predicted pleasantness rat-
ings for static robotic touch.

TEAQ subscales as predictors of static robotic touch pleasantness ratings. A mixed effects
model was used to determine if any of the six TEAQ subscales were significantly predictive of
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Fig 7. Relationship between perceived stress (as measured by the Perceived Stress Scale (PSS)) and static robotic
touch pleasantness ratings. The linear regression line with 95% confidence interval band is shown. Greater perceived
stress was related to reduced static robotic touch pleasantness (p = .002).

https://doi.org/10.1371/journal.pone.0281253.9007

pleasantness ratings of static robotic touch. It was identified that none of the subscales were
significantly predictive (Fs < 2.28, ps > 0.144).

Investigating stress, depression and autistic traits as predictors of static touch pleasantness rat-
ings. A mixed effects model was used to determine if AQ total score, PSS score and PHQ-9
score were significantly related to pleasantness ratings of static robotic touch. Perceived stress
during the last month (PSS score) was significantly negatively related to ratings of static
robotic touch pleasantness, with increasing stress levels related to decreasing pleasantness rat-
ings of static touch (F(1, 26.074) = 12.40, p = .002). This relationship is presented in Fig 7.
Autism quotient (AQ) total score and depressive symptoms, as measured by the PHQ-9, were
not significantly related to ratings of static robotic touch pleasantness (Fs < 2.82, ps > .105).

Individual differences analysis for videos data. This analysis was carried out on all partici-
pant data combined (lab and online data). The quadratic velocity term was calculated for each
participant separately for each location and question for dynamic touch only. The static touch
data was removed from this analysis. Log;, velocity was used, as the velocities selected for this
study were chosen based on their equidistance on a log scale.

To determine whether there was a significant effect of question and location on the qua-
dratic velocity term, a mixed effects model was used with the quadratic term as the dependent
variable, question and location as fixed effects and a random effect of participant. The interac-
tion between question and location was not significant (F(4, 2275.0) = 0.30, p = .875) and no
significant effect of question was identified (F(1, 2275.0) = 0.35, p = .552).
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A significant effect of location was identified (F(4, 2275.2) = 8.22, p < .001). Estimated mar-
ginal means comparison with FDR correction for multiple comparisons identified the qua-
dratic velocity term for the dorsal forearm to be significantly more negative, representing a
steeper inverted U, than for all other body sites (ts > 3.82, ps < .001). The differences between
the quadratic terms for all other locations were not significant (¢s < 1.50, ps > .268).

As no effect of question was identified, but an effect of location was identified, a quadratic
term averaged over question was calculated for each participant. As the quadratic term was
steepest for the dorsal forearm, the analysis was carried out on the dorsal forearm data only.

TEAQ subscales as predictors of individual quadratic terms for vicarious ratings of dynamic
dorsal forearm touch. A multiple regression analysis was used to determine whether the six
TEAQ subscales were predictive of the quadratic velocity term calculated for each participant
for the dorsal forearm collapsed over question. The six TEAQ subscales were entered as predic-
tors. The TEAQ subscales were identified to significantly predict the dorsal forearm quadratic
velocity terms, explaining 3.3% of the variance (R° = .06, adjusted R* = .03, F(6, 244) = 2.41, p =
.028). It was identified that the attitude to intimate touch (AIT) subscale significantly predicted
the quadratic velocity term for dorsal forearm touch (F(1, 244) = 4.71, p = .031). A negative rela-
tionship was identified, with a more negative quadratic term, and therefore a steeper inverted
U, which indicates greater sensitivity towards CT-targeted touch, being related to more positive
attitudes towards intimate touch. This relationship is presented in Fig 8. None of the other
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Fig 8. Relationship between attitude to intimate touch (AIT, as determined by the Touch Experiences and
Attitudes Questionnaire (TEAQ)) and the quadratic velocity terms for vicarious dorsal forearm touch. The linear
regression line with 95% confidence interval band is shown. More positive attitudes towards intimate touch are related
to a more negative quadratic term and therefore a steeper inverted U-shaped relationship between touch pleasantness
and stroking velocity, indicating greater sensitivity towards CT-targeted touch (p = .031).

https://doi.org/10.1371/journal.pone.0281253.g008
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TEAQ subscales were significantly predictive of the quadratic velocity term (Fs(1, 244) < 2.27,
ps > .133). This result is consistent with the results of the robotic touch ratings analysis, indicat-
ing that positive attitudes towards intimate touch are related to greater sensitivity towards CT
targeted vicarious touch.

