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Abstract

Here we asked whether, similar to visual and auditory event-related potentials (ERPs), somatosensory ERPs reflect affect. Participants
were stroked on hairy or glabrous skin at five stroking velocities (0.5, 1, 3, 10 and 20 cm/s). For stroking of hairy skin, pleasantness ratings
related to velocity in an inverted u-shaped manner. ERPs showed a negativity at 400ms following touch onset over somatosensory
cortex contra-lateral to the stimulation site. This negativity, referred to as sN400, was larger for intermediate than for faster and slower
velocities and positively predicted pleasantness ratings. For stroking of glabrous skin, pleasantness showed again an inverted u-shaped
relation with velocity and, additionally, increased linearly with faster stroking. The sN400 revealed no quadratic effect and instead was
larger for faster velocities. Its amplitude failed to significantly predict pleasantness. In sum, as was reported for other senses, a touch’s
affective valuemodulates the somatosensory ERP. Notably, however, this ERP and associated subjective pleasantness dissociate between
hairy and glabrous skin underscoring functional differences between the skin with which we typically receive touch and the skin with
which we typically reach out to touch.
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Introduction
Of the many stimuli that excite our sensory systems, only a sub-
set reaches awareness and of those only a few significantly alter
the way we think, feel or behave. Critical in this filtering pro-
cess is a stimulus’ motivational salience. Highly salient stimuli,
characterized by their potential to be beneficial or harmful, trig-
ger an affective response that helps amplify emerging stimulus
representations from early sensory to later conceptual stages,
ensuring that these stimuli stand out among less salient ones.
Much research has examined this temporal unfolding for associ-
ated neural processes in the visual and auditory modalities, but
relatively little is known about touch. Here we sought to address
this issue by identifying potential electrophysiological markers of
cortical tactile affect in the event-related potential (ERP).

Early and late ERP indexes of affect
Whether an event elicits an affective response depends on a com-
bination of factors including stimulus inherent properties that
have been relevant in the course of human evolution as well as

an individual’s mental state characteristics. For example, in gen-
eral, humans have a biological predisposition to perceive happy
faces as affectively positive. Yet, whether seeing a happy face
makes one feel positive will depend on other variables includ-
ing the probability of encountering a happy face, one’s current
mood and level of extraversion, among others (Somerville et al.,
2011). This combination of stimulus- and state-driven adaptive
processes is supported by an integration of the so-called bottom-
up and top-down information (Hajcak and Nieuwenhuis, 2006;
Grandjean et al., 2008).

The advent of neuroimaging has made it possible to examine
these processing streams as they unfold in time. Particularly use-
ful has been the electroencephalogram (EEG), which measures
post-synaptic cortical activity with millisecond resolution and
enables the differentiation of early sensory and later conceptual
processing stages. In the visual modality, for example, an early
lateralized occipital ERP called the C1 serves as a direct marker of
primary visual cortex activity. Comparing the C1 elicited to affec-
tive and neutral images has highlighted that the former enhance
stimulus perception as early as 65ms following stimulus onset
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(Stolarova et al., 2006). In the auditory modality, neural responses
are a bit more extended in time because stimuli are necessar-
ily dynamic. Here, a negative response measured around 200ms
over temporal cortex has been linked to stimulus affect. Specif-
ically, an enhanced auditory cortex response elicited by rare
relative to frequent sounds is further amplified for rare sounds
that are positive or negative when compared with rare neu-
tral sounds (Schirmer et al., 2005; Schirmer and Escoffier, 2010).
Although these early sensory modulations may be influenced by
higher-ordermental processes, they are typically consideredmore
stimulus-driven or bottom-up when compared with later ERPs
(Schirmer and Kotz, 2006; Paulmann and Kotz, 2008; Jiang and
Pell, 2015).

Early sensory modulations are followed by a family of positive
deflections referred to as late positive potentials (LPPs) (Schupp
et al., 2000; Moran et al., 2013). They have been reported to emerge
after 500ms and possibly later with a midline and typically pos-
terior scalp topography irrespective of stimulus modality. Much
research has shown larger LPP amplitudes to affectively charged
when compared with neutral stimuli. For example, positive and
negative words, objects, faces or voices increase the LPP relative
to neutral controls (Hajcak et al., 2010; Brown et al., 2012). Notably,
such late effects are driven by a range of processes including sen-
sory stimulus features (e.g. sound intensity), stimulus probability
or task relevance. Physically salient, rare and imperative events
elicit a larger LPP than events that are perceptuallyweak, frequent
and mere distractors (Polich, 2007; Weinberg and Hajcak, 2011).
As such LPP amplitude modulations may index a combination of
bottom-up and top-down processes.

The brain’s temporal signature of tactile affect
When compared with the visual and auditory modalities, the
tactile EEG/ERP has received relatively little attention. Moreover,
existing studies have focused primarily on non-affective mat-
ters related, for example, to sensory discrimination or object
recognition via the glabrous skin of the palm. To facilitate tem-
poral synchronization in the EEG, tactile stimuli typically com-
prised small square-shaped electric pulses rather than an actual
mechanical stimulus (Nierhaus et al., 2015; Forschack et al., 2017;
Perri et al., 2019). Popular dependent measures included a reduc-
tion in the power of Rolandic or mu rhythms (i.e. alpha/beta
band) with stimulus intensity as well as early deflections in the
ERP over somatosensory cortex contra-lateral to the stimulation
site.

To date, few EEG/ERP studies have pursued the affective pro-
cessing of touch. Some of these studies addressed the issue
indirectly by examining how touch shapes responses to a fore-
ground stimulus (Schirmer and Gunter, 2017; Spapé et al., 2017)
or by presenting pictures of positive tactile interactions (Peled-
Avron et al., 2016; Adler and Gillmeister, 2019; Schirmer and
McGlone, 2019). Together, this work confirmed that touch has
affective value but offered limited insights into the underlying
somatosensory processes and how they unfold in time.

