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Skin Feel in the Brain: Oscillatory Dynamics of Active Touch Are
Modulated by Commercial Soap Products

Tyler Mari', Mark Randle! 2, Syed Hasan Ali!, Lucrezia Pacinotti’, Margaret Scott?, Jessica Henderson?,
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! Department of Psychology, Institute of Population Health, Faculty of Health and Life Sciences, University of Liverpool

2 Unilever Research and Development, Port Sunlight, United Kingdom
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Previous research has demonstrated changes in neural oscillations associated with varying levels of
roughness during active-touch exploration of surfaces. In the present study, we aimed to investigate
changes in neural oscillatory activity and softness perception during touch exploration of skin. Two
experiments were conducted. Study 1 evaluated active touch of artificial skin samples mounted to a
purpose-built touch sensor, whereas Study 2 investigated active stroking of one’s own forearm. In both
experiments, the substrates were treated with commercially available bar soaps to deliver either a soft or
draggy skin feel. Oscillatory brain activity was measured using a 129-channel electroencephalography
system. In 31 participants, changes in oscillatory band power were evaluated in relevant frequency bands
during touch exploration periods. For the artificial skin study, the soft condition led to lower alpha-band
power over bilateral somatosensory cortices, which has previously been proposed as a marker of reduced
roughness, compared to the draggy condition. Similar results were obtained during the self-touch
paradigm, which additionally led to reduced theta-band changes over the frontal and central-parietal
electrodes indicating modulation of activity involved in affective (pleasant) touch. Using a novel and
highly controlled experimental approach using a novel artificial skin paradigm and active exploration
during self-touch of participants own skin, we were able to demonstrate for the first time the neural
correlates associated with softness perception of skin and their impact on brain activity associated with
affective touch, thereby advancing our understanding of brain oscillatory activity during active-touch
exploration of skin.
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Haptic perception is imperative for humans to effectively explore
their environment (Lederman & Klatzky, 2009). Active touch, which
allows humans to explore haptic information from the environment
using the glabrous skin of the hands, plays an essential role in iden-
tifying and evaluating surfaces and objects through optimization of
speed, velocity, and contact pressure (Gibson, 1962; Lederman &
Klatzky, 2009; Wagner, 2016). The ability to detect and discriminate
external stimuli is referred to as discriminative touch, which enables the
perception of pressure, vibration, slip, and texture (McGlone et al.,
2014). However, the role of touch is not exclusively to detect objects,
but rather it has important social, emotional, and developmental
characteristics (Cascio et al., 2019; McGlone et al., 2014).

Touching of skin is one of the most crucial elements of human
interaction (Lloyd et al., 2015). Interpersonal touch is often a highly
pleasurable experience and can be used to communicate emotions
and enhance both verbal and nonverbal communication (Gallace &
Spence, 2010; Morrison et al., 2010; Perini et al., 2015). Low-
threshold mechanoreceptors in the glabrous skin of the hands are
responsible for transducing tactile information from the exploration
surface to the brain (Abraira & Ginty, 2013; McGlone & Reilly,
2010). Research has shown differing levels of hedonic preferences
for surfaces in humans, with smoother surfaces preferred to rougher
textures (Etzi et al., 2018; Klocker et al., 2012, 2013).

Texture perception relies on a bilateral network (with contra-
lateral dominance) comprising brain regions including primary
and secondary somatosensory cortex, premotor cortex, supple-
mentary motor area, supramarginal gyrus, and posterior insular
cortex (Henderson, Mari, Hewitt, Newton-Fenner, Giesbrecht, et
al., 2023). Electroencephalography (EEG) research has consis-
tently demonstrated that voluntary movement and somatosensory
stimulation reliably elicit alpha- and beta-band ERD over the
primary motor and somatosensory cortices (Cheyne et al., 2003;
Pfurtscheller, 1981; Stancak & Pfurtscheller, 1996; Stancak et al.,
2003). Specifically, both alpha and beta bands have been asso-
ciated with tactile perception and evaluation (Craddock et al.,
2017; Henderson et al., 2022; Lange et al., 2012; Van Ede et al.,
2011). For example, rough textures are hypothesized to increase
Merkel cell and Meissner corpuscle fire rates, enhancing alpha-
band ERD over somatosensory regions, which reflects increased
cortical activation (Cascio & Sathian, 2001; Gamzu & Ahissar,
2001; Henderson et al., 2022; Johansson & Vallbo, 1979; Vallbo
et al., 1995). Therefore, given their role in tactile perception and
evaluation, alpha and beta bands are the primary frequencies of
interest in the present study.

EEG has been used to explore changes in cortical oscillatory
activity during both passive and active touch of stimuli with dif-
fering texture properties (e.g., smooth-rough). During passive touch
stimulation, research has demonstrated bilateral alpha and beta
event-related desynchronization (band ERD), with alpha-band ERD
modulated by stimulus roughness (Genna et al., 2018; Moungou et
al., 2016). In addition, EEG research conducted by our lab suggests
that active exploration of rough fabric textures elicits increased

contralateral sensorimotor alpha-band ERD compared to soft fabric
textures (Henderson et al., 2022). Furthermore, increased beta-band
ERD over contralateral sensorimotor areas was observed during the
active exploration of soft and smooth textures, while the smoothest
texture resulted in increased activity over ipsilateral sensorimotor
regions (Henderson et al., 2022). In addition, theta-band activity has
been associated with higher order processes, including motivational
and affective functions, and may be particularly relevant for studying
the emotional aspects of tactile perception (Aftanas et al., 2004; Von
Mohr et al., 2018). Previous research has shown that theta oscillations
may be a neural marker of affective touch, with lower theta activity
observed during affective touch compared to nonaffective touch over
prefrontal, frontal, parietal, temporal, and occipital regions (Von Mohr
et al., 2018).