Investigating stress, depression and autistic traits as predictors of individual quadratic terms
for vicarious dorsal forearm touch. A multiple regression analysis was used to determine
whether PSS score, AQ total score and PHQ-9 score predicted the individual quadratic velocity
terms for dorsal forearm vicarious touch collapsed over question. The three predictors com-
bined did not explain a significant amount of the variance in the quadratic velocity terms (R” =
0.006, adjusted R? =-0.006, F(3, 246) = 0.49, p =.691). Thus, consistent with the robotic touch
findings, current perceived stress, depressive symptomology, and autistic traits do not account
for a significant proportion of the variance in the quadratic velocity terms for vicarious dorsal
forearm touch.

Ratings of static touch. This analysis was carried out on all participant data combined (lab
and online data). To determine whether there was a significant effect of question and location
on static touch ratings, a mixed effects model was used with ratings of static touch as the
dependent variable, question and location as fixed effects and a random effect of participant.
The interaction between question and location was not significant (F(4, 2277) = 0.74, p =
.568). However, the main effect of question was significant (F(1, 2277) = 86.56, p < .001). Rat-
ings for how pleasant the touch was for the person in the video (other-directed touch) were
significantly higher than ratings for when participants were asked how much they would like
to be touched like that (self-directed touch).

Additionally, there was a significant main effect of location (F(4, 2277) = 88.31, p < .001).
Ratings were significantly greater for the dorsal hand than any other location (ts(2277) > 9.90,
ps < .001).

TEAQ subscales as predictors of static touch ratings. As location and question were identified
to have a significant effect on static touch ratings, it was considered important to investigate
whether ratings of static touch applied to the dorsal hand, which was on average rated most
positively, were significantly predicted by the six TEAQ subscales using a multiple regression
analysis. The analysis was run for the self-focussed question responses, as this question was
deemed more directly relevant than the other-focussed question. Overall, the six TEAQ sub-
scales explained a significant amount of the variance in static touch ratings for the dorsal hand,
self-focussed question, explaining 7.6% of the variance (F(6, 244) = 4.43, p < .001). The atti-
tude to intimate touch (AIT) subscale was significantly positively predictive of static touch rat-
ings (F(1, 244) = 5.92, p = .016). More positive attitudes to intimate touch were predictive of
more positive ratings of static touch. This relationship is presented in Fig 9. None of the other
TEAQ subscales were significant predictors of static touch ratings (Fs(1, 244) < 2.43, p = .120).

This analysis provides partial support for our hypothesis that positive attitudes and experi-
ences of touch would be related to more positive ratings of vicarious touch. Specifically, atti-
tudes to intimate touch are positively related to vicarious ratings of static touch to the dorsal
hand. These results are not consistent with those obtained for robotic touch, as the TEAQ sub-
scales were identified to not significantly predict static robotic touch ratings.

Investigating stress, depression and autistic traits as predictors of static touch ratings. A multi-
ple regression analysis was used to determine whether AQ total score, PSS score and PHQ-9
score were significantly predictive of vicarious static touch ratings for the dorsal hand in
response to the self-focussed question. Overall, the three measures did not predict a significant
amount of the variance in static touch ratings (R” = 0.008, adjusted R* = -0.004, F(3, 246) =
0.68, p = .568). This is not consistent with the robotic touch data, where PSS scores were found
to negatively predict static touch ratings.
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Fig 9. Relationship between attitude to intimate touch (AIT, as measured by the Touch Experiences and Attitudes
Questionnaire (TEAQ)) and vicarious, self-focussed, dorsal hand touch ratings. The linear regression line with 95%
confidence interval band is shown. More positive attitudes to intimate touch are related to more positive static touch
ratings (p = .016).