Less than a handful of labs have directly recorded the EEG to
affective touch (Singh et al., 2014; Ravaja et al., 2017; Haggarty
et al., 2020). Of particular interest here is a study by Ackerley
and colleagues examining the ERP elicited to soft brush strokes
(Ackerley et al., 2013). This study revealed a positive deflection
over a frontal midline channel (Fz) tracking both stimulus onset
and offset with a ∼700ms delay. Despite its frontal topography,
the authors suggested an association with other LPPs and affect
based on the deflection’s timing and polarity. Moreover, based on
the conduction velocity of different somatosensory nerve fibers,

they speculated about a possible role of unmyelinated and hence
slow conducting C-tactile (CT) afferents, which were previously
shown to support tactile pleasure (Löken et al., 2009). In line with
this, a subsequent magnetoencephalography (MEG) study iden-
tified a signal modulation around 700ms following CT-targeted
touch with sources in the posterior insula (Hagberg et al., 2019),
a known projection target for CT input (Olausson et al., 2002;
Morrison, 2016).

Taken together, existing work highlights that touch, like stim-
uli from other sensory modalities, can be affectively relevant.
Moreover, it implies a possible role of CT afferents in modulat-
ing an ERP component of the LPP family and raises the possibility
that this component marks tactile affect as a function of both
early bottom-up and later top-down processes. However, many
questions remain and two are of particular interest here.

The present study
A first question concerns the link between the LPP and tactile
affect. At present, this link is speculative as research has not
yet probed an involvement of CTs or correlated this component
with subjective pleasure. CTs are known to be present in hairy
but absent or extremely rare, if they exist at all, in glabrous skin
(Olausson et al., 2010; McGlone et al., 2012, 2014). Moreover, CT fir-
ing relates to velocity in an inverted u-shaped manner; it is maxi-
mal to stroking velocities between 1 and 10 cm/s and declines for
faster and slower stroking (Löken et al., 2009). Like CTs, touch
pleasantness ratings show an inverted u-shaped response as a
function of stroking velocity and indeed are linearly predicted
by CT activity (Essick et al., 1999, 2010). Thus, both CT-targeted
manipulations and pleasantness ratings could be useful to fur-
ther examine the LPP. Note, however, that an inverted u-shaped
relation between stroking velocity and pleasantness also man-
ifests for glabrous skin (Löken et al., 2011; Luong et al., 2017),
highlighting that this relation is necessary but not sufficient to
infer CT involvement.

A second question concerns potential early sensory or bottom-
up effects. As detailed above, such effects have been reported
for other modalities, yet whether they exist for touch is still
unknown. Indeed, if tactile affect, as aroused by CT stimulation,
strictly depends on C-fiber signaling, then one may not expect a
modulation of somatosensory components prior to the LPP. This
is because C-fiber information travels at a speed of 2m/s or slower
(Vallbo et al., 1993; Watkins et al., 2017) and targets the insula
rather than the somatosensory cortex (Olausson et al., 2002). If,
however, tactile affect also involves myelinated Aβ fibers, as has
been suggested recently (McGlone et al., 2012; Abraira et al., 2017;
Marshall et al., 2019; Cruciani et al., 2021), it could modulate early
somatosensory processes.

The present study probed the above questions in two exper-
iments. In both experiments, participants were stroked with a
soft brush and rated touch pleasantness. We introduced two
manipulations in an effort to dissociate CT signaling from that
of myelinated somatosensory afferents. Within each experi-
ment, we manipulated stroking velocity as CTs show an inverted
u-shaped response in spike discharge at the receptor level,
whereas myelinated afferents show monotonically increasing
responses with faster stroking (Löken et al., 2009). Between exper-
iments, we manipulated the stimulated skin area. In Experiment
1, stroking targeted the forearm, which is densely innervated by
CTs, but less so with myelinated mechanoreceptors, whereas in
Experiment 2, stroking targeted the palm, which is densely inner-
vated by myelinated mechanoreceptors but none or very few CTs
(Vallbo et al., 1993; Ackerley, 2022).
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Based on extant research, we expected an LPP at Fz. More-
over, if this LPP marks tactile affect it should positively predict
pleasantness ratings. If its modulation depends on CT input it
should show an inverted u-shaped relation with stroking velocity
and emerge for stroking to the arm but be smaller or absent for
stroking to the palm. Lastly, we speculated that, prior to the LPP,
tactile affect might modulate activity of somatosensory cortex
contra-lateral to the stimulation site by enhancing responses to
pleasant when comparedwithmore neutral touch similar to what
has been found in the visual and auditory modality (Schirmer
et al., 2005; Stolarova et al., 2006).

Methods
Themethods and hypotheses of Experiment 1 were pre-registered
with the Open Science Framework (OSF), the details of which
can be reviewed here: https://osf.io/fy6ta. This site also provides
access to our data and analysis scripts. Given the exploratory
nature of Experiment 1, we replicated key findings in another
independent sample (Supplementary Materials) and, after suc-
cessful replication, conducted a second experiment targeting
glabrous, rather than hairy, skin. These latter efforts were not
pre-registered as they immediately derived from the findings of
Experiment 1. The study protocol was approved by the Clinical
Research Ethics Committee of Hong Kong.

Participants
We recruited 37 participants for Experiment 1, seven of whom
were excluded from statistical analysis because noise in the EEG
signal resulted in less than 30 epochs in one or more conditions
when epoching was done using a 4-s window. However, six par-
ticipants had sufficient data when epoching was done using a 2-s
window, so their data were subsequently included in the replica-
tion of Experiment 1 (Supplementary Materials), which required
only 2-s-long epochs. The final sample of Experiment 1 comprised
15 men and 15 women with a mean age of 21 years (s.d. 2.98).
For Experiment 2, we recruited and analyzed 30 participants (half
female) with a mean age of 20.1 years (s.d. 2.09). All participants
reported being right-handed.