Much of the previous research has aimed to investigate the sen-
sorial properties of 3D printed stimuli or fabric textures (e.g., silk;
Henderson, Mari, Hewitt, Newton-Fenner, Hopkinson, et al., 2023;
Henderson et al., 2022; Singh et al., 2014; Tang et al., 2020).
However, there is a current knowledge gap regarding the potential
link between brain activation and the sensorial properties associated
with actively exploring one’s own skin or the skin of another. The
present study aimed to investigate cortical oscillatory changes during
active-touch exploration of the skin using two experimental para-
digms. In both studies, two commercially available skin cleansing
treatments were applied to alter skin feel to become either softer (““soft
condition”) or draggier (“draggy condition”). Study 1 employed a
highly novel approach to investigate the differences in brain activity
after touching a medical prosthetic artificial skin to provide insight
into experience and neural processes during touch exploration of the
skin of another individual. Here, we utilized artificial skin and force
plate technology to explore the sensorial aspects of skin, while
simultaneously recording touch behavior including load, speed, and
friction and evaluating the effect of the skin treatments. Second, we
explored the sensorial properties of touching one’s own skin with a
self-stroking action, again while utilizing EEG.

First, it was hypothesized that there would be significant dif-
ferences in perceptual ratings of the two alternative skin treatments
in both the artificial skin study and the self-touch study. Second,
we hypothesized that there would be significant differences in
somatomotor neural processing between the two treatment con-
ditions. Based on previous research (e.g., Henderson, Mari,
Hewitt, Newton-Fenner, Hopkinson, et al., 2023; Henderson et al.,
2022), it was predicted that ERD would be modulated in the alpha-
and beta-frequency bands over somatomotor regions by sensorial
properties of the skin during artificial and self-touch paradigms.
Third, we wanted to explore how differences in skin feel relate to
theta-band activity, as lower theta has been associated with affective
compared to nonaffective touch. This is uniquely facilitated by our
design, which includes self-touch, where a change in theta would be
expected, as well as artificial skin, which largely excludes the
affective touch.
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Method
Participants

Thirty-one right-handed females aged between 19 and 38 (M =
23.90 years, SD = 4.46 years) were recruited using opportunity
sampling. Participants were required to be female, right-handed, not
have any history of neurological conditions, not be taking neuro-
logically active medication, not be using medications for the skin
such as steroid medication, not have moles or scars covering large
portions of the forearms, not have consumed alcohol or any other
psychoactive substances within 24 hr before participation, and not to
have a chronic or acute pain condition. The study was approved by
the University of Liverpool Health and Life Sciences Research
Ethics Committee, and all participants gave fully informed written
consent at the beginning of the experiment in accordance with the
Declaration of Helsinki. Participants were compensated at a rate of
£12.50 per hour for their time.

Procedure

The experiment was conducted in the Brain and Behaviour
Laboratory at the University of Liverpool. Participants were seated
in a dimly lit Faraday cage with a 27-inch LCD monitor approxi-
mately 1 m in front of them. Tasks were presented using PsychoPy 3
Version 2022.25 (Peirce, 2007). Participants had a nose clip fitted
before from the onset of the experimental tasks to prevent them from
smelling the fragrance of the skin treatments, as olfactory perception
is known to impact sensory and hedonic evaluations (Davies-Owen
et al., 2024; Dematte et al., 20006).

Skin Treatments

Two commercially available bar soaps were used as the skin
treatments in both experiments of this study. Treatments were chosen
as we expected them to result in different skin feel after use in terms of
softness. This is modelled after past work using fabrics as a model
system (e.g., silk, brushed cotton, and hessian; Henderson et al.,
2022). For the present study, we selected two products, specifically,
Lux Velvet Glow (Stratos Technology, low total fatty matter; Unilever
PLC, United Kingdom, hereafter called “soft condition”) and mar-
keted competitor soap (high total fatty matter, hereafter called “draggy
condition”). To prevent cross-contamination, independent sets of
soaps were used, such that each study (artificial and self-touch) had
different sets.

Study 1: Tactile Exploration of Artificial Skin Task
Artificial Skin Plates

For the artificial skin paradigm, medical prosthetic muscular tissue
plates (SynDaver, Tampa, FL) measuring 200 mm X 200 mm were
used. The muscular tissue plate consists of synthetic adult skin,
subcutaneous fat, and skeletal muscle. The muscular tissue plate layers
were comprised of 5 mm of skeletal muscle, 5 mm of subcutaneous
fat, and 1 mm of skin, while the artificial skin toughness (penetration
force) was 2 Newtons, designed to be representative of adult skin, skin
color was representative of Caucasian. Each treatment was associated
with a specific skin plate which prevented cross-contamination.

A total of four skin plates were used (two sets of two) throughout
the study.

