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Modelling the early affect response to vibrotactile
stimulation 1n the cortex: A source-based
spatiotemporal analysis

Suranjita Ganguly, Aditya Koppula, and Kousik Sarathy Sridharan

Abstract—Touch-mediated affect has largely been studied
using natural textures and brushing techniques, which present
challenges in control and deployment across haptic applications.
A common alternative is vibrotactile stimulation (VBT) since it is
easily deployable and accessible across devices. However, sparse
literature exists on the VBT-induced affect modulation and its
cortical correlates. Addressing this gap, we developed a novel
paradigm that examined the behavioral and electrophysiological
correlates of affect induced by VBT. We used
electroencephalography (EEG) to record the cortical responses to
VBT across six different locations and measured the concurrent
affect ratings. Mixed effects modelling, an unsupervised
modelling technique, was used to decipher the relationships
between stimulation conditions, affect ratings and cortical
modulations. Our study revealed that altering the duration of the
vibrotactile stimuli can elicit distinct affect. The location of the
VBT stimuli did not play a part in the perceptual aspects of affect
but was involved in the cortical encoding of affect. Furthermore,
early cortical processing in the somatosensory cortex (SCx)
primarily encoded Arousal and not Valence. Our study lays out
phenomenological aspects of cortical VBT processing and lays the
groundwork for future research.

Index Terms— affect, electroencephalography, somatosensory
cortex, source localization, vibrotactile stimulation

I. INTRODUCTION

OUCH is a complex perception induced by the
stimulation of receptors in the skin or their afferents
and is most commonly evoked by the physical contact
of the skin with an object. The nature of tactile experience is
determined in part by the "atomistic attributes" of the touch
stimulus viz., spatial extent of the stimulus (area of
stimulation), site of stimulation, duration, amplitude (depth of
skin indentation), frequency, temperature, consistency, texture
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etc. Tactile stimulation can have multi-fold effects on human
physiology. Besides tactile discrimination (of object
properties), touch can strongly influence affect. Affect refers
to the emotional state of mind, and it has two salient aspects in
the context of touch perception viz., ‘Valence’ and ‘Arousal’.
Valence is the term applied to the quality of stimulus and is
often described in terms of its pleasantness/unpleasantness.
Arousal denotes the state/level of wakefulness and is strongly
modulated by the intensity of stimulus. The modulation of
tactile affect has been extensively studied using natural tactile
stimuli like fabrics of distinct hedonic values [1]-[5] and
brush strokes on the skin at different forces and velocities
[6]-[10]. While the affect sensations elicited by fabric/brush
strokes closely simulate natural touch, they do not allow us to
dissect the relative contributions of the different atomistic
touch attributes on the Valence/Arousal response to touch.
Such information can be crucial to optimize the design of
devices that are based on touch, like haptic technology. In
addition, fabric-based studies have already shown differential
modulation of affect to the stimulation of various body sites
[1], [2], [11] due to the differences in distributions of sensory
receptors [12], a critical aspect that remains unexplored.

An alternative mode of exploration of touch perception is
vibrotactile stimulation (VBT). In contrast to fabric/brush
stimulus, VBT allows finer evaluation of the effects of
different touch attributes in a controlled manner. However, the
relationship between VBT and tactile affect is uncertain for
the following reasons. Natural touch is mediated by large
diameter  fibers  (innervating the four cutaneous
mechanoreceptors viz., Meissner’s corpuscles, Pacinian
corpuscles, Merkel’s discs & Ruffini's end organs) and small
diameter unmyelinated C-tactile fibers that transmit
information through the corresponding central afferent
pathways consisting of the dorsal column-medial lemniscal
and spinothalamic pathways respectively. The large diameter
fibers carry information required for discriminative aspects of
the touch, while the C-tactile fibers are responsible for
affective aspects of touch (evoked by stimuli such as fabrics,
interpersonal touch, light stroking with a brush etc.). VBT is
known to preferentially activate the Meissner’s and Pacinian
corpuscles, the receptors that contribute to discriminative
touch. Therefore, it is uncertain if VBT can elicit tactile affect
as it engages only a subset of tactile mechanism corresponding
to discriminative touch [13][7], [14][15].

To our knowledge, only two studies [16], [17] have
attempted to explore the VBT modulation of affect, by
varying the different VBT parameters (such as amplitude,
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duration and frequency) and obtaining concurrent behavioral
ratings from the subjects. The study [16] recorded the affect
elicited in subjects by touching the screen of a smartphone that
imparted VBT upon contact. These ratings were mapped into
the 2D circumplex model of the affect [18], where affect is
quantitatively described in terms of the two independent,
linear scales, viz., Valence and Arousal. Another study [17]
conducted a similar experiment with 5 different scales,
Arousal being one of them. Both studies found that VBT
elicited affect as a function of amplitude wherein stimulation
amplitude correlated positively with Arousal ratings. The
study [16] also found a positive correlation between the
stimulation frequency and rating scales. However, [16]
showed a positive correlation between stimulation duration
and arousal, while [17] could not replicate the same. These
results indicate that the already sparse VBT-affect literature is
ridden with inconsistencies that await further experimental
clarification.