Stimuli and apparatus
The tactile stimuli were delivered using a custom-built cable-
driven robot capable of 3D motion (for a video demonstration
please refer to our OSF archive). We opted for robotically con-
trolled rather than human skin-to-skin touch as to maximize the
accuracy and consistency of stroking and to facilitate comparison
with prior research that also employed robotic touch (Löken et al.,
2009; Essick et al., 2010; Ackerley et al., 2013, 2014; Luong et al.,
2017; Croy et al., 2021; Sailer et al., 2020). The robot used here was
operated via MATLAB and entailed eight motors that could move
a touch stimulator in any direction with high spatial and tem-
poral precision and accuracy. In keeping with previous research,
the touch stimulus in this study was a soft cosmetic brush with
a tip size of about half a centimeter. To enable temporal align-
ment between touch onset and the EEG, we weaved soft copper
wires into the brush that connected with ESP32 Capacitive Touch
Sensor pins. When the brush contacted skin, these pins sent a
signal to the EEG data acquisition computer. The touch sensing
pins also facilitated calibrating the touch device for a given par-
ticipant. They enabled position read-outs for a planned stroking
trajectory, allowing us to adjust this trajectory to the surface cur-
vature of the target skin area and ensuring a consistent brush
force.

The touch stimulus in this study was low force (∼0.3N)
stroking of the left forearm. In Experiment 1, the brush stroked
the participant’s dorsal forearm, whereas in Experiment 2, the
brush stroked her/his palm. Although most studies in the field
have probed linear trajectories, recent evidence suggests oval
trajectories are more pleasant (Shirato et al., 2018) and more
representative of actual touch interactions (Lo et al., 2021). We,
therefore, opted for an oval rather than a linear trajectory. The set
points for this trajectory were a ∼15 cm circumference, a minor
radius of ∼1 cm and a major radius of ∼3.22 cm. Small devia-
tions from these set points were necessary due to variation in
skin area curvature across participants. Strokes were delivered
at five velocities including 0.5, 1, 3, 10 and 20 cm/s for a duration
of 2.5 s. Because different velocities necessarily covered different
distances across the skin, we adopted a number of control mea-
sures. Specifically, we adjusted the starting position of strokes
such that motion along the oval was balanced across trials for a
given velocity within participants. Thus, all velocities completed
the full oval at least once across trials (for further details see
Supplementary Materials).

Please note that velocity manipulations are inherently con-
founded, forcing experimenters to accept condition differences in
either travel distance or stimulus duration. Here, we opted for the
former because the latter creates issues for the interpretation of
ERPs as both the onset and offset of a stimulus elicit an ERP (Luck,
2014). For the velocities tested here, the onset response would
have always coincided. However, the offset response would have
occurred within less than a second for the fastest and outside our
analysis window for the slowest condition, making it impossible
to compare their ERPs.

Procedure
After completing an informed consent procedure, the participant
was seated and the experimenter prepared her/him for the EEG
recording. The participant then placed her/his left forearm onto a
comfortable arm rest under the touch stimulator. In Experiment
1, the arm was placed with a supine position, whereas in Experi-
ment 2, it was placed with a prone position. As the prone position
was slightly more effortful to maintain for the duration of the
experiment, we attached a couple of soft elastic straps to assist
the participant. A curtain precluded the participant from seeing
the forearm and the touch device.

Next, the participant received instructions via a computer
monitor placed in front of her/him. The participant was asked
to insert noise-canceling earphones into the ears, which pre-
sented a soft white noise meant to block out any remaining
noise from the movement of the touch device. Then, the experi-
menter operated the device and re-adjusted the white noise vol-
ume until the participant no longer heard the touch device. After
ensuring the participants’ comfort, the experimenter started the
experiment.

The experiment comprised 300 trials across which the five
stimulus velocities were presented with equal probability in
pseudo-random order such that the same velocity would not be
presented consecutively. This resulted in 60 trials per condition—
a number that falls within the range of published research.
Indeed, published haptic research has been conducted with ∼25
trials per condition (Forschack et al., 2017), while the original
work on affective touch recorded as many as 240 trials (Ackerley
et al., 2013). Although in general, a larger trial number has been
linked with a better signal-to-noise ratio, this link is nonlinear
and tapers off with more trials (Luck, 2014). Hence, using more
trials is not necessarily better because it must be weighed against
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Fig. 1. Study procedures. A) The experimental set-up. B) The events making up a touch trial.

other design features such as experiment length, stimulus habitu-
ation and participant fatigue. We, therefore, piloted this paradigm
with only 60 trials per condition and found this to be sufficient to
establish the expected touch effects.

A trial began with a fixation cross lasting for 0.4–0.55 s, coin-
ciding with the downward motion of the touch stimulator. After
the stimulator contacted the skin, it began moving along the oval
trajectory for 2.5 s. During this time and the following one sec-
ond, the fixation cross remained on the computer screen and was
then replaced by a pleasantness rating scale. The participants
now used their right arm to operate amouse and tomove a cursor
to a position on a continuous scale that reflected the pleasant-
ness associated with the touch. The scale endpoints were marked
with very unpleasant on the left and with very pleasant on the
right and scores coded within a range of −100 to 100. Following
the participant’s response, there was a short inter-trial interval
during which the screen remained blank. The interval lasted for
1, 1.5 or 2 s, drawn from a uniform distribution. The experiment
was divided into four blocks of 75 trials. Participants had a short
break after every 30 trials and a 5-min break between blocks. Tri-
als lasted about 6.5 s and an experimental session lasted about
50min. The procedures are summarized in Figure 1.

Electrophysiological recording and analysis
The EEG was recorded using 64 Ag/AgCl electrodes, which were
located according to the extended 10–20 system of the Ameri-
can Clinical Neurophysiology Society (Acharya et al., 2016). CPz
was used as the online reference. Electrode impedance was below
20 kΩ. The data were recorded at 500Hz with an ANT EEGo
system. Only an anti-aliasing filter was applied during data acqui-
sition (i.e. sinc filter with a half-power cut-off at half the sampling
rate).