Artificial Skin Treatment Protocol

The artificial skin plates were prepared and treated before the
arrival of the participants. Both skin plates were treated separately to
prevent cross-contamination. Each artificial skin plate was removed
from the storage solution and rinsed with water. It was dabbed dry
with commercially available kitchen towel, and then clean water
was applied and rubbed into the skin plate. The soap treatment was
wetted using tap water. The treatment was applied to the skin plate
using the corner of the soap bar. Additional water was applied to the
artificial skin, and the solution was rubbed into the skin. The
artificial skin plate was rinsed with running water and subsequently
dabbed with a commercially available kitchen towel until dry.

Six-Axis Sensor

A six-axis sensor (Hopkinson Research, UK) that records mul-
tidimensional finger movement was used to investigate touch
behavior during the exploration of the artificial skin. The sensor
records finger position (mm) in both the x and y-axes and measures
load (g), friction (N), and speed (mm/s). An aluminium composite
panel was mounted on the force plate to allow for the placement of
the artificial skin plates. The sampling and snippet rates were set at
500 Hz and 20 Hz, respectively. Moreover, the force plate was
calibrated before each of the experimental blocks. The six-axis
sensor has been used in previous research by our lab (Henderson,
Mari, Hewitt, Newton-Fenner, Hopkinson, et al., 2023; Henderson,
Mari, Hopkinson, et al., 2023).

Experimental Procedure

The skin plate was mounted to the force plate, and participants
were instructed to sit in a comfortable position with their right hand
over the force plate. An arm support, which supported and stabilized
the forearm while maintaining the correct position of the hand over
the sensor, was used. During verbal instructions, participants were
informed that they would be exploring textures (i.e., skin plates) that
had been treated with different products. During the task, partici-
pants explored the textures with the distal phalanx of their right
index finger. Each trial consisted of a baseline period (4 s) and a
tactile exploration (6 s) followed by a response period (Figure 1). Six
practice trials were completed before beginning the tactile explo-
ration task.

Each treatment condition (soft and draggy) was presented twice in
a counterbalanced block design. There was a total of four blocks
each lasting approximately 10 min. There was a total of 120 trials
across the four blocks with a short break between blocks to increase
task engagement and reduce desensitization. After each block, the
participant’s exploration finger was wiped with a damp cloth to
remove residual soap and avoid cross-contamination.

The baseline period was indicated by a white cross on the screen,
during which participants kept their finger stationary on the force
plate. During the exploration period, a green fixation cross appeared,
indicating participants should start exploring the texture. Participants
were instructed that they were free to explore the texture however they



4 MARI ET AL.

Figure 1
Trial Schematic for the Tactile Exploration Task

4s 0.25s 6s 0.25s

unspeeded 0.25s

Note. The trial started with a baseline period indicated by a white fixation
cross for 4 s, followed by a green cross indicating the tactile exploration
period had begun. This was followed by the response period where par-
ticipants responded to a question presented as a computerized 100-point
visual analogue scale on screen. See the online article for the color version
of this figure.

wished, that is, multidirectional movements, changes to speed, and
force exerted. Exploration stopped when the green cross was removed
from the screen, which indicated the start of the response period.

Participants were instructed to keep their right index finger on the
surface of the texture and use the mouse in their left hand to submit
ratings on a computerized 100-point visual analogue scale (VAS).
The following questions were presented 15 times each in a pseudo-
randomized order: (a) “How pleasant did the texture feel?” (b) “How
soft did the texture feel?” (c) “How attractive did you feel?” (d)
“How confident did you feel?” The questions assessing attrac-
tiveness and confidence were consistent with our previous research
(Davies-Owen et al., 2024).

Study 2: Self-Touch Experiment
Self-Touch Skin Treatment Protocol

Markings on the arm were made to standardize treatment and 10
cm exploration zones for participants’ arms (see Figure 2). The sides
were marked as left and right to ensure consistent application of the
treatment to the correct site, with each soap being applied to a
separate site. The treatment site was counterbalanced to prevent
ordering effects.

Following the marking of the test site on the participant’s arm, each
soap treatment was prewetted. The application site was prepared by
prewetting the area with running water. The treatment was applied
onto the one side of the forearm (the second treatment was applied to
the opposite side for the second block) using the corner of the soap.
Water was applied to the test site, and the area was lathered. The test
site was then rinsed with running water. Following the rinsing period,
the test site was gently blotted with a commercially available kitchen
towel to remove water from the skin, and the arm was left to dry for
approximately 25 min. Before the onset of the task, the lines on the
participant’s arm were redrawn (where required).

Experimental Procedure

Participants completed six practice trials where they were trained
on the pace of exploration during the task (5 cm/s), which was
selected to achieve optimal C-tactile (CT) afferent response rates
(McGlone et al., 2014). At the beginning of the training procedure,

a 4-s countdown began, and then the participant stroked their arm
with the distal phalanx of their right index finger for 8 s along the
marked section at a speed of 5 cm per second. Participants were
instructed to complete four strokes of the exploration zone during
this time. Accurate pacing was achieved using auditory cues and was
supervised by the researcher who ensured the correct pace had been
achieved. During the task, participants explored the treated zone at a
pace of 5 cm/s. Each trial consisted of a baseline period (4 s) and an
exploration period (8 s) followed by a response period (Figure 3).