The cortical electrophysiology of VBT-induced
tactile affect is another dark alley in the VBT-Affect literature.
In the context of developing neurofeedback-based
applications, a mapping between VBT-stimulus properties and
induced cortical electrophysiology  (corresponding to
desirable/undesirable affect state) from an individual subject,
can potentially enable us to tailor the VBT to achieve the
beneficial/desired effects vis-a-vis the cortical
electrophysiology (and therefore the affect state). The only
available insights on the relevant tactile affect related to
cortical signature are from fabric- or brush-stroke-based
studies. Functional magnetic resonance imaging (fMRI) and
electroencephalography (EEG) studies based on those
naturalistic stimulation protocols have demonstrated altered
cortical connectivity, and correlation of the elicited affect
ratings with the magnitude of activations across several brain
structures such as the prefrontal cortex, anterior cingulate
cortex (ACC), somatosensory cortex (SCx), insula and
amygdala[3], [5], [6]. [8], [19]-[21].

Among the various brain structures, SCx is of
particular interest in relation to the tactile affect. Although it is
the primary cortical structure involved in the tactile processing
of discriminative touch [22]-[27], responses from the SCx
have been shown to be modulated, when affect was induced
by other modalities of stimulation such as visual stimulation
[28], [29]. Affective disorders like stress [30], depression
[31], [32] and bipolar disorder [33] have also shown abnormal
modulations in the SCx indicating that SCx may at least
partially encode affect. Therefore, it may prove to be
beneficial to investigate the affect-related modulation of the
SCx whilst developing haptic-based applications.

The current study deploys VBT across multiple body sites to

record the cortical and behavioral changes due to the affect
induced by VBT. Three stimuli were chosen such that they
were sufficiently separated in the 2D circumplex model [16],
[17] by modulating the frequency, duration and interstimulus
intervals. The stimuli were deployed across six locations on
the body viz. the index finger, arm, abdomen, back, leg and
toe. The locations were chosen on account of their extensive
use in day-to-day interactions, clinical prognosis, and usage in
haptic feedback systems in various environments such as
home, work, vehicles etc. The cortical responses were
recorded with the help of EEG and the behavioral responses
were manually noted. The EEG data was projected back into
pseudo-individualized MRIs to obtain the source activations
around the two somatosensory areas viz. the Sl and the SlI
(indicated by the anatomical regions of the post-central and
supramarginal gyri respectively). We hypothesized the
following: (i) The affect induced by VBT is also encoded by
the cortical structures that are known to process discriminative
aspects of tactile sensibility induced by the VBT, (ii) There is
a differential VBT-related affect modulation in cortex and
affect ratings in relation to various stimulation locations (iii)
The electrocortical activations co-vary to the affect ratings.

Il. METHODS

A. Subjects

19 subjects (8 females) with no self-reported history of
somatosensory deficits were recruited from the institute for the
study. The subjects were all right-handed, as evaluated by the
Edinburgh handedness inventory. The descriptive statistic on
the subjects is listed in the Supplementary Material. Ethical
approval for experimentation was taken from the Institute’s
ethical committee. All experiments were carried out following
the Declaration of Helsinki. The subjects were briefed about
the experiment before their participation. Informed consent
was taken from them for data storage and analysis. They were
free to abort the experiment anytime without any penalty.

B. Experimental Paradigm

The schematic diagram of the experimental paradigm is
shown in Fig. 1. Three types of stimuli (henceforth referred to
as Stim 1, Stim 2 and Stim 3), varying in frequency, duration
and inter-stimulus intervals (See Table | for details) were
deployed across six different locations viz. two on the upper
limb (index finger and upper arm), two on the trunk (back and
abdomen) and two on the lower limb (toe and leg). This
resulted in a total of 18 combinations of stimulation conditions
(Stimulus* Location), which were pseudorandomized between
subjects.
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Fig. 1. (a) The schematic diagram of the experimental paradigm is shown. There are a total of 18 conditions (8
locations* 3 stimuli) that are pseudorandomized across subjects. Under each condition, 200 stimuli are
deployed in two blocks (100 stimuli each) followed by affect ratings for each block (b) The SAM scale used to
obtain Valence and Arousal ratings from the subjects is shown. The scale depicts Valence and Arousal ratings
as pictograms, facilitating the visualization of the degree of affect induced (c) A schematic diagram of the six
locations of stimulation is shown. All stimuli were deployed in the dominant side of the subject, which in our

case is the right side of the body.