EEG data were pre-processed with EEGLAB v14.1.1 (Delorme
and Makeig, 2004) implemented in MATLAB. The data were
down-sampled to 250Hz, low-pass filtered at 30Hz (7.5Hz tran-
sition bandwidth, −6dB cut-off) and high-pass filtered at 0.1Hz
(0.1Hz transition bandwidth, −6dB cut-off). Then the data were
re-referenced to the channel average and epoched with a win-
dow from −1 to 3 s around each stimulus onset (Experiment 1)
or from −1 to 1 s around each stimulus onset (Experiments 1
and 2). Afterward, the data were subjected to manual inspection
where channels and epochs with non-typical artifacts caused,
for example, by muscle movements or drifting were interpolated
or rejected, respectively. The cleaned data were then high-pass

filtered at 1Hz and subsequently entered in an adaptive mixture
independent component analysis (Palmer et al., 2011). The result-
ing independent component structure was applied to the original
data with the 0.1–30Hz filter setting. Components reflecting typ-
ical artifacts (i.e. horizontal and vertical eye movements and eye
blinks) were removed and the data were back-projected from
component space into EEG channel space. The data were sub-
jected to another round of visual inspection duringwhich residual
artifacts were removed. A current source density transformation
was applied using the CSD Toolbox (Kayser and Tenke, 2015). This
served to enhance spatial separation of temporally overlapping
signal components and to facilitate the detection of independent
cortical sources (Kamarajan et al., 2015).

For the ERP analysis, we then conducted a baseline correc-
tion using mean voltages within a window between −200 and
0ms from stimulus onset. Subsequently, trial data were averaged
within subjects and conditions. For the time–frequency analy-
sis, we subjected epochs ranging from −1 to 1 s to a continuous
wavelet transformation with cycles ranging from 3 to 7 for fre-
quencies from 5 to 28Hz in steps of 1Hz. This returned 153 time
points ranging from −663 and 667ms around stimulus onset. The
wavelet transforms were then baseline corrected using a window
from −500 to −100ms and their power was obtained and averaged
for each participant, condition, time point and frequency. For sta-
tistical analysis, we divided Rolandic rhythms into α-1 (8–9.9Hz),
α-2 (10–11.9Hz), β-1 (12–17.9Hz), β-2 (18–20.9Hz) and β-3 (21–
28Hz) in line with earlier research (Ritter et al., 2009). This enabled
us to detect potential frequency specific effects of touch on the
power of somatosensory processes.

Ultimate trial numbers per condition averaged across partic-
ipants ranged from 50 to 53 for the long epochs in Experiment
1 (participant-wise min=31 and max=68). They ranged from
55 to 57 for the short epochs in Experiment 1 (participant-wise
min=37 and max=74) and from 54 to 57 for the short epochs in
Experiment 2 (participant-wise min=38 and max=71).

Statistical analysis
In line with past research, we subjected our measures of interest
to separate second-order polynomial regression analyses with the
common logarithm of velocity as the independent variable (Löken
et al., 2009). To facilitate the interpretation of linear and quadratic
terms in the model, we normalized dependent and independent
variables. Thus, beta values expressed change in terms of stan-
dard deviations. Moreover, the sign of the linear term (i.e. ±)
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Fig. 2. Experiment 1 (hairy skin) late positive velocity effect over a
frontal midline region. The upper electrode shows the original epochs
lasting up to 3 s following touch onset. The lower electrode shows the
re-epoched data lasting up to 1 s following touch onset. The gray
rectangle highlights our window for statistical analysis ranging from 0.7
to 1 s. No modulation was seen after this time window. The topography
of the velocity effect (3 cm/s minus 20 cm/s) is printed on a 3D head.

could be interpreted as showing a positive or negative relation-
ship, while the sign of the quadratic term could be interpreted as
showing a convex (u-shaped) or concave (inverted u-shaped) rela-
tionship. Note that thesemodifications were strictly cosmetic and
had no impact on the actual significance of linear and quadratic
terms. To account for the repeated measures nature of the veloc-
ity variable, we added a random effects term to the regression
that specified slopes and intercepts for the rating analysis and
intercepts only for the ERP analysis. As ERPs are necessarily an
averaged measure, they afforded no trial data to estimate slopes.
F-statistics were obtained using the Satterthwaite approximation
for degrees of freedom.

In addition to the analyses reported below, we also visu-
ally examined individual participants and conducted a bootstrap
analysis to test the robustness of the reported effects. More-
over, we conducted a study aimed at replicating the results of
Experiment 1 and report all this in the Supplementary Materials.

Results of Experiment 1—stroking of hairy
skin
ERPs
In line with a previous report (Ackerley et al., 2013), visual inspec-
tion of the 4-s ERP epochs at Fz revealed a positive deflection
starting around 700ms after touch onset. This modulation lasted
for about 300ms after which there were no further visible effects
(Figure 2). Because long ERP epochs are associated with lower trial
numbers following artifact rejection, we re-analyzed our EEG data
with shorter epochs as described in the methods. We then con-
ducted our statistical analysis on Fz voltages in keeping with an
earlier study (Ackerley et al., 2013).

Analysis of Fz mean voltages from 700 to 1000ms returned
a significant velocity effect (F[2,118]=4.86, P=0.009). The lin-
ear term was non-significant (P>0.25), but the quadratic term
pointed to the expected concave relationship (ß=−1.91, SE=0.65,
P=0.004).

Apart from the Fz effect, we also observed an interesting
negative deflection over somatosensory cortex contra-laterally
to the stimulation, which we refer to as a somatosensory
N400 (hereafter sN400). Like the Fz effect, the sN400 showed

Fig. 3. Experiment 1 (hairy skin) velocity sN400 effect over right medial
electrodes (rm: Cz, C2, CP2; rl: C6, T8, CP6). The upper electrode shows
the original epochs lasting up to 3 s following touch onset. The lower
electrode shows the re-epoched data lasting up to 1 s following touch
onset. The gray rectangle highlights our window for statistical analysis
ranging from 0.3 to 0.5 s. No other modulation occurred subsequently.
The topography of the velocity effect (3 cm/s minus 20 cm/s) is printed
on a 3D head.

a velocity-dependent negative quadratic pattern but emerged
significantly earlier between 300 and 500ms following touch
onset. For analysis, we computed mean voltages within this time
window and across a subset of right centro-medial electrodes
(Cz, C2 and CP2). Figure 3 illustrates the dipole of this effect and
guided electrode selection (the negativity peaked centrally and
reversed polarity laterally). A polynomial mixed effects model
was again significant (F[2,118]=14.11, P<0.001). Its linear term
was non-significant (P>0.25), while the quadratic term indexed a
convex relationship (ß=3.37, SE=0.65, P<0.0001). Because the
sN400 is a negative deflection, however, this convex effect high-
lights a concave relationship between velocity and component
amplitude.