The baseline period was indicated by a white cross on the screen
during which participants kept their finger stationary at the top of the
treated exploration zone. During the exploration period, a green
fixation cross appeared, indicating participants should start exploring
their skin. Exploration stopped when the green cross was removed
from the screen, which indicated the start of the response period.

Participants were instructed to use the mouse in their right hand to
submit ratings on a computerized 100-point visual analogue scale
(VAS). The following questions were presented 15 times each in a
pseudorandomized order: (a) “How pleasant did your skin feel?” (b)
“How soft did your skin feel?” (c) “How attractive did you feel?” (d)
“How confident did you feel?”

Each treatment condition (soft and draggy) was presented once in
a counterbalanced block design. Each block consisted of 60 trials (a
total of 120 trials).

Figure 2
Participant’s Arm With the Exploration Zone Marked

Note. Each side (left or right) was treated with one of the products. The
exploration zone was used to ensure correct pacing, as well as keeping the
two treatments independent. Original image created by the authors; not
adapted or reprinted from any previously published source. Copyright 2026
by the authors. Licensed under CC BY. See the online article for the color
version of this figure.
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Figure 3
Trial Schematic for the Self-Touch Exploration Task

4s 0.25s 8s 0.25s

unspeeded 0.25s

Note. The trial started with a baseline period indicated by a white fixation
cross for 4 s, followed by a green cross indicating the self-touch exploration
period had begun. This was followed by the response period where par-
ticipants responded to a question presented as a computerized 100-point
visual analogue scale on screen. See the online article for the color version
of this figure.

EEG Acquisition

For both studies, continuous EEG recordings were acquired using a
129-channel EGI System (Electrical Geodesic Inc., EGI, Magstim
EGI, Eugene, Oregon, United States) and a sponge-based Geodesic
Sensor net. The net positioning was aligned to three anatomic land-
marks: two preauricular points and the nasion. Electrode-to-skin
impedances were maintained below 50 kW throughout the experiment.
The sampling rate was set at 1,000 Hz, and a recording band-pass filter
was applied between 0.001 and 200 Hz. Electrode Cz was used as the
reference.

EEG Preprocessing and Analysis

EEG data from both studies were preprocessed using the Harvard
Automated Processing Pipeline for Electroencephalography (HAPPE
Version 3; Gabard-Durnam et al., 2018). The data were filtered
between 0.5 Hz and 100 Hz using high- and low-pass filters,
respectively. Line noise at 50 Hz was then removed using CleanLine
(Mullen, 2012), and the data were resampled to 250 Hz. Subsequently,
bad channels were identified and interpolated, with the remaining data
undergoing artefact correction using wavelet thresholding. The data
were then segmented into epochs. A period of —4 s to 8§ s relative to the
trial onset was selected for the artificial skin study, while —4 s to 10 s
was selected for the self-touch experiment. Channels within epochs that
contained remaining excessive noise were interpolated, and unusable
epochs were rejected using the automated rejection process. Epochs
were marked for rejection based on segment similarity and segment
amplitude (set at —150 to 150 mV as recommended by HAPPE au-
thors; Gabard-Durnam et al., 2018). Following trial rejection, the data
were rereferenced using an average reference (Lehmann, 1987).

Spectral analysis was conducted using MATLAB 2020B (The
MathWorks, Inc., Natick, Massachusetts, United States) and EEGLAB
2022.0 (Delorme & Makeig, 2004). The power spectral density (PSD)
was estimated using Welch’s method and was calculated from the
EEG data from —4 s to 7 s relative to stimulus onset for the artificial
skin paradigm. For the self-touch experiment, the PSD was calculated
from —4 s to 9 s relative to the stimulus onset. For both experiments,
the power spectra were computed in 1-s segments shifted in over-
lapping 0.1-s steps. Time-frequency analysis was conducted using the

multitaper method, consisting of three tapers. The estimate of the PSD
was computed between 1 and 80 Hz, with a frequency resolution of 1
Hz. The baseline period used for the analysis was —3.5 s to —0.5 s
relative to stimulus onset. Theta-, alpha-, and beta-frequency bands
were selected a priori due to their well-established roles in sensori-
motor, tactile, and affective touch processing (Chatrian et al., 1959;
Cheyne et al., 2003; Stancék & Pfurtscheller, 1996; Von Mohr et al.,
2018). Furthermore, these frequency bands were implicated in our
previous active-touch research examining the neural correlates of
softness and smoothness perception (Henderson, Mari, Hewitt,
Newton-Fenner, Hopkinson, et al., 2023; Henderson et al., 2022).
Our hypothesis-driven band selection reflects the confirmatory aims
of the present study. Relative band-power changes were calculated
in canonical frequency bands: Theta (4—7 Hz), alpha (8—12 Hz), and
beta (16-24 Hz; Schomer & Lopes, 2010) for each of the treatment
conditions using the event-related desynchronization (ERD) method
(Pfurtscheller, 2001; Pfurtscheller & Aranibar, 1979).

ERD(%) = (#) x 100. )

The estimate of the ERD for each data point (i.e., A in Equation 1)
is computed by subtracting the mean of the PSD during the baseline
period (i.e., R in the above question). Subsequently, a numerical
transform is conducted to obtain the relative change in power as a
percentage value. Negative ERD values represent a decrease in band
power during the active period, relative to baseline, and indicate
cortical activation (Pfurtscheller & Aranibar, 1977; Pfurtscheller &
Lopes da Silva, 1999). Positive values reflect band power increases
during the active period, relative to the baseline period, and are
indicative of cortical inhibition, which is known as event-related
synchronization (ERS; Pfurtscheller, 1992, 2001).