TABLE |
STIMULUS SETTINGS USED IN TO EXPERIMENT

Stimulus Frequency | Duration ISI
(Hz) (ms) (ms)
Stim 1 300 1000 1500
Stim 2 60 1000 1500
Stim 3 60 50 1000

The subjects were asked to sit comfortably on a chair and all
stimuli were deployed on the dominant side (in our case, the
right side since all subjects were right-handed) of the subjects.
For each combination of stimulation conditions, the stimulus

was deployed in one of the six locations in two blocks
successively, with each block consisting of 100 repetitions (or
trials) of the stimulus with the defined durations and ISIs. The
screen in front of the subject displayed a crosshair during the
trials and the subject was instructed to focus upon it. After
each block, an inter-block interval of 15s was given, during
which the screen displayed the two rating scales (described in
detail in the subsequent section). This served as a cue for the
subject to verbally dictate the affect ratings corresponding to
the stimuli, which were manually noted down by the
investigator. The location and stimulation conditions were
pseudorandomized for every subject resulting in 18
combinations for each subject (6 locations*3 stimuli). The
total experimental time was around 2 hours 10 minutes,
including 30 minutes of subject preparation time.
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Fig. 2. The schematic diagram of the data analysis pipeline is shown. The raw data was pre-processed to remove
the associated artifacts (EOG and ECG). The pre-processed EEG data was used to obtain the evoked responses
(which consists of the sensor level analysis) which was then used to obtain the corresponding cortical
activations (which consists of the source space analysis) in the a-priori ROIs. These cortical activations were
further used in the statistical analysis (for more detailed information, see Section Il. Methods).

C. Self-assessment manikin (SAM) for affect ratings

For the affect ratings, the self-assessment manikin (SAM)
scale [34] was displayed on the screen. The SAM scale uses
pictograms to depict degrees of Valence and Arousal and has
been extensively u sed in exploratory affect studies [34]-[38]
due to its ease of understanding. Valence and Arousal ratings
were represented on a 9-point SAM scale, 1 being the lowest
and 9 being the highest. For this study, the SAM scale
representation used in [39] was adapted to acquire subjective
ratings.

D. Stimulus delivery

For VBT stimulation, moving magnet linear actuators from
Engineering Accoustics, Inc. were deployed viz. the C2 tactor

(for delivering the high-frequency Stim 1) and the C2-HDLF
tactor (for delivering the low-frequency Stim 2 and Stim 3),
both having an equal area of stimulation of roughly 7cm?. The
tactors were attached to the locations with hypodermic tapes.
The tactors were driven through dedicated APIs via a Visual
C++ script capable of precisely controlling the amplitude,
frequency and duration of stimulation alongside providing
precise triggers for synchronizing data (See the data
acquisition section).

E. Data acquisition

The g.Hiamp EEG amplifier (g.tec medical engineering
GmbH) was used to record cortical electrophysiology. The
subjects were mounted with a 118-channel wired
g.GAMMAcap with g.SCARABEOQO active EEG electrodes.
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Since EEG data often also carry noise induced by eye
movements and heartbeats, in addition to the EEG channels,
one ECG and two EOG (vertical and horizontal EOG)
channels for artifact detection were deployed. The data was
digitized at a sampling rate of 1200Hz.

The EEG set-up was driven via MATLAB with the help of
dedicated Simulink libraries. To enable communication
between the stimulus delivery unit and the data acquisition
unit for time-synchronized operation, a virtual TCP/IP port
was created. A trigger was sent to the MATLAB interface via
the TCP/IP port every time a tactor was actuated from the
VC++ script. The trigger information was recorded as time-
series data in a separate trigger channel.

Apart from the cortical electrophysiology, a 3D model of
the head surface of the subject wearing the EEG cap was
scanned using a 3D scanner (Einscan pro+ Handheld 3D
Scanner from Shining 3D). This was done to capture the
precise sensor locations and the surface anatomy of the head.

F. Pre-processing

The data analysis pipeline is shown in Fig. 2. EEG data was
analyzed with the MNE [40] package in Python. The montage
(containing the subject-specific electrode locations obtained
from the 3D scan) was applied to the raw data. A second-order
Butterworth bandpass filter was used to limit the bandwidth of
the data between 1 to 310Hz. The 50Hz line noise and its
harmonics were removed with a notch filter. Bad channels and
segments were manually rejected by visual inspection of the
time series and the power spectrum density plots of the
channels. The filtered EOG and ECG channels were then used
to identify artifacts after decomposing the EEG signals using
independent component analysis (ICA), which were then
rejected. Additionally, the power spectrum of each ICA
component was plotted to identify components of the
electrical noise induced by the tactors and was subsequently
removed. The resultant reconstructed data was re-inspected for
any remaining bad segments of data which were rejected to
get the clean pre-processed data.

G. Evoked responses

Average referencing was applied on the clean data which
was then epoched using the trigger channel information with a
pre-stimulus baseline of -200ms to -50ms. Each epoch
consisted of a pre-stimulus interval (-200ms to 0s) which
included the baseline, the stimulus duration (1s for Stim 1 and
Stim 2, 50ms for Stim 3) and the inter-stimulus interval (1.5s
for Stim 1 and Stim 2, 1s for Stim 3). The epoched data were
baseline-corrected using the pre-stimulus interval of -200ms to
-50ms followed by averaging across all trials to get the evoked
response for each subject and condition. The evoked
responses of all subjects were averaged across similar

stimulation and location conditions to get 18 grand averaged
evoked response data (for three stimulation conditions across
six locations). The topological plots of the grand averaged
evoked data were compared across the subject-wise evoked
data to check for the consistency of responses across subjects.
It was also used to arrive at time windows of interest for
analyzing the cortical activity.