Rolandic rhythms over contra-lateral
somatosensory cortex
Given the novelty of the observed sN400 effect, we examined
the power of Rolandic rhythms (Figure 4) to determine whether
activity in the somatosensory cortex increased with increasing
velocity as one would expect for Aß input (Löken et al., 2009;
Case et al., 2016). Like the ERP, mean power between 300 and
500ms following touch onset in the alpha and beta bands at right
centro-medial electrodes was subjected to a polynomial mixed
effects model with velocity, frequency band and their interaction
as the fixed effects. This revealed a significant effect of veloc-
ity (F[2,706]=36.97, P<0.001). A significant linear term indicated
that power declined with increasing velocity (ß=−5.88, SE=0.7,
P<0.0001). The quadratic term was only marginally significant
(ß=−1.23, SE=0.7, P=0.078). The interaction of velocity and
frequency band was non-significant (P=0.832).

Pleasantness ratings
Pleasantness ratings are illustrated in Figure 5. Their analysis
revealed a significant velocity effect (F[2,29]=3.47, P=0.044). A
significant linear term indicated that pleasantness decreased as
velocity increased (ß=−19.26, SE=9.04, P=0.042), while a signif-
icant quadratic term corroborated the expected concave relation-
ship (ß=−9.4, SE=3.75, P=0.018). We followed up these results
with one-sample t-tests on original, non-normalized data cor-
rected for multiple comparisons. This served to probe whether
ratings in each of the five velocity conditions differed from 0.
Results showed that ratings were positive for 0.5 (t(29)=2.8,
PFDR =0.023), 1 (t(29)=2.98, PFDR =0.023) and 3 cm/s (t(29)=2.03,
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Fig. 4. Rolandic rhythms recorded from electrodes Cz, C2 and CP2
located over the right somatosensory cortex in Experiment 1 (hairy
skin). Here, we show the time course of power changes evoked by
tactile stimuli averaged across alpha and beta bands.

Fig. 5. Pleasantness rating results from Experiment 1 (hairy skin). On
the left is a rain cloud plot illustrating the change in subjective
pleasantness as a function of stimulus velocity. This plot shows raw
rating scores. On the right is a scatter plot with regression lines showing
the significant relationship between subjective pleasantness and sN400
amplitude at the subject level. Here, values for both measures have
been normalized to a mean of 0 and a standard deviation of 1.

PFDR =0.086), whereas they failed to differ from 0 for 10 and
20 cm/s (PFDR values> 0.125).

Lastly, we examined which of the above-mentioned brain
measures predict pleasantness ratings using a linear regression
approach. Mean pleasantness served as the dependent variable,
a given brain measure served as the fixed effect, velocity slopes
and the participants’ intercepts served as random effects. Veloc-
ity was included simply to reduce type 1 error and was of no
interest. For the Fz ERP, the result was non-significant (P=0.26).
However, we observed a significant relationship for the sN400
(F[1,123]=5.96, P=0.016), indicating that more negative ERPs
were associated with greater pleasantness. The power of Rolandic
rhythms over the somatosensory region was unrelated to pleas-
antness (P=0.661).

Results of Experiment 2—stroking of
glabrous skin
ERP. Again, we first explored a late frontal midline modulation
between 700 and 1000ms (Figure 6A). As for hairy skin, our sta-
tistical analysis returned a significant effect of velocity on the
mean ERP amplitude (F[2,118]=5.04, P=0.008). While the linear
term was non-significant (P>0.25), the quadratic term revealed
a concave relationship (ß=−2.1, SE=0.66, P=0.002). Mid-range

Fig. 6. Velocity ERP effects for Experiment 2 (glabrous skin). A) Frontal
velocity effect shown for Fz. B) sN400 velocity effect over the right
medial region explored in Experiment 1 (rm; Cz, C2, CP2) and a slightly
more lateral region adapted for the cortical representation of the palm
(rml; C2, C4, CP4). Gray rectangles highlight windows for statistical
analysis ranging from 0.7 to 1 s for the Fz effect and from 0.3 to 0.5 s for
the sN400. The topography of each velocity effect (Fz/rm—3cm/s minus
20 cm/s; rml—20cm/s minus 0.5 cm/s) is printed on a 3D head.

velocities elicited a more positive ERP deflection than the slowest
and fastest velocities.

Next, we examined the sN400 as identified in Experiment 1.
The result was non-significant (P=0.131). Because the hand of the
somatosensory homunculus sits more laterally than the forearm,
we also examined a more lateral region composed of C2, C4 and
CP4. Here, a statistical analysis was significant (F[2,118]=26.76,
P<0.001). A significant linear term indicated that the sN400
was larger for faster velocities (ß=−4.88, SE=0.67, P<0.0001;
Figure 6B). The quadratic term was non-significant (P>0.25).

As these results differed drastically from those obtained in
Experiment 1, we performed an additional analysis comparing
the two datasets. Specifically, we tested a model with velocity,
experiment and their interaction as fixed effects. We found the
interaction was significant (F[2,236]=3.7, P=0.026), corroborat-
ing differences between the stroking of hairy and glabrous skin.
Inspection of linear and quadratic effects showed that the interac-
tion was non-significant for the former (P=0.808) and significant
for the latter (ß=−1.71, SE=0.63, P=0.007). Thus, the signifi-
cant quadratic term in Experiment 1 differed significantly from
the non-significant quadratic term in Experiment 2.

Rolandic rhythms over contra-lateral
somatosensory cortex
As for the ERP, we examined the power of Rolandic rhythms
for the original somatosensory region identified in Experiment
1 and for the more lateral one described above. Over the origi-
nal region, illustrated in Figure 7, the velocity main effect was
significant (F[2,706]=12.58, P<0.001). A significant linear term
indicated that with increasing velocity, Rolandic power declined
(ß=−3.43, SE=0.71, P<0.0001). The quadratic term was non-
significant (P=0.142). The interaction of velocity and frequency
bandwas non-significant (P=0.938). These results replicated over
the more lateral region (velocity: F[2,706]=9.8, P<0.001; linear
term: ß=−2.93, SE=0.7, P<0.0001, quadratic term: P=0.159;
velocity by frequency band: P=0.994).