https://doi.org/10.1371/journal.pone.0281253.g009

Discussion

This study aimed to broaden our understanding of the social touch hypothesis by investigating
the relative preference for static vs dynamic touch and the influence of force on these prefer-
ences. Additionally, we aimed to determine whether self-reported attitudes toward and experi-
ences of affective touch, autistic traits, perceived stress, and depressive symptomology, could
account for some of the individual differences in affective touch responses previously
reported.

Our results provided support for our hypothesis that there would be a preference for static
compared to CT non-optimal touch, but did not support our second hypothesis that static
touch may be preferred at a higher force (1.5 N) than dynamic touch. Our hypothesis that pos-
itive attitudes toward and experiences of affective touch would be related to more positive psy-
chophysical and vicarious ratings of touch and greater sensitivity to CT targeted touch was
generally supported. Finally, our study provided evidence to support the hypothesis that stress
would be associated with reduced affective touch pleasantness, however, depressive sympto-
mology and autistic traits were not significantly associated with touch pleasantness.

In terms of preference for static compared to CT non-optimal dynamic touch, ratings of
static robotic touch pleasantness were identified as significantly more pleasant than 0.3 cm/s
robotic touch, but comparable to 30 cm/s robotic touch applied to the ventral forearm. For
vicarious touch ratings, overall, static touch was rated more positively than both CT non-
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optimal velocities investigated (0.5 and 30 cm/s). These results therefore support the hypothe-
sis that static touch is generally preferred over CT-non-optimal, but not CT-optimal dynamic
touch. This is supported by the literature, in that CT firing frequency strongly correlates with
touch pleasantness and CT firing frequency is optimal for stroking touch applied at 1-10 cm/s,
with lower firing frequency and therefore lower pleasantness ratings at slower and faster veloc-
ities [1]. There is also evidence that CT's are activated by static as well as dynamic touch [8, 15,
18], thus these results may be explained by the variation in CT’s firing frequency produced by
touches of differing velocities. Investigating the firing frequency of CT' to static compared to
CT optimal and non-optimal dynamic touch has yet to be carried out, so whether or not these
results are directly related to CT firing frequency is currently unknown.

When considering the effect of velocity, the pattern of results for CT non-optimal stroking
touch was not the same for robotic vs vicarious touch. While CT optimal touch was rated as
most pleasant for both touch modalities, viewing touch applied to the ventral forearm resulted
in 30 cm/s touch being rated as significantly less pleasant than 0.5 cm/s touch. However, for
robotic touch applied to the ventral forearm, 0.3 cm/s touch was rated as least pleasant and sig-
nificantly less pleasant than 30 cm/s touch. This may in part be due to methodological differ-
ences. All of our touch videos had the same duration (6 s), however for robotic touch, one
stroke was delivered per trial, which means the duration of the slowest velocity (0.3 cm/s)
stoke was ~ 15 s, compared to ~ 0.15 s for a 30 cm/s stroke. The long stroking duration for 0.3
cm/s robotic touch is likely to have made this touch rather boring and irritating, whereas view-
ing a very slow stroke lasting less than half this time appears to have been perceived as more
tolerable for our participants. We also have to bear in mind the lack of peripheral input for
vicarious touch. While previous literature has identified the posterior insula to be activated by
both vicarious and directly experienced touch [3, 53], it has to be accepted that these touch
modalities are not directly comparable in terms of peripheral input and therefore central
responses. Additionally, the touch videos depicted interpersonal, rather than robotic touch.
For future studies, if direct comparisons between responses to directly experienced and vicari-
ous touch are required, it should be ensured that stimulus durations are the same and that the
videos depict the same type of touch as the directly experienced touch.