H. Source localisation

The evoked responses were further passed onto source
analysis routines which require the anatomical information of
the cortical structure, and the EEG sensor locations on the
scalp to make estimates of cortical activity at different time
points. For the same, Freesurfer’s fsaverage was used as the
template MRI for creating subject-specific MRIs. The source
space of fsaverage consists of a grid of dipoles on the cortex
with 3.1mm spacing between sources, resulting in 10242
sources per hemisphere. The source space was confined to the
surface of the cortex, defined by the BEM. To obtain the
pseudo-individual structural MRIs, the point cloud obtained
from the 3D scan (using Einscan Pro+ Handheld 3D Scanner)
of the subject’s head surface was used to transform (affine)
and fit the fsaverage MRI into the subject’s head geometry. As
a result, the point sources, the BEM and the scalp surface were
scaled into a new model specific to the subject. This practice
of applying pseudo-specific MRIs has been seen to reduce
source localization errors as compared to directly using
template MRIs.

After obtaining the subject-specific source spaces, electrical
potentials were estimated at the scalp based on the activity of
the individual source points defined in the transformed source
space. This is known as the forward model. Forward
modelling entailed the estimation of electrical potential at the
scalp as a result of activity pertaining to the individual source
points in the constructed source space, which in our case
consisted of a total of 20484 source points.

For inverse modelling, we used dynamic statistical
parametric mapping (dSPM) for inverse estimates, which
allows for concurrent but spatially distributed dipoles. This
was necessary as existing studies [25], [41] have shown the
presence of multiple active sources during tactile stimulation.
The epoched data was whitened using a regularized noise
covariance matrix obtained from the baseline period of -
200ms to -0.05ms. The depth-weighted inverse operator was
computed with the help of the noise covariance matrix and the
forward model and the inverse operators were obtained. The
resulting spatiotemporal maps of statistically significant active
sources were used to extract the averaged time courses of the
sources for pre-stimulation, stimulation and interstimulus
intervals. The source activations were rendered onto a
common geometric space by projecting the individual source
activities back into fsaverage such that they are comparable
across subjects.
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TABLE Il
MIXED MODELS FOR THE ANALYSIS OF THE
BEHAVIORAL RATINGS

Dependent | Valence Arousal
Variable >
Factors
Null model: Rating ~ 1 + (1|Subjects)
Stimulus Valence ~ Stimulus + Arousal ~ Stimulus +
(1]Subjects) (1] Subjects)
Location Valence ~ Location + Arousal ~ Location +
(1] Subjects) (1]Subjects)
Location Valence ~ Location Type + | Arousal ~ Location Type +
Type (1]Subjects) (1] Subjects)

I. Regions of interest (ROI) and Summary metrics

Bilateral post-central gyri (SI) and the supramarginal gyri
(SI) were chosen as ROIs a-priori [42] and their
corresponding source time courses (STCs) were computed.
The N1 and P2 peaks occurring at 140 + 21ms and 240 *
12ms respectively (see section Evoked responses) for all 18
conditions (3 stimuli* 6 locations) were identified from the
grand averaged evoked data. STCs specific to N1 and P2
activity were extracted by taking a window of +30ms around
the N1 and P2 peaks respectively. The mean of the source
activities within these pre-defined windows specific to the 18
locations were used as the summary value of STCs across all
subjects. Therefore, a total of 8 summary values (2 ROIs* 2
hemispheres* 2 Peaks) were obtained for each of the 18
conditions in all the subjects. The behavioral ratings were not
further processed and were directly used as summary values.
Along with the cortical modulations and behavioral ratings,
experimental information (Location, Stimulus and Subject)
was also included as summary values. The template of the
summary metrics table is shown in Supplementary Material.

J. Statistical Analysis

The statistical analysis was performed in RStudio by the
linear mixed models (LMM) approach using the Imer function
from the Ime4 package [43]. We devised LMMs to test the
fixed effects of the 1. Stimulus properties (Stimulus, Location
and Location Type) on Ratings (Arousal and Valence) 2.
Stimulus properties and Ratings on the cortical activity (N1 &
P2 at four ROIs viz., ipsilateral and contralateral SI and SlI).
For assessing the effect of Location Type, stimulation sites
were classified as 'glabrous' (index finger) or non-glabrous
(Arm, Back, Abdomen, Leg, Toe) to assess the effect of
Location Type. The subject-specific offset was included as the
random effect. For each of the above, a parsimonious model
was determined by comparing mixed-effects models
(composed of fixed effects and random effects) with a null
model (containing only the corresponding random effect).
The model comparison was performed by ANOVA and
a=0.05 was used to evaluate the statistical significance of the
results. Planned contrasts were devised using the glht function
in the multcomp package and the post-hoc p-value adjustments

TABLE IlI
MIXED MODELS FOR THE ANALYSIS OF THE CORTICAL
MODULATIONS

Param - N1 P2

Factors \,
Sl [ s [ s | sm|sik |sh|si]sm
Null model: Param ~ 1 + (1|Subjects)

Ratings

Valence Param ~ Valence + (1| Subjects)

Arousal Param ~ Arousal + (1| Subjects)

Conditions

Stimulus Param ~ Stimulus + (1| Subjects)

Location (all 6) Param ~ Location + (1|Subjects)

Location Type Param ~ Location Type + (1|Subjects)

Interactions

Arousal:Location | Param ~ Arousal:Location + (1|Subjects)
(all 6)
Arousal:Location
Type (G/NG)

Arousal: timulus

Param ~ Arousal:Location Type + (1|Subjects)

Param ~ Arousal:Stimulus + (1| Subjects)

were done by Tukey's HSD. To control for multiple
comparisons, the results were Bonferonni-corrected.