Pleasantness ratings
Analysis of rating data returned a main effect of velocity
(F[2,29]=9.94, P<0.001). While the linear term identified a pos-
itive association between velocity and pleasantness (ß=19.77,
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Fig. 7. Rolandic rhythms recorded from electrodes Cz, C2 and CP2
located over the right somatosensory cortex in Experiment 2 (glabrous
skin). Power changes evoked by tactile stimuli averaged across alpha
and beta bands are presented relative to touch onset.

SE=9.26, P=0.041), the quadratic term implied that this rela-
tionship was also concave (ß=−12.47, SE=4.86, P=0.016). Again,
we followed up these results with one-sample t-tests on original,
non-normalized data. This showed that ratings were negative for
0.5 cm/s (t(29)=−2.42, PFDR =0.05), failed to differ from 0 for 1 and
20 cm/s (PFDR values> 0.27) and were positive for 3 (t(29)=2.28,
PFDR =0.05) and 10 cm/s (t(29)=4, PFDR =0.002).

Again, we probed whether the relationship between velocity
and pleasantness differed between Experiments 1 and 2. Because
a model run on trial data failed to converge, we computed the
mean pleasantness for each condition and participant and sub-
jected thosemeans to amodel with velocity, experiment and their
interaction as fixed effects and the participant intercepts as the
random effect. This returned a significant interaction of velocity
and experiment (F[2,356]=15.04, P<0.001). Inspection of linear
and quadratic effects showed that the interaction was significant
for the former (ß=2.85, SE=0.53, P<0.0001) and non-significant
for the latter (P=0.378). This implies that the association between
stroking velocity and pleasantness was significantly smaller or
more negative for hairy when compared with glabrous skin.

Next, we tested whether, as in Experiment 1, ERP and
Rolandic rhythms could predict participants’ pleasantness rat-
ings. There was no effect for the frontal midline ERP (P=0.24).
The sN400 over the original right medial region (F[1,73]=2.89,
P=0.093; Figure 8) and the more lateral somatosensory region
(F[1,89]=2.39, P=0.125) were non-significant. Likewise, Rolandic
power over the original and the more lateral somatosensory
region was unrelated to pleasantness (P values> 0.338).

Lastly, we probed whether the relationship between sN400 and
pleasantness differed statistically between Experiments 1 and 2.
For the original and the more lateral region, a model with mean
ERPs, experiment and their interaction as fixed effects indicated
that the interaction was non-significant (P values> 0.225).

Discussion
Here we sought to examine the neural signatures of tactile affect.
Following up on earlier work, we pursued a frontal LPP, mark-
ing the late confluence of bottom-up and top-down processing,
and probed whether its amplitude predicts pleasantness ratings
and depends on the activity and/or presence of CTs. Additionally,

Fig. 8. Pleasantness rating results from Experiment 2 (glabrous skin).
On the left is a rain cloud plot illustrating the change in subjective
pleasantness as a function of stimulus velocity. Original rating scores
are shown. On the right is a scatter plot with regression lines showing
the non-significant relationship between subjective pleasantness and
the right medial sN400 amplitude (Cz, C2 and CP2) at the subject level.
Here, values for both measures have been normalized to a mean of 0
and a standard deviation of 1.

we asked whether tactile affect shapes early sensory represen-
tations in a bottom-up manner in line with evidence from other
modalities. In the following discussion, we first reflect on the
pleasantness ratings recorded in this and previous studies and
then consider the functional significance of both the frontal LPP
and the novel somatosensory ERP response identified here.

Stroking velocity modulates tactile affect
It has been well-established that the pleasantness of soft brush
strokes varies as a function of velocity. Across participants, inter-
mediate velocities have been rated as more pleasant than faster
or slower velocities (Essick et al., 1999; Löken et al., 2009; McGlone
et al., 2012; Luong et al., 2017).

The present study replicated these results. The pleasantness of
being stroked on hairy skin in both Experiment 1 and its replica-
tion (Supplementary Materials) was characterized by a significant
quadratic term indexing the inverted u-shaped pattern reported
previously. Experiment 1, albeit not its replication, also produced
a significant linear term, indicating that faster speeds tended to
be less pleasant than slower speeds. We reason that the com-
plexity of rating scores and interindividual differences account
for cross-experimental variation in rating results. As regards com-
plexity, affective ratings depend on various types of information
(Barrett, 2017). For example, at the sensory level they depend on
the activity of a number of different skin receptors apart from
CTs (McGlone et al., 2012; Luong et al., 2017); at a more conceptual
level they depend on an individual’s past tactile experiences and
current attitudes toward touch (Croy et al., 2021; Sorokowska et al.,
2021). In linewith this, research has highlighted that the prototyp-
ical inverted u-shaped pattern does not show consistently at an
individual level. Indeed, there is substantial interindividual vari-
ation in the preference for slower/calming vs faster/stimulating
touch (Croy et al., 2021) such that the overall results of a studymay
be subject to sampling biases. Importantly, however, the present
stroking stimuli, especially those of intermediate velocities, were
rated above 0 and thus as affectively positive.

As with the stroking of hairy skin, the stroking of glabrous skin
can be pleasurable. Past work comparing the two failed to find dif-
ferences (Guest et al., 2011; Löken et al., 2011; McGlone et al., 2012;
Schirmer and Gunter, 2017), implying that both may be charac-
terized by an inverted u-shaped relationship between velocity and
subjective pleasantness (Guest et al., 2011; Luong et al., 2017). The
present study appears to corroborate this. In line with previous
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work, it produced an inverted u-shaped response for hairy and
glabrous touch. Additionally, however, there was a linear associ-
ation of stroking velocity and pleasantness that differed between
skin sites. Whereas it was negative or non-significant (see Sup-
plementary Materials) for hairy touch, it was strongly positive for
glabrous touch. As previous research typically focused on only
quadratic effects, we do not know the extent to which the present
results converge or diverge from existing data. However, they do
highlight a potentially interesting parallel between the affective
response to glabrous stimulation and the firing of Aβ receptors,
which densely innervate glabrous skin.