Our results highlight the context-dependent nature of affective touch responses in that cen-
tral, as well as peripheral encoding needs to be considered. Our vicarious touch responses
identified a location by velocity interaction, highlighting relative preference for static com-
pared to dynamic touch was dependent on body location. In particular, ratings for touch to
the dorsal hand, where static touch was rated equally pleasant as CT optimal, 3 cm/s touch. CT
innervation density has been identified to be similar throughout the forearm and dorsal hand
in humans [54]. It is therefore unlikely this result is due to differences in CT innervation den-
sity. A more likely explanation is the social relevance of static touch to the hand, with this
region associated with static hand-holding, more so than stroking touch [55]. That this result
was seen for touch to the dorsal hand, but not the palm suggests a potential CT contribution,
due to greater CT innervation of hairy compared to glabrous skin [56]. This may be due to the
thermal sensitivity of CTs to human skin temperature [2], rather than the velocity tuning of
CTs.

For all other body sites investigated, except the ventral forearm, vicarious static touch was
rated as significantly less pleasant than CT optimal touch, but more pleasant than CT non-
optimal dynamic touch, potentially due to this static touch of a hand being applied to the arm
or palm being more socially acceptable and more commonly encountered than very slow or
fast dynamic touch. Ratings comparing social acceptability and tolerance of different touch
velocities have not been obtained previously and are aspects which could be considered for
future investigations. It is unclear why touch to the ventral forearm led to a different pattern of
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results, with 0.3 cm/s touch rated as significantly more pleasant than static and 30 cm/s touch,
with comparable ratings for static and 30 cm/s touch, particularly as this does not reflect the
ratings obtained for robotic touch. The ecological validity of the stimuli used in this study
needs to be considered, as the videos used were highly controlled and accurate in terms of
stroking velocities, but do not necessarily reflect naturally occurring social gestures in real-
world settings. This is also the case for the robotic touches delivered. It may well be the case
that a different pattern of results would be obtained with more naturalistic, ecologically valid
touch stimuli, e.g. videos showing gestures such as hugs and handholding.

In terms of the effect of force on touch ratings, we hypothesised that static touch would be
preferred at a higher force (1.5 N) than dynamic touch, however, our results did not support
this hypothesis. We identified no significant interaction effect of force with velocity, instead
identifying the force of 0.4 N typically used in affective touch research [e.g. 1, 2, 57, 58] was
preferred over lower and higher force touch. This supports previous literature that touch
applied at a force of 0.4 N is typically associated with a pleasant percept [e.g. 1, 58, 59].
Whether or not this reflects force, as well as velocity tuning of CTs, with optimal CT activation
occurring at a force of around 0.4 N remains to be identified. As discussed in the introduction,
evidence suggests this may not be the case, as greater CT activation with increasing force up to
aforce of 0.1 N has been identified [12-14]. However, evidence suggests CT's may respond
similarly to forces greater than this [1, 8, 15], suggesting top-down influences may also con-
tribute to this effect. Thus, further investigation into the effect of force on CT activation is
required.

Our hypothesis that static touch would be preferred at higher forces was proposed based on
the observation that socially relevant static touch, such as hugging and holding touches, may
be typically associated with greater forces than caressing touch, although this has yet to be
measured objectively. However, as the touches rated in the present study were delivered via
the RTS, they did not optimally replicate these types of touch. An investigation obtaining rat-
ings for naturally occurring static touches, as well as measuring the physical properties of these
touches would be of value. Alternatively, our results may be due to deep pressure touch being
encoded by a pathway other than the CT pathway [23], leading to lower pleasantness ratings
due to physiological differences in the encoding of high compared to low force touch.