For the significant fixed effects variables, interactions
were evaluated. The details of the model are shown in Table Il
and Table I1I.

K. Data Visualization

The evoked responses (see Fig. 5) obtained across all
subjects and conditions were first grouped by the 18
conditions (6 locations* 3 stimuli). For each condition, a grand
average across all subjects was obtained, leading to 18 such
grand averaged evoked responses. and the data was plotted.
The x and y axes limits were kept constant to make the plots
comparable across time and amplitude respectively.

We also visualized the cortical effects pertaining to Valence
and Arousal changes (see Fig. 6). Since Valence and Arousal
are point scales, the STCs were grouped for better
visualization, as explained below. The STCs were grouped
into low and high based on an arbitrary threshold of 50% of
the affect ratings (Rating <=5 was categorized as “Low” and
>5 was categorized as “High”). A grand average of the
grouped data was taken by separately applying this criterion
on both scales. The resulting averaged STCs were subtracted
to get an estimate of the cortical changes pertaining to the
changes in valence or arousal (Valencenigh - Valenceiw) and
Arousalhigh - Arousaliow). The subtracted data was then binned
according to the time windows of interest (corresponding to
N1 and P2) to get a single plot for N1 and P2 each. The
averaged data was then z-score normalized, and a threshold at
the critical value of 1.96 (representing a 95% confidence
interval) was applied. The data was then plotted on the
fsaverage inflated brain without thresholding.
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Fig. 3. The boxplots of (a) Valence and (b)
Arousal ratings corresponding to the three
different stimuli are shown. Stimulus had a
significant main effect on both Valence
(p=1.079e-05***) and Arousal (<2e-16***)
along with the significant post hoc differences
(for detailed information, see Table IV and
Section Il1. A. Analysis of affect ratings).

Loc
Am

Back

@ . -

& fEsd 3

B 50 — 3 E3 Index

© 4 — o

2 ol || £ 23 Log:
Stomach
Toe

< & § < 5 E 2
» = 7]
Loc Loc

(a)

Limb

Glaborous

Valence
Arousal

] Non-Glaborous

g
2

Limb : L«mb}:
(b)

Fig. 4. The boxplots of (a) all six locations and (b)
glabrous and non-glabrous locations are shown
corresponding to the Valence and Arousal ratings.
Location did not have a significant main effect on
Valence (p=0.10) or Arousal (p=0.97). Similarly,
Location Type did not have a significant main effect on
Valence (p=0.92) or Arousal (p=0.78) either (for detailed
information, see Table IV and Section I1l. A. Analysis of
affect ratings).

I1l. RESULTS
A. Analysis of affect ratings

We investigated if (a) the different vibrotactile stimuli
deployed in the study and (b) the different locations of
stimulation were able to elicit a differential percept of affect
responses. Therefore, Valence and Arousal ratings were
individually tested against Stimulus, Location and Location
Type as the modulating factors (fixed effects). Mixed model
analysis revealed significant main effects of Stimulus on both

TABLE IV
RESULTS OF THE ANALYSIS OF BEHAVIORAL RATINGS
Dependent Valence Arousal
Variable >
Factors |,
X p X p
Stimulus 22.87 1.079e- 114.23 <2e-
Location 0.17 0.10 0.87 0.97
Location 0.0010 0.92 0.08 0.78
Type
z p z p
Post-hoc
(Stimulus)
Stim2-Stim1 | -1.47 0.14 1.86 0.06
Stim3-Stim1 | 2.40 0.03* -8.51 <2e-
16%**
Stim3-Stim2 | 3.88 0.0003*** -10.39 <2e-
16***

the rating scales, viz., Valence and Arousal (see Fig. 3 and
Table V). Post-hoc tests on the rating scales revealed that
Stim 3 was rated significantly different than Stim 1 & 2 in
both the rating scales. No significant difference could be
observed between Stim 1 & 2 on either scale. No significant
main effects of Location or Location Type were observed on
the perceived ratings (see Fig. 4 and Table V).

B. Evoked responses

Fig. 5 shows an overview of the time-locked evoked
responses grand averaged in the time domain across all
subjects. Consistent activations across all subjects at a
latency of around 140ms post-stimulus were seen which lasted
for around 100ms. Two peaks could be observed within this
time frame, N1 occurring at 140 + 21ms and P2 occurring at
240 = 12ms. Across all conditions, at the onset of the evoked
potentials, a rise in activation could be observed bilaterally in
the post-central and parietal regions followed by a decline in
the strength of the activations. Subsequently, a reversal could
be noticed with strong activations in the frontal regions.
Amplitude variations could be observed in the evoked
potential plots for the different locations and stimuli.

