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Perception of surface stickiness in different sensory
modalities: an functional MRI study
Yosup So?, Sung-Phil Kim® and Junsuk Kim?®

Surface texture can be perceived not only from tactile,
but also from auditory and visual sensory cues. In our
previous psychophysical study, we demonstrated that
humans can recognize surface stickiness using only

one kind of sensory modality without any difficulty.
However, the brain regions that would be activated by
non-corresponding sensory cues, for example, auditory
and visual cues, remain unknown. In this human functional
MRI study, we explored brain regions associated with
surface stickiness perception in each of three different
sensory modalities, and sought for common neural
activities across modalities. In the tactile condition,
participants actually touched a sticky surface with their
right index finger. In the auditory and visual conditions,
audio and video clips of tactile explorations of a sticky
surface were presented and participants were asked to
recall the perceived stickiness as vividly as possible. Our
results, based on a general linear model analysis, showed
that somatosensory cortices including postcentral gyrus,
anterior insula, and anterior intraparietal sulcus were

Introduction

In our daily life, we perceive surface texture information
of surrounding objects through various sensory modalities
[1]. For example, we can perceive surface properties of
an uneven rock by touching it with our hand. Moreover,
the coarse surface of the rock can also be perceived using
sensory information obtained from different sensory
modalities, for example, auditory (harsh sound generated
by interacting with it) and visual (bumpy shape by look-
ing at it) channels. To date, a number of human psycho-
physical studies have explored surface texture perception
using various sensory modalities [2,3]. Several studies have
shown that participants are more accurate and faster when
exploring surfaces with their hands than with their eyes
and ears [4,5]. It has also been reported that humans are
surprisingly sensitive toward identifying surface texture
with visual stimuli [3] or touch-generated sounds [6] alone.
However, most of these studies have investigated texture
perception using rough and stiff surfaces as the fundamen-
tal dimensions of tactile perception [7], with only a few
studies having explored the stickiness dimension [8].
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significantly activated across all modalities. Moreover, we
observed significant activation of primary sensory regions
of each modality. A follow-up conjunction analysis identified
that postcentral gyrus, anterior intraparietal sulcus,
precentral gyrus, and supplementary motor area were
activated in common. These findings could deepen our
understanding of the surface stickiness perception in the
human brain. NeuroReport 31: 411-415 Copyright © 2020
The Author(s). Published by Wolters Kluwer Health, Inc
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In our previous psychophysical study [9], we inves-
tigated the sensitivity of humans participants toward
perceiving different extents of surface stickiness using
tactile, auditory, and visual cues. Interestingly, our results
demonstrated that the perceptual mapping for visual and
tactile stickiness were statistically similar, however, audi-
tory stickiness perception was different. In the present
study, using functional MRI (fMRI), we explored brain
activation due to surface stickiness perception evoked
by different sensory modalities, that is, tactile, auditory,
and visual cues. There are several previous neuroimaging
studies that have identified brain regions involved in the
perception of tactile stickiness [10,11], but none of these
studies have highlighted brain activation elicited by
other sensory modalities. In this backdrop, we aimed to
compare brain activation in response to the sticky stim-
uli conveyed via tactile, auditory, and visual channels. In
particular, we attempted to explore common activation
profiles across sensory modalities, and to identify brain
regions involved in stickiness information processing for
a certain modality.

Methods

Participants and ethics approval

Twenty-one right-handed volunteers (13 female, average
age: 22.9 + 1.6 years, age range: 20-25 years) participated
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in the experiment. Participants had no history of neurologi-
cal disorders or deficits. However, one participant exhibited
palmar hyperhidrosis, and was excluded from the analysis.
Experimental procedures were approved by the ethical
committee of Sungkyunkwan University (IRB# 2018-05-
001) and the study was conducted in accordance with the
Declaration of Helsinki. All participants were informed
about the experimental procedure, and provided writ-
ten informed consent before their participation. Since the
experimental task included active texture explorations with
the right index finger, participants’ handedness might have
an effect on perception of texture. Thus, we asked partici-
pants to report their handedness in writing when they filled
out the informed consent form. Participants were randomly
recruited students. Hence, they did not know about this
study beforehand and they were not likely to have special
skills for tactile, visual perception, and auditory imagery.