For the analysis, time windows that encompassed the active texture
exploration were chosen. For the artificial skin study, 1-5 s relative to
stimulus onset was selected, while 1-7 s was selected for the self-
touch study. These time windows represent the period of active
exploration and omitted both movement onset (<1 s) and cessation
(>5 s in the artificial skin study, >7 s in the self-touch study).
Movement onset and cessation can have unique ERD profiles and
were omitted in line with previous research to reduce the confounding
effects of touch initiation/cessation (Henderson et al., 2022). Grand
average topographies (see results section) were generated and used to
identify scalp regions demonstrating peak changes in ERD for touch
exploration in each paradigm, and in each frequency band of interest
to select relevant clusters of electrodes for statistical analysis for both
the artificial and self-touch study.

Following the identification of the clusters, outliers were removed
for each frequency band and experiment using the “rmoutliers”
function in MATLAB, which removes values exceeding three
scaled median absolute deviations from the median. Subsequently,
paired sample ¢ tests were conducted to identify whether ERD/S
differed between the skin treatment conditions. Significant clusters
were then correlated with significant behavioral outcomes. The
analysis was conducted independently for the two studies.

Behavioral and Force Plate Analyses

Six-axis sensor data were cleaned using in-house software
developed in Python 3 (Van Rossum & Drake, 2009). Trials were
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excluded when an error during data recording occurred, where no
suitable triggers could be identified. The trial period was epoched —5
to 5 s from the onset of the tactile exploration period. Trials were
rejected where movement was detected during the baseline period.
Data were epoched —200 to 4,000 ms relative to the trial onset.
Movement onset was identified by calculating and identifying the first
minima and maxima peaks of velocity, with the height set at half the
minimum and maximum value, and prominence and distance set to 1.
Trials in which movement onset occurred more than 400 ms after trial
onset were rejected, in line with manufacturer recommendations and
prior research (Henderson, Mari, Hewitt, Newton-Fenner, Hopkinson,
et al., 2023). Four hundred milliseconds is sufficient to initiate
movement, as evidence has demonstrated that average movement
onset occurs around 285 ms after cue presentation (Gilbertson et
al., 2005). Median speed, friction, and load were calculated from
movement onset to the end of the trial period. Trials were excluded
if the z-score of any measure exceeded 2 SDs. After completing six-
axis sensor preprocessing, there were a total of 1,510/1,860
(81.2%) trials for the draggy and 1,474/1,860 (79.2%) trials for soft
condition. There was no significant difference between the number
of trials remaining for each condition, ¥*(1) = 0.43, p = .510.

For six-axis sensor data, block-averaged median speed (mm/s),
friction (N), and load (g) were computed for each treatment.
Statistical outliers (+2 SD) were removed for all averaged sensor
data. For the behavioral data, block-averaged subjective ratings for
softness, pleasantness, attractiveness, and confidence were cal-
culated for both treatments.

Figure 4

For all behavioral and force plate outcomes, within-person tests
were conducted with a within-person factor of product type (draggy
or soft). Repeated measures Cohen’s d values with Hedge’s small-
sample bias correction were calculated using the effectsize package
in r studio. This method standardizes the mean difference by within-
person variance, which provides more accurate estimates of the
magnitude of within-person differences.

Transparency and Openness

We report all data exclusions, manipulations, and all measures in
the study. All data, analysis code, and research materials are con-
fidential. Data were analyzed using R studio v.2023.09.0+463
(RStudio Team, 2020) and MATLAB 2020B (the MathWorks, Inc.,
Natick, Massachusetts, United States). This study’s design and its
analysis were not preregistered.

Results
Cluster Selection

The grand average topographies, representing the average oscil-
latory band-power changes across both treatment conditions during
touch exploration, for theta-, alpha-, and beta-frequency bands in both
the artificial skin and self-touch study, are presented in Figure 4A. To
identify the clusters of interest, the grand average topographies were
visualized for both the artificial and self-touch study in theta-, alpha-,
and beta-frequency bands, which have previously been shown to be

Grand Average Topographies of Both Treatment Conditions for the Artificial Skin Study (A) and

the Self-Touch Study (B)
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Note. The topographic maps show the average band-power changes during active texture exploration (1-5 s in
the artificial skin study and 1-7 s in the self-touch study) in the theta-, alpha-, and beta-frequency bands. The
colored circles represent the location of the clusters of interest for the analysis. P = percentage change from
baseline. See the online article for the color version of this figure.
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important to tactile perception (Henderson, Mari, Hewitt, Newton-
Fenner, Hopkinson, et al., 2023; Henderson et al., 2022; Von Mohr et
al., 2018). Furthermore, the clusters were defined based on the regions
that demonstrated clear deviations from the baseline period, as
identified through visual inspection of the grand average topo-
graphies. Beyond a broad expectation of regions of interest based on
previous research, no a priori decisions were made regarding channel
selection. Clusters were instead defined through exploratory visu-
alization of the grand average topographies collapsed across condi-
tions, analogous to the collapsed localizer approach in ERP analysis
(Luck & Gaspelin, 2017). Defining clusters on the condition-averaged
data ensures that channel selection is independent of condition dif-
ferences, preventing the introduction of bias into subsequent contrasts
(Kriegeskorte et al., 2009). This approach also does not inflate Type I
error when trial counts are approximately equal across conditions, as
was the case in the present study (Bowman et al., 2020).