C. Analysis of the cortical changes induced by affect

Next, we explored whether the perceptive differences are
also reflected in the cortical electrophysiological changes
elicited due to the stimuli, which can set the context for
categorizing the cortical signatures to graded states of affect
parameters. For the same, 8 cortical modulation parameters (2
ROIs * 2 hemispheres * 2 Peaks) as discussed earlier were
individually treated as dependent variables and were tested
across 5 different factors (Valence, Arousal, Stimulus,
Location and Location Type. The results for the fitted models
are listed in Table V.
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Fig. 5. This The evoked responses averaged across 200 trials and 19 subjects for each of the
stimulation conditions and locations are shown. For comparison purposes, we show a time
window of (-0.2, 1 s) to include the pre-stimulus interval and 1s post stimulus of the evoked
potentials. The blue line indicates the onset of stimulus (at Oms). Additionally, a representative
topological plot of the evoked response in the Abdomen for Stim 2 is also shown for better
visualization of the topological changes due to the cortical activations.

Significant main effect of Arousal were observed across all  be observed in both N1 and P2 across all ROIs except
ROIs in both N1 and P2. No significant main effect of Valence ipsilateral SIl in N1. A significant main effect of Location
was observed. The corresponding source activations are  Type was observed across the contralateral SI and Sl in N1.
shown in Fig. 6. A significant main effect of Location could  Significant effects of Stimulus were seen only in N1 in the
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TABLE V
RESULTS FOR THE ANALYSIS OF CORTICAL MODULATION
Depend N1 P2
ent Sl sl; Sl Sll; Sl sl; Sl Sll;
Variable : : : N : N : :
N X p X p X p X p X p X p X p X p
Factors
NG
Ratings
Valence 2.5 0.11 0.0 | 0.91 0.9 | 03] 00| 0.83 0.1 | 0.70 0.3 | 0.57 03| 05Q¢ 03| 057
9 1 0 4 4 5 2 8 3 2
Arousal 8.0 0.00 7.2 | 0.00 9.3 | 0.0 § 8.8 | 0.00 11. | 0.00 7.1 | 0.00 5.7 | 0.0 | 13. | 0.00
6 4% 7 7** 9 02 |5 3k* 37 | 07** |1 8** 1 2% 11 | 03**
* %k * *
Conditio
ns
Stimulus 7.7 0.02 14. | 0.00 14. | 0.0 § 25. | 2.31 41 | 0.13 2.8 | 0.24 22 | 03 ]6.7 | 0.03
0 * 10 | 08** 1 69 | 00 | 96 | e- 1 4 8 1 6 *
* 6* 06**
* %k *
Location | 26. 6.37 12. | 0.03 23. | 0.0 | 9.7 | 0.08 19. | 0.00 25. | 0.00 19. | 0.0 | 25. | 0.00
(all 6) 75 e- 45 | * 10 (00 JO 17 | 2** 49 | 011* |79 (01 |6 01**
05** 3* * % 3* *
* %k *
Location 13. 0.00 0.2 | 0.62 14. | 0.0 § 0.1 | 0.76 0.8 | 0.37 19 | 0.16 01 | 079) 14| 0.22
Type 48 02** 1 4 54 |00 | O 0 6 2 3 9
* 1*
%k
Interacti
ons
Arousal : J 11. 0.01 18. | 0.00 16. | 0.0 | 27. | 4.63 0.00
Stimulus | 26 * 01 | 04 93 | 00 § 50 | e-06 2 **
* %k k 7 * %k %k
* %k
*
Arousal : | 30. 341 21. | 0.00 27. | 0.0 36. | 2.22 37. | 1.52 32. | 1.4 | 45. | 440
Location | 33 e-05 [ 93 1** 21 | 00 49 | e-06 33 | e-06 33 le | 13 | e-08
%k %k 1* %k k * %k %k - * %k %k
* %k 05
* %
*
Arousal : | 16. 0.00 19. | 5.9
Location 97 02 44 9e-
Type *Ek 05
*%
*

bilateral SI and SlI. Since Valence did not have a main effect
on the early cortical dynamics, we did not consider it for
further analysis.

Significant interactions between Arousal and stimulation
conditions (Stimulus, Location, Location Type) were observed
across all ROIs for which the main effects of the stimulation
conditions were significant (see Table V).

Additionally, we also combined the significant factors and
their interactions to create mixed models with cortical
activation as the dependent variable. Regression lines were
plotted for the same and the coefficients of the model could be
used for prediction of cortical activation pertaining to a
specific location and arousal state and be used for possible

applications. The models and results for the same are enlisted
in the Supplementary Materials.
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Arousaly;,, - Arousal,,

Fig. 6. The representative plots for cortical activations corresponding to high and low Valence, and high and low
Arousal corresponding to N1 and P2 are shown. The source time courses feature ipsilateral and contralateral ROIs
separately, with the N1 and P2 time durations marked with vertical markers. The corresponding N1 and P2
activations, morphed in the fsaverage are shown in an inflated brain.

IV. DISCUSSION

Our study is designed to address the following open
questions in the field of affective haptics. Does the SCx
encode aspects of the VBT-mediated affect? If so, do the
nature and the location of stimulation play a deciding factor in
eliciting reproducible levels of affect? Finally, can the
behavioral responses be predicted with reasonably simple
linear models with potential affective haptics applications in
focus? To answer these, we designed three stimuli that have
been shown to elicit differential affect responses and recorded
the behavioral and electrocortical responses across six
different locations.