Stimuli

As described in our previous behavioral experiments [9],
a repositionable tape (3M Center, St. Paul, Minnesota,
USA) was used for the sticky stimuli. In particular, we
selected the ‘9425’ tape with a physical stickiness inten-
sity of 131.2 gf (gram-force). This physical adhesiveness
was estimated by the ‘probe tack test’ that measures the
peak value of adhesive force, which is indicative of the
instantaneous adhesion property. Using this tape, we
created (1) tactile, (2) auditory, and (3) visual stimuli. (1)
A tape measuring 5 x 1.9 cm was attached on an acrylic
plate sized 5 x 9 cm. A plastic plate was used to enable
the experimenter to present the stimuli easily without
direct contact with the participants. (2) The sound gen-
erated while touching and detaching with the right index
fingertip was recorded using a condenser microphone.
Each audio clip was 3.5 s long and consisted of two parts,
that is, touching period for the first 2 s and detaching
period for the last 1.5 s. (3) A video clip was recorded with
a resolution of 1920 x 1080 at 30 frames per second. Each
video clip recorded the right index fingertip touching
and detaching from the sticky surface. The video camera
was positioned at a distance of 10 cm from the surface
used to apply the stimulus, and 5 cm above the tabletop.
Video clip was 3.5 s long, and consisted of two parts simi-
lar to the audio clip. Note that audio and video clips were
prepared for each participant separately to minimize the
potential effect of the differences in appearance of the
hands of the participants. Thus, participants watched
or heard their own tactile explorations during the fMRI
experiment (see Experimental Design for more details).

Experimental design

Before the main experiment, participants performed a
training session to familiarize themselves with the stim-
uli and the process of recording their own audio and video
clips. In this training session, participants repeatedly
touched the sticky surface using their right index finger
tip. At the same time, they were watching and hearing

their tactile exploration of the sticky surface through the
screen and the headset.

During the acquisition of fMRI data, participants were com-
fortably laid with their right arm placed along the magnet
bore and a response box held in their left hand. They wore
an MRI-compatible headphone to listen to auditory stimuli
and watched the computer screen via an angled surface-mir-
ror. Participants carried out six fMRI runs, that is, twice for
each sensory modality. Each run consisted of 12 trials and
each trial started with a fixation cross on the screen for 6-8 s
(jittered) followed by touching (2 s) and detaching (1.5 s)
periods. In the tactile runs, participants slowly attached their
rightindex fingertip to the given stimulus when “Touch’ was
displayed on the screen and maintained for 2 s. As soon as
‘Detach’ was displayed, they lifted their finger. Tactile stim-
uli were exchanged manually by the experimenter standing
next to the magnet bore. In the auditory runs, participants
heard their audio clips of touching (2 s) and detaching
(1.5 s) recorded during the training session. Similar to the
tactile runs, stimulus onsets were informed by “Touch’and
‘Detach’ instructions on the screen. In the visual runs, par-
ticipants watched video clips displaying their right index
finger exploring the sticky surface for 3.5 s, that is, touching
(2 s) and detaching (1.5 s). To confirm that participants con-
sistently attended to the task, they were asked to press a
button after the presentation of the stimulus.

Data acquisition and preprocessing

fMRI experiments were performed using a 3T MRI
scanner (Magnetom TrioTim; Siemens Medical Systems,
Erlangen, Germany) with a standard 24-channel head coil.
Functional images were acquired using Blood-oxygen-
level-dependent (BOLD) sensitive gradient-echo-based
echo planar image (Repetition time (TR) = 2000 ms, Echo
time (TE) = 35ms, flip angle = 90°, Field of view (FOV) =
200 mm, slice thickness = 2 mm, and in-plain resolution =
2 x 2 mm) with 72 slices that cover the whole cerebrum. To
obtain T'1-weighted anatomical images from each partici-
pant, a 3D magnetization-prepared gradient-echo sequence
was used (TR = 2300ms, TE = 2.28ms, flip angle = 8°,
FOV = 256 mm, slice thickness = 1 mm, and in-plain reso-
lution = 1 x 1 mm). The preprocessing and statistical analy-
sis of fMRI data were performed using SPM12 (Wellcome
Department of Imaging Neuroscience, UCL, London,
UK) and a high-pass filter of 128 s was used to eliminate
low frequency noise. The Echo-planar imaging data were
realigned for motion correction, coregistered to the indi-
vidual T1-weighted images, normalized into the Montreal
Neurological Institute space, and spatially smoothed by a
4 mm full-width-half-maximum Gaussian Kernel.