When considering affective touch responses and the contribution of central and peripheral
encoding, as well as the context-dependent nature of affective touch, we also need to consider
the influence of individual differences on these responses. A recent report identified that
despite there being a well replicated inverted-U relationship between affective touch pleasant-
ness and velocity when looking at grouped data, individual responses to affective touch show
variation in this relationship, with some participants’ ratings displaying a much steeper
inverted-U relationship than others [24]. The current study therefore aimed to investigate this
further by determining if measures of key individual differences previously identified as influ-
encing affective touch responses, could explain some of the variability in this inverted-U rela-
tionship between touch pleasantness and velocity. As hypothesised, we identified that positive
attitudes toward and experiences of affective touch were associated with greater sensitivity to
CT targeted touch. Specifically, attitudes toward and experiences of affective touch, as mea-
sured by the six subscales of the Touch Experiences and Attitudes Questionnaire (TEAQ) [25],
explained a significant amount of the variance in participants’ quadratic velocity terms (i.e. the
steepness of their inverted U relationship between touch pleasantness and dynamic touch
velocity) for 0.4 N robotic dynamic touch and vicarious dynamic dorsal forearm touch. Inter-
estingly, of the six TEAQ subscales, only the attitude to intimate touch subscale was signifi-
cantly predictive of participants” quadratic velocity terms, with more positive attitudes towards
intimate touch being associated with a steeper inverted-U relationship and therefore greater
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sensitivity towards CT-targeted touch. Within the TEAQ, only the two intimate touch sub-
scales, measuring attitudes towards (AIT) and levels of intimate touch currently experienced
(CIT), contain items specifically relating to stroking and therefore CT-targeted touch. This
may well explain why the AIT subscale appears specifically related to sensitivity to CT-targeted
touch. It suggests that there may be individual differences in sensitivity of the CT system and
that these differences relate psychologically to a more positive attitude towards intimate touch.
That the current intimate touch measure was not significantly predictive suggests that this sen-
sitivity towards CT optimal touch is not influenced by current level of CT stimulation, but that
sensitivity towards CT optimal touch may well be relatively stable over time. This is supported
by the results of Sehlstedt et al., [60] who identified no significant difference in the inverted-U
relationship between stroking velocity and perceived touch pleasantness when comparing rat-
ings of adolescents (aged 13-18), younger adults aged 19-44 and older adults aged 45-82,
however, they identified an increase in overall touch pleasantness with increasing age.

Contrary to our hypothesis, the six TEAQ subscales were not significantly predictive of ven-
tral forearm robotic static touch ratings, however, they were for self-focussed vicarious ratings
of static touch applied to the dorsal hand. This may again be in part due to the ecological valid-
ity of these two types of touch, with static touch applied to the dorsal hand by another individ-
ual’s hand being closer to the social context in which this type of touch may be received than
robotic static touch applied to the ventral forearm, a body region less commonly associated
with static, such as holding, touch [55]. Again, the attitude to intimate touch subscale was the
only subscale which was significantly predictive of self-focussed vicarious ratings of static
touch applied to the dorsal hand. This is interesting, as questions relating to attitudes towards
static touch can be identified in the friends and family touch (FFT) subscale and attitude to
unfamiliar touch (AUT) subscale, as well as the attitude to intimate touch (AIT) subscale.
However, the static touch items in the AIT subscale relate to more prolonged static touches,
including hand holding and snuggling up on the sofa with someone, whereas the touches
referred to in the FFT subscale generally relate to briefer static touches, such as hugging when
greeting someone. The AUT subscale refers to touch generally from people the participant
does not know very well, so would also suggest briefer touch durations. As discussed in the
introduction, CTs have been reported to be intermediate adapting and thus show sustained fir-
ing during static touch [15, 17, 18],. Additionally, considering the temperature tuning of CT's
[2], prolonged touch may lead to greater CT activation than briefer touches, due to the pres-
ence of a warm stimulus for a longer duration. Therefore, the static touches relating to the atti-
tude to intimate touch subscale may relate to greater CT activation than the touches associated
with the other subscales, explaining why this type of touch is predictive of pleasantness ratings
of static touch. Measuring CT responses to socially relevant brief and prolonged static touches
would further our understanding of CT physiology, as well as helping to explain our social
touch behaviours.