We first analyzed the behavioral data to see if affect
significantly varied across the different stimuli and locations.
We found that the stimuli were able to elicit differential
behavioral responses amongst the subjects. However, these
responses did not seem to significantly vary across locations.
Having established that the stimuli were able to induce
differential affect, we next explored the cortical correlates of
VBT to establish the corresponding relationships with the
induced affect using mixed effects modelling.

We showed evoked responses with clear dipolar peaks time-
locked to the VBT, in line with several existing studies [23],
[44]. We then proceeded to obtain the corresponding source
activations localized within the a-priori regions of the SCx to
study the cortical changes pertaining to affect. We speculated

5 possible factors that could have contributed to cortical
modulations in accordance with our paradigm, viz. Valence,
Arousal, Stimulus, Location and Location Type. Hence, the
role of these factors in modulating the source activity was
correspondingly studied using mixed model analysis. We
found that Arousal, Stimulus, Location and Location Type
were the individual contributing factors in modulating the
source activity while Valence did not show any significant
effect. We next proceeded to investigate the interactions
within the contributing factors to establish possible effects on
the electrocortical signatures. It was found that Arousal had an
interaction with all three stimulation conditions (Location,
Location Type and Stimulus). Since the behavioral changes did
not capture differences pertaining to Location, an interaction
between Arousal and Location while cortical activation was a
dependent factor suggests finer aspects of affect processing in
the cortex that is uncaptured in the behavioral ratings which
are more gross in nature.

With regard to these observations, we made several key
inferences, as discussed below.

A. Percept of vibrotactile-mediated affect seems to be driven
by the duration of the stimulus alone

We f ound that vibrotactile stimuli were able to elicit a
differential percept of affect. Post-hoc tests showed that Stim
3 (f=60Hz, duration=50ms, 1SI=1000s) was able to elicit
differential affect ratings as compared to Stim 1 (f=300Hz,
duration=1000ms, 1SI=1500ms) and Stim 2 (f=60Hz,
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duration=1000ms, 1S1=1500ms) from the subjects, while Stim
1 and Stim 2 appeared to elicit similar affect ratings. Since
Stim 3 greatly differs from Stim 1 and Stim 2 w.r.t its
duration, we speculate that the duration of stimulation is the
driving factor behind eliciting different Arousal levels. The
duration of stimulation has been shown to directly influence
the perceived amplitude of stimulation which in turn can be
linked to Arousal levels.

An earlier study by Berglund and colleagues [45], was the
first to show that the perceived amplitude of VBT shared a
logarithmically increasing relationship with the stimulus
duration. This effect is indicative of the theory of temporal
integration that says that the information transfer is integrated
over a period i.e. the resulting amplitude perception depends
on a combination of the amplitude and duration of the
stimulus pulse. Similar results were also replicated in [46].
Apart from VBT, this effect has been observed in other tactile
modalities such as electrical stimulation [47] wherein,
electrocutenous stimulation induced similar effects.

B. Sl and SII mediated N1 and P2 encode Arousal but not
Valence in the early stages of somatosensation

Our analysis revealed that only Arousal and not Valence
had a main effect on the cortical activations in the SCx. Our
findings on the vibrotactile modality have also been closely
observed in the more natural tactile stimulation of brushing on
the skin. The study [14] showed that when the subject’s hand
was stimulated by brushing, only intensity rating, which is
analogous to Arousal rating [34], could be correlated with the
BOLD response in the SCx and no correlations could be found
with Valence ratings. Furthermore, on applying inhibitory
rTMS to the SCx, only discriminatory aspects of touch could
be modulated keeping the aspects related to affect intact.

A possible reason for this distinction can be found in the
cortical pathways of mediating Valence and Arousal. It is
known from the existing literature that Valence and Arousal
are independently mediated by two separate cortical
subsystems viz. the mesolimbic system and the reticular
network [48] with other associated regions in the Valence and
Arousal network depending on the modality of the stimuli
such as visual stimuli [49]-[57], linguistic stimuli [58], odour
[59], audio [60], [61] and taste [62]-[65]. The two networks
subsequently converge in the prefrontal cortex [66], where
information from both circuits is merged to form a collective
percept of affect. While both the mesolimbic and reticular
networks have ample back projections to the SCx [66], these
effects might only be seen at later latencies rather than the N1
and P2, which are early potentials w.r.t VBT. However, since
aspects of Arousal can be directly encoded by the perceived
stimulus intensity, it is possible that the effect of Arousal seen
in the early potent ials of N1 and P2 bypasses the reticular
network altogether and reflect the tactile processing of
stimulus intensity.

Some existing studies [28], [67]-[69] have shown the
modulation of SCx with changes in the subject’s affective
state encompassing both Valence and Arousal. However, the
modulatory input in such cases was visual or auditory stimuli
delivered simultaneously with the tactile stimuli. Therefore, it
is likely that any changes in the SCx may not be attributed to

the change in somatosensory stimulation and were related to
the affect component induced by the stimuli it was applied in
conjunction with. Our study, on the other hand, does not
employ any other concurrent stimuli. It therefore portrays the
changes in the SCx purely due to the affect component
induced by somatosensory stimuli, without the influence of
other modalities of stimulation such as auditory or visual
stimuli.