Stroking velocity modulates a frontal LPP
similarly for hairy and glabrous skin
In an early attempt to examine the neural correlates of affective
touch, Ackerley and colleagues (2013) recorded the ERP to gen-
tle, CT-targeted brush strokes. Specifically, strokes of 3 cm/s were
occasionally interrupted by strokes of 6 cm/s and participants
were asked to verbally report these oddballs. Strokes at 3 cm/s
elicited a frontal positivity that emerged about 700ms following
stimulus onset and declined about 700ms following stimulus off-
set. Based on the observed response delay, the authors speculated
that CT signals underpin this effect. Here we sought to extend this
research by adding both faster and slower velocities and by test-
ing both hairy and glabrous skin. Thus, we hoped to effectively
modulate tactile affect and clarify a dependence on CTs.

Converging with previous results, we observed a frontal com-
ponent of positive polarity about 700ms following touch onset
that was larger for intermediate stroking (1–10 cm/s) when com-
pared with slower and faster velocities. Moreover, this compo-
nent showed across three different samples and hence seems
fairly robust. Notably, however, aspects of the present positiv-
ity diverged from what was reported previously, including that
it was smaller and declined before stimulus offset. We reason
that methodological choices account for this. First, unlike the
rotatory tactile stimulator used by Ackerley and colleagues, the
tactile stimulator used here applied pressure evenly across
the skin and enabled the dissociation of velocity from stimulus
duration. Moreover, affect rather than velocity/stimulus duration
were task relevant. Therefore, we speculate that past and present
LPP results overlap in that both reflect a higher-order tactile effect,
resulting from a combination of bottom-up and top-down pro-
cesses. However, past resultsmay additionally reflect a tracking of
stimulus onsets and offsets and/or probabilities, which are known
to modulate the ERP (Luck, 2014).

Importantly, the present study identified a clear relation
between the frontal tactile LPP and stroking velocity. As one
would expect if CTs were to underpin this effect, CT optimal
velocities elicited larger amplitudes than CT sub-optimal veloc-
ities. Yet, this velocity effect showed independently of whether
stroking occurred on hairy or glabrous skin and failed to pre-
dict pleasantness ratings. Thus, we speculate that, instead of
being dependent on CTs, the frontal LPP reflects a more general,
fiber-independent cortical representation of tactile input that at
least partially dissociates from affect. This conclusion agrees with
past research demonstrating an overlap in higher-order percep-
tual processes for hairy and glabrous touch (Luong et al., 2017;
Pawling et al., 2017). It also converges with findings showing that
apart from pleasure, other psychological properties prefer inter-
mediate velocities (Sailer et al., 2020) including, for example, how
human a touch feels (Wijaya et al., 2020).

Stroking velocity modulates the sN400
differently for hairy and glabrous skin
Based on evidence from the auditory and visual modalities, we
speculated that tactile affect would modulate bottom-up sensory
processes prior to the LPP. In line with this, stroking of hairy
skin elicited a negative deflection peaking around 400ms fol-
lowing stimulus onset over somatosensory cortex contra-lateral
to the stimulation site. The amplitude of this sN400 compo-
nent was larger for CT optimal when compared with slower and
faster stroking velocities and significantly predicted pleasantness
ratings. Notably, these results replicated in a separate sample
marking themas robust. Indeed, a supplementary bootstrap anal-
ysis drawing from both datasets (N=60) implied that, with only
10 participants, one has a 94% chance of observing an inverted
u-shaped relation between sN400 amplitude and stroking
velocity.

What might seem odd is that ERP and Rolandic rhythms dis-
sociate in their response to the velocity of stroking hairy skin.
The inverted u-shaped sN400 was accompanied by a negatively
linear change in alpha and beta power as recorded from the
same electrodes. This difference arises from the manner in which
post-synaptic potentials contribute to event-related and oscilla-
tory measures (Luck, 2014). Whereas the former amplify voltage
changes time-locked to stimulus onset reducing or eliminat-
ing voltage changes that are temporally inconsistent, the latter
(as examined here) are unaffected by variation phase delay. Thus,
ERPs help identify temporally fixed processing steps, whereas
oscillatory power reveals broader state changes that previous
research has linked to the activity level of somatosensory cor-
tex (Ritter et al., 2009; Singh et al., 2014). As Aß receptors fire
more strongly with faster stroking velocities (Löken et al., 2009)
and because these receptors project to somatosensory cortex, this
cortex is generally more active for faster when compared with the
slower stroking (Case et al., 2016). The present findings align with
this.

Existing neuroimaging research is equivocal over the role of
primary and secondary somatosensory cortex in tactile affect.
On the one hand, there is evidence that pleasantness modulates
other brain regions including the orbitofrontal cortex and poste-
rior insula (Olausson et al., 2002; Rolls et al., 2003; Case et al., 2016).
Indeed, inhibiting the somatosensory cortex with transcranial
magnetic stimulation was found to alter perceived touch inten-
sity but not pleasantness (Case et al., 2016). On the other hand,
work contrasting more with less pleasant touch reported activity
in primary somatosensory cortex (Shirato et al., 2018). Similarly, a
recentmeta-analysis implicated secondary somatosensory cortex
as an area in which affective and discriminative tactile processes
converge (Morrison, 2016).

The present data further corroborate an involvement of the
somatosensory cortex in tactile affect. Additionally, however,
they suggest that the manner in which the somatosensory cortex
contributes to affective representations dissociates for input from
hairy and glabrous skin. Unlike the sN400 elicited to stroking of
hairy skin, the sN400 elicited to stroking of glabrous skin behaved
antiparallel to Rolandic power. That is, it increased linearly with
increasing velocity and, like Rolandic power, failed to significantly
predict touch pleasantness. Thus, whereas hairy skin stimulation
emphasized CT-like engagement of the somatosensory cortex,
glabrous skin stimulation emphasized Aβ-like engagement of the
somatosensory cortex. Possibly, the latter reflects involvement of
discriminate processes associated with object manipulation and
identification, which are thought to be central to the functional
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significance of glabrous but not hairy touch (McGlone et al.,
2014).