In terms of individual differences, we also investigated the influence of depression, stress
and autistic traits on robotic and vicarious touch responses. We hypothesised stress, depressive
symptomology, and autistic traits would be associated with reduced affective touch pleasant-
ness. However, we obtained little evidence to support this hypothesis. These scales did not sig-
nificantly predict the quadratic terms for robotic or vicarious dynamic touch responses.
Further they did not predict pleasantness ratings of self-focussed, vicarious ratings of static
touch applied to the dorsal hand. However, current levels of perceived stress were identified to
negatively predict pleasantness ratings of static, robotic touch applied to the ventral forearm.
Higher levels of perceived stress were associated with lower ratings of static touch pleasantness.
This may be due to directly experienced touch having a direct, physiological effect, the bot-
tom-up encoding of which is likely influenced by the effect of chronic stress on reducing
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dopamine transmission in the mesolimbic pathway [32] more so than vicarious touch
responses, for which there are likely more top-down influences.

The analysis of the effect of individual differences on sensitivity towards CT optimal touch,
as indicated by individual’s quadratic terms, suggests this sensitivity is relatively stable over
time, seemingly not influenced by levels of depression and stress, as well as not being influ-
enced by levels of affective touch currently experienced. This is in line with previous literature
which identified no influence of depression on affective touch awareness [39]. That levels of
autistic traits did not predict sensitivity towards CT optimal touch or static touch responses is
perhaps more surprising, given previous literature has identified altered affective touch
responses in autistic individuals and those with high levels of autistic traits [37-40, 61, 62],
although many of these studies have identified evidence of neuronal, rather than perceptual
differences. A limitation of this study was that the current sample was not a clinical sample,
therefore the levels of autistic traits were relatively low, with only one participant for the labo-
ratory study and 2.8% of the whole sample having an Autism Quotient score of 32 or greater, a
score highly predictive of autism [41]. Further investigation into vicarious and robotic static
and dynamic touch responses of participants with and without a diagnosis of an autism spec-
trum condition would further our understanding of how autistic traits influence affective
touch responses.

In addition to the limitations and future directions already identified, some more general
limitations should also be noted. The sample included in this study was predominantly female
and for the online version was relatively young. The results may therefore not be representative
of the general wider population. Sex differences in affective touch responses have been previ-
ously identified [63], therefore the current study may not be representative of male affective
touch responses. As recruitment was limited to the North West of England, this study does not
account for cultural variation in affective touch responses.

To further this investigation, obtaining responses to directly experienced and vicarious
static vs dynamic touch for more ecologically valid touch stimuli, such as hugging, holding,
and stroking touch between romantic partners and between parents and their children, rather
than the highly controlled, but less socially relevant stimuli used in this study, would provide a
more naturalistic investigation of static vs dynamic touch. Crucially, further microneuro-
graphic recordings of CT touch responses to static vs dynamic touch would allow us to under-
stand the contribution of CTs in the encoding of static touch. This could be further addressed
using brain imaging techniques, such as fMRI to see if the pattern of brain activation is similar
for static vs dynamic touch, or whether it is different, suggesting a different neural pathway for
static touch, as suggested for deep pressure touch [23]. Further, a focus on implicit and bio-
chemical, as well as explicit responses to touch using electrophysiology and biochemical assays
of cortisol and oxytocin, would provide greater insight into the physiological benefits of static
vs dynamic touch, in terms of reducing physiological arousal, cortisol reactivity and increasing
oxytocin levels, as already implicated for dynamic, CT-targeted touch [64-71].

In conclusion, this study has identified that individual differences in sensitivity to CT tar-
geted touch can be predicted by attitudes to intimate touch, but not by levels of depression,
stress, or autistic traits. In general, we also identified static touch to be preferred over CT-non
optimal, but not CT-optimal dynamic touch, suggesting stroking to be preferred over holding
touch, but only if the stroking touch is delivered at a medium velocity (between 1-10 cm/s).
The context dependent nature of affective touch responses was highlighted by the differing
pattern of responses obtained for touches applied to different body sites. Overall, this study has
highlighted the need to consider individual differences and the relative importance of static, as
well as dynamic touch when investigating affective touch responses.
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