C. The glabrous nature of the site of stimulation does not play
a role in modulating the perceptual aspects of vibrotactile-
mediated affect

From the behavioral results (see Table IV), we observed
that the Valence and Arousal did not significantly change with
the different stimulation locations.

Existing literature shows that natural touch that induces
affect, such as stroking, brushing and gentle pressure, is
relayed more by the non-glabrous skin (that is innervated by
the C-tactile fibers at the end of hair follicles) to the cortex.
The glabrous skin (classically known to be devoid of C-tactile
fibers) is known to contribute more towards the discriminatory
touch. However, recent studies have also shown that tactile
response is multimodal in nature wherein the C-tactile fibers
have been shown to respond to VBT. Given this, we had
earlier speculated that if the affect mediation due to VBT is
similar to that of natural touch, then this effect would be
visible as differential processing of affect between the
glabrous and non-glabrous locations. Therefore, we
additionally studied the effect of Location on the Arousal by
grouping them into glabrous and non-glabrous sites. We then
performed tests to check if vibrotactile-mediated affect was
differentially elicited across these sites. However, no such
distinction could be made, indicating that glabrous and non-
glabrous skin behave alike in mediating vibrotactile-based
affect.

In studies involving the more natural forms of touch such as
fabrics, a distinct difference in response can be seen across
locations for the same type of stimulus. [1], [2] deployed
differently textured materials at different velocities across the
arm and the face (both non-glabrous in nature) and found
significant changes in the subjective pleasant ratings across
the locations and velocities. Another study [70] conducted a
similar experiment where stimuli were deployed across
glabrous and non-glabrous locations. Pleasantness ratings
were found to be lesser in the glabrous sites as compared to
the non-glabrous sites. Differentiated effects on pleasantness
as well as the cortical correlates for glabrous and non-glabrous
skin were likewise found in [5]. Since the behavioral
responses of VBT-mediated affect do not demonstrate similar
differentiations across locations, we can infer that VBT-
mediated affect processing differs from that of natural touch
and uses different functional pathways. While Arousal, being
a gross scale can capture location-based differences in more
natural forms of touch, the same may not be possible with
VBT.

D. The location of stimulation plays a role in modulating the
cortical aspects of vibrotactile affect

The analysis of interactions between Arousal, Location and
Location Type in modulating the cortical activity revealed
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significant effects (see Table V) indicating that Location does
play a role when the cortical changes encoding Arousal are
considered. However, the effect of Location was not seen on
the behavioral ratings of Arousal. Arousal is a gross scale that
may not have captured the finer changes perceived by the
subjects pertaining to VBT-induced affect. Therefore, even
though the location of stimulation may not play a major role in
the gross perceptual aspects of VBT-induced affect,
differential cortical modulation needs to be factored in while
implementing  neurofeedback-based  affective  haptics
technology.

E. Limitations

Our study is not without limitations. Our study indicates
the importance of duration in modulating affect. However, our
limited duration settings (only two settings, i.e. 50ms and
1000ms) prevented us from exploring the possibility of a non-
linear relationship between subject ratings and the duration.
Therefore, a broader range of duration needs to be
implemented to unveil the finer aspects of behavioral
processing. In addition to this, while our stimuli choice of
300Hz could optimally excite the Pacinian Corpuscles [71],
[72], 60Hz was at the extreme end of the frequency spectrum
known to elicit Meissner’s corpuscles. Therefore, to study the
differential effects of sensory receptors on affect, a broader
frequency spectrum needs to be considered. Furthermore,
keeping in mind there are huge inter-subject variabilities [73]
in experiencing affect, it may be judicious to have subject-
wise trials with a large number of data across locations per
subject, that will enable a subject-specific analysis.

E. Future scope

Our study contributes towards a more systematic analysis of
VBT-induced affect. Our study draws insights into how the
“atomistic attributes” of VBT induce affect. These can be used
to create a wider range of complex VBT stimuli that mimic
more natural VBT patterns and interpret results. In
conjunction with showing that behavioral ratings have a
relationship with the early cortical potentials, our study
establishes the groundwork for treating the relationship
between cortical modulation, behavioral ratings and
stimulation parameters as reasonably simple linear models.
This can be highly useful whilst designing relatively simple,
cost-effective  implementations of day-to-day real-time
wearable haptic devices inducing affect. Our results show that
Location does not independently influence Arousal. However,
an interaction between Location and Arousal is observed when
analyzing the cortical changes. This highlights the complexity
of neural processing related to affective perception and
cortical modulation and warrants further investigations.

Our research findings have several implications. Utilizing
the knowledge of the role of stimulation duration in
modulating affect can assist in stimulus optimization in
affective haptic interfaces. It can help develop personalized
interfaces tailored to specific user needs, therefore enhancing
user engagement and satisfaction in applications such as
virtual reality, gaming, and rehabilitation.
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