In the artificial skin study, strong bilateral ERS was observed over
frontal regions in the theta-frequency band, as well as weaker bilateral
sensorimotor ERD. In the alpha band, there was strong bilateral ERD
over sensorimotor regions, which extended into central and posterior
parietal regions. A similar pattern was observed in the beta-frequency
band, with strong bilateral ERD over sensorimotor regions, which
also extended into central and posterior parietal regions. In addition,
frontocentral ERD was observed in the beta band. Using the grand
average topographies, several clusters of interest were identified. In
the theta band, four clusters were identified, namely: left central, right
central, left centroparietal, and right centroparietal. In both the alpha-
and beta-frequency bands, five clusters were selected, which included
frontocentral, left central, right central, left posterior parietal and right
posterior parietal.

In the self-touch study, there was a strong widespread ERD observed
in all frequency bands (Figure 4B). In the theta band, strong ERD was
observed over bilateral premotor and sensorimotor regions, as well as
strong ERD over parieto-occipital electrodes. Similar patterns in the
alpha band were identified, bilateral ERD over both premotor and
sensorimotor regions. For the beta band, ERD was observed over the
left and right central-parietal regions. In all three frequency bands, a
total of six clusters were identified, encompassing frontocentral, left
frontal, right frontal, left central-parietal, right central-parietal, and
parietooccipital central. Overall, the cluster selection demonstrates
consistent peak locations, particularly within bilateral sensorimotor
regions, across both studies. While the overall peak locations are
comparable, the changes in frequency band activity are more diffuse in
the self-touch study, likely due to the different movement profile and
increased tactile input associated with the self-touch protocol.

Artificial Skin Study
Behavioral Ratings and Force Plate Data

A paired sample ¢ test demonstrated that softness ratings of the
artificial skin plate were significantly higher in the Soft treatment
condition compared to the draggy condition, #(30) = 2.15, p = .040,
d = .211. No significant differences were observed between the two
treatments for pleasantness, #30) = 1.33, p = .195, d = .130; con-
fidence, #30) = 0.30, p = .766, d = .017; or attractiveness, #(30) =
0.77, p = .448, d = .040 ratings. The descriptive statistics for both the
behavioral ratings and force plate data are presented in Table 1.

Table 1
Means and Standard Deviations of Behavioural Ratings and Force
Plate Data for the Artificial Skin Study

Condition
Outcome Soft Draggy

Behavioural ratings

Softness 5.95 (2.07)* 5.51 (2.04)

Pleasantness 5.16 (2.27) 4.89 (2.08)

Attractiveness 3.61 (1.85) 3.55 (1.84)

Confidence 5.17 (1.96) 5.14 (1.93)
Force plate data

Load (g) 115.60 (66.10) 103.10 (57.28)

Speed (mm/s) 126.03 (43.32) 123.30 (48.88)

Friction (N) 0.87 (0.36) 0.78 (0.32)

Note. Standard deviations are presented in parentheses.
3
p < .05.

For the force plate data, there was a significant effect of treatment on
force with higher force exerted during touch exploration of skin
samples in the soft compared to the draggy condition, #28) =2.50, p =
.019, d = .188. Moreover, there was a significant effect of treatment on
friction, with higher friction in the soft compared to the draggy
condition, 1(27) = 2.88, p = .007, d = .268. There was no difference in
speed between the two conditions, #(27) = 0.86, p = .398, d = .054.

Due to the difference in exploration patterns between the two
conditions, we aimed to assess whether these differences were
associated with softness ratings in both conditions. Neither friction,
r(29) =.066, p =.723,95% CI [-.295, .411], nor load, r(29) = .186,
p=.317,95% CI [-.180, .507], was associated with softness ratings
in the soft condition. This was also true for the draggy condition, as
there was no significant association between softness in the draggy
condition and friction, #(29) = .066, p = .725,95% CI [-.295, .411],
or load, r(29) = .262, p = .155, 95% CI [-.102, .564].

ERD/S
Alpha

In the alpha band, the results demonstrated that the draggy
condition elicited greater ERD than the soft condition in both the
left, soft M = —27.23, soft SD = 23.33; draggy M = —32.48, draggy
SD = 20.17; #(26) = 2.12, p = .043, d = .409, and right central
clusters, soft M = —31.50, soft SD = 18.20; draggy M = —35.92,
draggy SD =21.83; 1(26) = 2.06, p < .05, d = .396. There were no
significant differences between draggy and the soft condition in the
frontocentral, soft M = —15.60, soft SD = 13.60; draggy M =
—18.31, draggy SD = 13.25; #(26) = 1.64, p = .113, d = .316; left
posterior parietal, soft M = —23.31, soft SD = 20.01; draggy M =
—25.36, draggy SD = 20.88; 1#(26) = 0.85, p = .404, d = .163; or
right posterior parietal clusters, soft M = —21.13, soft SD = 19.01;
draggy M = —23.99, draggy SD = 21.76; #(26) = 1.03, p = .312,
d=.198.