Together, the present timing and skin type effects allow us to
speculate about the mechanisms reflected by the sN400 and their
dependence on both unmyelinated C and myelinated Aß fibers.
While the sN400 occurred too early to be dependent strictly on
C-fiber projections (<2m/s; Vallbo et al., 1993; Watkins et al., 2017),
its inverted u-shaped response to the stroking of hairy but not
glabrous skin suggests that CTsmight have been nevertheless rel-
evant. Recent work in rodents suggests how. It revealed fiber-type
interactions in the dorsal horn that are enabled by interneu-
rons, which connect first-order C low-threshold mechanorecep-
tors onto second-order Aß projections, and that can support the
fast delivery of original C-fiber input to the brain (70m/s; Susuki,
2010).

If a similar mechanism exists in humans, it could account
for the present sN400 effects. With an average distance of 57 cm
(N=10) between the skin stroking area and the spinal cord, CT
input could have started to arrive there at about 285ms follow-
ing stimulus onset and would then have reached the brain within
6ms coinciding with the onset of the sN400. This volley of CT
signals might then have modulated ongoing somatosensory pro-
cesses, informed by the earlier arrival of pure Aß information
and amplified emerging brain representations as a function of
CT-specific affective relevance. When stroking targeted the palm,
Aß-driven somatosensory processes unfolded independently of
CT-specific input and thus amplified faster over slower speeds.
Such pure Aß processing may have also been affectively rele-
vant as it paralleled a linear effect of velocity on pleasantness
ratings. However, in the absence of a significant correlation
between the ERP and rating data, a role for the glabrous sN400
in subjective tactile pleasure may be small and requires further
research.

Open questions and future directions
Although the present study offers new and interesting insights
into the neural mechanisms underpinning the affective process-
ing of touch, it also raises a number of questions. Importantly,
these questions converge onto key issues in the literature that are
currently attracting debate.

One such issue concerns the question of how to define affec-
tive touch. From a traditional perspective, whichwe adopted here,
affective touch depends on the stimulation of CTs whose firing
characteristics seem uniquely suited to the enjoyment of physi-
cal contact with conspecifics (Olausson et al., 2002; McGlone et al.,
2014). Yet, here and elsewhere (Löken et al., 2009; Guest et al.,
2011; Luong et al., 2017; Schirmer and Gunter, 2017) stroking
has been rated as positive irrespective of CT activation. In light
of this, we reason that there may be different forms of tactile
affect associated with hairy and glabrous touch, with the former
being more passive and interoceptive and the latter being more
active and exteroceptive (Björnsdotter et al., 2010; McGlone et al.,
2012). The different velocity-dependent pleasantness ratings and
ERP responses support this possibility and offer new avenues for
contrasting hairy and glabrous touch.

A second question concerns the usefulness of pleasantness
ratings in the study of affective touch. Because such ratings have
dominated prior research, they were also implemented in the
present experiments. Specifically, they served to link our results
to existingmicroneurography and psychophysical data (e.g. Löken
et al., 2009; Ackerley et al., 2014; Luong et al., 2017; Croy et al.,
2021). However, the use of affective self-reports has been chal-
lenged repeatedly as being subject to biases related, for example,

to memory or demand characteristics (Russell, 1994; Mauss and
Robinson, 2009; Kassam and Mendes, 2013). Thus, pleasantness
ratings, although frequently used, may afford limited insights
into the affect of touch. In line with this, the present ERP mea-
sures differentiated hairy and glabrous touch more clearly than
the rating results did. Moreover, although the sN400 predicted
the participants’ reported pleasantness for hairy but not glabrous
skin, both effects failed to statistically differ. Thus, we reason
that the rating data were more complex and/or noisy, obscur-
ing potentially important skin site effects. Future research could
tackle this issue by considering alternative measures of affect
such as recordings of facial muscle activity, heart rate or skin
conductance.

Finally, an important obstacle to current research is its depen-
dence on evidence from microneurography. This technique is
available to only a few laboratories and requires both special
expertise and significant time commitment. To date, there exist
just a handful of published reports relying on small samples and
thus limited statistical power (Vallbo et al., 1993, 1999; Löken et al.,
2009; Ackerley et al., 2014). What is needed, hence, is a more
accessible tool to examine peripheral nerve fiber responding and
projection of these nerve fibers to the brain. The present sN400
response might be such a tool. Its clear dissociation between
glabrous and hairy skin hints that it might be differently sensi-
tive to first-order CT and Aß activation. Yet, more evidence is
needed linking the sN400 to these somatosensory fibers. Apart
from manipulating hairy and glabrous touch within participants,
relevant future studies may combine EEG with microneurogra-
phy, examine patient groups lacking myelinated or unmyeli-
nated fibers (Olausson et al., 2002; Morrison et al., 2011) or
attempt blocking C and Aß fiber transmission chemically (Kankel
et al., 2012). Convergent evidence from these different approaches
could establish the sN400 as a relatively cheap and convenient
option for the study of affective touch and its dependence on
different mechanosensory pathways.

Conclusions
Here we pursued the neural signatures of tactile affect as they
unfold in time. We observed a late frontal ERP component that
was more positive for intermediate—CT directed—when com-
pared with faster and slower stroking velocities. Its indepen-
dence from skin type and dissociation from affect imply a role
in the higher-order conceptual processing of touch (e.g. human-
ness). We also identified a novel ERP response referred to as
sN400 that dissociates for hairy and glabrous skin stimulation.
For hairy skin only, the sN400 tracks velocity in an inverted u-
shaped manner and shows a significantly linear relation with
touch pleasantness. Together, these data present original evi-
dence for a role of the somatosensory cortex in tactile affect that
may arise from a convergence of CT with faster Aß signaling in
the spinal cord and thus reflect the importance of CT stimula-
tion for an individual’s well-being (Dagnino-Subiabre, 2022; Van
Puyvelde and Mairesse, 2022; Wigley et al., 2022). Taken together,
both the frontal LPP and the sN400 promise to be useful as we
further investigate the different mental representations arising
from tactile input to glabrous skin, with which we typically reach
out to touch, and hairy skin, with which we typically receive
touch.
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Löken, L.S., Wessberg, J., Morrison, I., McGlone, F., Olausson, H.
(2009). Coding of pleasant touch by unmyelinated afferents in
humans. Nature Neuroscience, 12, 547–8.
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