Data analysis

Data analyses were performed using a general linear model
in SPM12 with a canonical hemodynamic response func-
tion to estimate BOLD responses to each stimulus. We
determined the moment of ‘Detach’ the fingertip from the
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sticky surface as a stimulus onset because the stickiness
perception occurs when the skin is physically stretched by
the adhesive surface. Moreover, for the contrasting analy-
sis, we determined the middle of the period when a fixa-
tion cross was displayed as a resting onset. Regressors for
stimulation and resting were defined accordingly. Six nui-
sance regressors for motion (movement and rotation along
three orthogonal axes) were also defined for the purpose
of head movement correction. We applied the whole-brain
analysis rather than a specific region of interest analysis,
since brain regions being engaged in stickiness percep-
tion were unknown, especially for the auditory and visual
domains. We performed two different analyses. First, using
an event-related design analysis, we evaluated the BOLD
activation level differences by comparing stimulus onset
and resting period for each modality separately. Contrast

Table 1 Brain activation from general linear modal analyses
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images from the individual analyses were sent to the sec-
ond level analysis with subjects as a random factor. Second,
a conjunction analysis was performed. We employed a one-
way analysis of variance design and evaluated the conjunc-
tion of ‘tactile vs. resting state’, ‘auditory vs. resting state’,
and ‘visual vs. resting state’. This conjunction analysis
could identify common brain regions for which neural acti-
vation was greater during stimulation periods than those
of resting periods across all modalities. Statistical thresh-
old for all analyses was determined as P < 0.05 family-wise
error-corrected and cluster-extents >40 voxels.

Results

A contrasting analysis for the tactile condition elicited sig-
nificant activation in the somatosensory cortices includ-
ing the postcentral gyrus (poCG), anterior intraparietal

MNI coordinate

Brain regions Side Cluster X Y z T V4
Tactile
poCG, alPS, SMG L 1488 —50 —24 44 13.63 Inf
—58 —22 44 12.74 Inf
—62 —18 30 11.52 756
SMA R 976 0 -2 60 12.59 Inf
L 10.04 7.01
preCG R 930 38 —20 56 10.67 7.26
Rolandic operculum L 166 —44 —4 8 9.30 6.71
MOG L 62 —18 —96 0 8.46 6.34
preCG L 49 —56 6 26 8.35 6.29
alNS R 49 32 22 8 8.25 6.24
alNS L 47 -30 14 10 8.20 6.22
R 42 2 8 7.15 5.68
Auditory
SMA L 401 —4 6 54 11.38 7.51
R 0 16 52 9.22 6.68
MOG L 227 —22 —100 -4 10.10 7.04
10G R 119 24 —96 -2 9.74 6.90
alNS R 79 34 22 2 9.25 6.69
preCG L 154 —52 6 32 9.19 6.67
poCG L 93 —58 —16 30 9.07 6.61
alNS L 78 —32 20 8 8.61 6.41
MTG R 52 62 —48 6 7.96 6.10
preCG R 45 48 8 32 7.46 5.85
poCG, alPS L 44 —44 —30 50 7.27 5.75
—46 —34 42 6.49 5.31
Visual
SMA L 276 —4 6 54 12.75 Inf
R 0 0 62 7.77 6.00
MOG R 491 24 —92 8 11.32 7.49
MOG L 408 -20 —96 4 11.13 7.42
10G L 380 —46 —70 -4 10.26 7.10
alNS L 96 -30 18 8 9.32 6.72
preCG L 73 —52 6 36 9.27 6.70
alPS, poCG L 219 —56 —24 40 9.12 6.63
—56 —22 28 8.46 6.34
preCG R 41 54 8 34 7.08 5.64
Conjunction analysis
SMA L 312 —4 6 54 10.04 Inf
R 4 14 52 6.26 5.80
poCG L 70 —62 —18 30 8.41 7.42
alNS L 45 —-30 22 6 6.80 6.23
preCG L 43 —54 10 34 6.47 5.97