Beta

In the beta band, the results demonstrated that the draggy con-
dition elicited greater ERD than the soft condition in the left central
cluster, #(26) = 2.13, p = .043, d = .410. No further significant
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differences between the draggy and the soft condition were observed
in the beta band for any clusters: frontocentral cluster, #(26) = 1.14,
p = .265, d = .219; right central cluster, #(26) = 1.91, p = .067,d =
.368; left posterior parietal cluster, #(26) = 0.73, p = 475, d = .140;
and right posterior parietal cluster, #(26) = 1.28, p = .210, d = .247.

Theta

No significant difference in theta-band activity was observed
between the soft condition and the draggy condition for the left
central cluster, #(26) = 0.39, p = .698, d = .076; right central cluster,
1(26) = 0.18, p = .858, d = .035; left centroparietal cluster, #26) =
0.37, p=.713, d = .071; or right centroparietal cluster, #26) = 1.44,
p = .161, d = .278. Figure 5 illustrates relative EEG band-power
changes in soft and draggy conditions during active texture
exploration in theta-, alpha-, and beta-frequency bands.

Correlation With Force Plate Data

The force plate data analysis revealed a difference in exploration
behavior between the two conditions. Therefore, we conducted
several correlations to assess whether the differences in touch behavior
were associated with oscillatory data. In terms of force plate load, the
results demonstrated that there was no significant association between
load and alpha ERD in either the left, (25) = .01, p = .957, 95% CI
[—.37, .39], or right central cluster, 7(25) = —.16, p = .439, 95% CI
[—.51, .24] during the soft condition. Furthermore, similar results were
obtained for the draggy condition, with no significant association
between load and either the right, r(25) = —.10, p = .604, 95% CI
[—.46,.29], or left, r(25) = —.10, p = .637, 95% CI [—.46, .30], central
clusters. In addition, there was no significant association between load
and beta ERD in the left central cluster for either the soft condition,
r(25)=.05,p =.789,95% CI [-.33, .43], or draggy condition, r(25) =
.05, p = .824, 95% CI [-.34, .42].

Figure 5
Electroencephalography Results for the Artificial Skin Study
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Note. The topographic maps show band-power changes in both the soft and draggy conditions during active texture exploration (1-5 s) in

theta (A), alpha (B), and beta (C). The locations of the electrodes for each cluster are represented by the colored circles, with each cluster being
assigned a specific color. Bar charts display the differences in ERD in all selected cluster locations between the soft and draggy conditions for all
three frequency bands. Error bars represent standard error. P = percentage change from baseline; ERD = event-related desynchronization. See

the online article for the color version of this figure.
*p < .05.
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Similarly to load, there was no significant association between
friction and alpha ERD in either the left, 7(25) = .27, p = .166, 95% CI
[—.12, .59], or right central cluster, n(25) = —.04, p = .857, 95% CI
[=.35, .41], in the soft condition. In addition, for draggy condition,
there was also no significant association between friction and alpha
ERD in the left, r(25) = .11, p = .579, 95% CI [-.28, .47], or right
central cluster, #(25) = .03, p = .885, 95% CI [-.36, .41]. Finally,
there was no significant association between beta ERD in the left
central cluster and friction for either the soft condition, #(25) = .05,
p=.791,95% CI [-.33, .43], or soft condition, r(25) = .09, p = .663,
95% CI [-.30, .45].

Self-Touch Study
Behavioral Ratings

A paired sample 7 test demonstrated that softness ratings during the
self-touch task were significantly higher in the soft compared to the
draggy condition, #(30) = 2.41, p = .022, d = .302. No significant
differences were observed between the two treatments for pleasantness,
#30) =0.96, p = .344, d = .100; confidence, #30) = 0.94, p = .356,d =
.087; or attractiveness, #30) = 0.65, p = .519, d = .051, ratings. The
descriptive statistics for the self-touch study are reported in Table 2.

ERD/S
Alpha

In the alpha-frequency band, there were no significant differences
between draggy and soft condition in the frontocentral cluster, #(25) =
1.84,p =.077,d = .361; left frontal cluster, #(25) = 1.73,p = .097,d =
.338; right frontal cluster, #(25) = 1.63, p = .115, d = .321; left
central—-parietal cluster, #25) = 1.55, p = .134, d = .304; right central—
parietal cluster, #25) = 1.94, p = .064, d = .381; or the par-
ietooccipital cluster, #25) = 1.24, p = .226, d = .244. However, the
frontocentral (p = .039), left frontal (p = .048), and right central—
parietal (p = .032) clusters were significant when using one-tailed
p values to investigate the directional effects observed in the artificial
skin study, with greater ERD observed in the draggy compared to the
soft condition for all significant cluster locations.

Beta

The draggy condition elicited greater ERD in the beta band
compared to the soft condition in the right central—parietal cluster,
1(22) =2.18, p = .040, d = .455. There was no significant difference

Table 2
Means and Standard Deviations of Behavioural Ratings for the
Self-Touch Study

Condition
Outcome Soft Draggy
Softness 7.06 (1.97)* 6.43 (2.17)
Pleasantness 6.28 (1.98) 6.08 (2.14)
Attractiveness 4.72 (2.31) 4.60 (2.30)
Confidence 6.07 (1.93) 5.90 (1.97)

Note. Standard deviations are presented in parentheses.
*
p < .05.

between the draggy condition and the soft condition in the fron-
tocentral cluster, #(22) = 0.05, p = .957, d = .011; left, 1(22) = 0.93,
p =.365, d = .193, or right frontal clusters, #(22) = 0.35, p = .731,
d = .073; left central-parietal cluster, #(22) = 1.24, p = 228, d =
.259; or the parietooccipital central cluster, #(22) = 2.04, p = .053,
d = .425. The parietooccipital cluster was significant (p = .027)
when using one-tailed p values, with greater ERD observed in the
draggy condition.

Theta

The results demonstrated that ERD in the theta band was sig-
nificantly greater in the draggy condition compared to the soft
condition in both the right frontal, #28) = 2.11, p = .044, d = .392,
and right central-parietal clusters, #(28) = 2.41, p = .023, d = .447.
No significant difference was observed between the two conditions
for the frontocentral cluster, #(28) = 1.85, p = .074, d = .344; left
frontal cluster, #(28) = 1.53, p = .138, d = .284; left central—parietal
cluster, #28) = 1.68, p = .105, d = .311; or the parietooccipital
central cluster, 7(28) = 1.25, p = .220, d = .233. However, the
frontocentral cluster demonstrated a significant difference between
the draggy condition and the soft condition (p = .037), with the
draggy condition eliciting greater ERD than the soft condition when
using one-tailed p values. Figure 6 illustrates relative EEG band-
power changes in soft and draggy conditions during active texture
exploration in theta-, alpha-, and beta-frequency bands.

Exploratory Analyses

Given that ERD was consistently greater in the draggy condition
compared to the soft condition (see Figure 6), we assessed whether the
average across all clusters was significantly different between the two
conditions. Outliers were removed using the same procedure as pre-
vious analyses to leave 30 participants for comparison. The results
demonstrated that theta-band ERD was significantly greater in the
draggy condition (M = —41.86, SD = 13.05) compared to the soft
condition (M = —36.47, SD = 13.12); 1(28) = 2.30, p = .029, d = .427.
This difference was also observed in the alpha-frequency band, with the
draggy condition (M = —35.83, SD = 12.27) eliciting greater ERD than
the soft condition, M = —30.84, SD = 16.57; 1(29) =2.31,p = .028,d =
422, However, there was no significant difference between the draggy
condition (M = —25.61, SD = 7.33) and the soft condition (M =
—22.66, SD = 11.11) in the beta band, #27) = 1.89, p = .070, d = .357.

Discussion

The present studies aimed to investigate how active-touch explo-
ration of the skin is encoded in the brain. Specifically, we aimed to
investigate oscillatory differences using a novel artificial skin study,
which characterized touch behavior using force plate apparatus, and a
self-touch study to consider touch and evaluation of one’s own skin.
We predicted that skin treatments would lead to differences in per-
ceptual ratings of skin-feel properties.

For the artificial skin paradigm skin study, the results provided
support for this hypothesis, with the soft condition being rated as
significantly softer than the draggy condition. Yet, differences in
sensorial properties did not lead to significant differences in pleas-
antness ratings between conditions. Second, it was hypothesized that
different skin treatment conditions would result in differences in
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Figure 6
Electroencephalography Results for the Self-Touch Study

Note. The topographic maps display-band power changes in the soft and draggy conditions during active texture exploration (1-7 s) in theta
(A), alpha (B), and beta (C). The middle panel displays the electrode locations for each cluster and are represented by colored circles. The bar
charts display the differences in ERD between the two conditions across all clusters and frequency bands. Error bars represent standard error.
P = percentage change from baseline; ERD = event-related desynchronization. See the online article for the color version of this figure.
* p < .05, with a solid line representing significance when using two-tailed tests, and a dotted line denoting significance when using one-tailed

tests.

oscillatory brain activity in both alpha and beta-frequency bands over
somatomotor regions in line with past work using fabrics (Henderson
et al., 2022). Our findings support this hypothesis, as the results
demonstrated that the soft condition elicited less ERD than the draggy
condition over both left and right central clusters in the alpha-
frequency band and reduced ERD in the left central cluster in the
beta-frequency band. Importantly, the force plate data suggest that
the EEG findings were not directly associated with differences in
touch behavior, indicating that the observed differences in oscil-
latory activity could reflect tactile processing of different sensorial
properties of the skin. While it is reasonable to speculate that tactile
processing contributes to these effects, it is also plausible that they are
influenced by alternative mechanisms, such as cognitive processing.
Consequently, these results should be interpreted cautiously pending
further investigation. Finally, there was no significant difference in
theta-band activity between the soft and draggy conditions. This is

expected given the link of reduced theta to affective touch, which is
not expected to occur in the artificial skin condition.

For the self-touch paradigm, our first hypothesis was supported as
the soft condition was rated as being significantly softer than the
draggy condition. Yet, similar to the artificial study, there were no
significant differences in other ratings. The second hypothesis was
also partially supported, as we observed a significantly (one-tailed)
reduced alpha ERD in the soft compared to the draggy condition over
the frontocentral, left frontal, and right central-parietal clusters.
Finally, in the self-touch study, there was a significant difference in
theta activity between the two conditions, with reduced ERD over the
right frontal and right central-parietal regions observed in the soft
compared to the draggy condition, potentially in line with previous
findings in affective touch.

The alpha-band results from both experiments are consistent
with research that demonstrated differences in cortical oscillatory