Activated clusters were thresholded at family-wise error (FWE)-corrected P < 0.05, cluster size of 40 contiguous voxels. Side indicates hemisphere (R = right, L = left),
cluster indicates N voxels. T indicates peak t values, Z indicates peak z values. Entries without brain region labels indicated sub-peak within the cluster named above.
alNS, anterior insula; alPS, anterior intraparietal sulcus; IOG, inferior occipital gyrus; MNI, Montreal Neurological Institute; MOG, medial occipital gyrus; MTG, medial
temporal gyrus; poCG, postcentral gyrus; preCG, precentral gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus.
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Fig. 1

Fig. 2
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Brain activations of contrasting analyses. Statistical threshold was set
at P < 0.05, family-wise error (FWE)-corrected for multiple compari-
sons, cluster size 40 contiguous voxels.

sulcus (aIPS), supramarginal gyrus, and rolandic oper-
aculum (Table 1 and Fig. 1). Moreover, the anterior
insula (aINS), medial occipital gyrus (MOG), and pre-
central gyrus (preCG) regions were activated in the con-
tralateral hemisphere. In the ipsilateral hemisphere, we
observed activated brain regions in the preCG and aINS.
Furthermore, the supplementary motor area (SMA) was
activated bilaterally. The auditory stickiness information
process also activated contralateral somatosensory corti-
ces including the poCG and alPS. We observed ipsilat-
eral activations in the medial temporal gyrus and inferior
occipital gyrus. Additionally, there was significant bilat-
eral activation in preCG, aINS, and SMA. For the visual
condition, contrasting analysis identified significant acti-
vation in the contralateral somatosensory cortices (poCG
and alPS), aINS, and IOG. Moreover, the preCG, MOG,
and SMA were activated bilaterally.

In addition to the contrasting analyses for each modality,
we conducted a conjunction analysis across tactile, audi-
tory, and visual conditions. Results showed a substantial
overlap in the conjunction map including clusters in the
contralateral poCG, aINS and preCG and in the bilateral
SMA (Table 1 and Fig. 2).

Discussion

The current study aimed to identify brain regions related
to surface stickiness perception for each modality and
searched for common brain activations across modalities.
In particular, we attempted to compare brain regions in
response to information on surface stickiness conveyed
via tactile, auditory, and visual cues. All the contrasting
analyses for each modality identified significant activation
in the somatosensory cortices together with the primary

Touch
n
Auditory
al
Visual

Brain activations of conjunction analyses. Statistical threshold was set
at P < 0.05, family-wise error (FWE)-corrected for multiple compari-
sons, cluster size 40 contiguous voxels.

sensory brain regions of each sensory system. Moreover,
the results of conjunction analysis suggest that the poCG,
aINS, preCG, and SMA are closely associated with the
perception of surface stickiness across sensory modalities.

One of the main findings of this study is that the poCG
and aINS regions were consistently activated in both
contrasting and conjunction analyses. These commonly
activated regions are traditionally known as main areas of
the human somatosensory system, and these regions have
been reported to be involved in tactile information pro-
cessing in a number of fMRI studies [12-14]. Moreover,
activation in these regions exhibits considerable overlap
with regions identified in previous studies on tactile stick-
iness perception [10,11]. The most interesting aspect of
our results is that these somatosensory regions were con-
sistently activated by non-corresponding sensory cues,
that is, auditory or visual cues. Several previous neuro-
imaging studies have observed that the primary sensory
cortices of each modality could be activated by non-cor-
responding sensory input [15,16]. For example, Stilla and
Sathian [17] reported significant neural activations in
the human somatosensory cortices when the texture of
the surface was presented visually. Similarly, Merabet e7
al. [18] showed that tactile stimulus alone could recruit
visual cortical activation. Moreover, a recent fMRI study
investigated the convergence of information from differ-
ent sensory streams and successfully demonstrated that
common objects presented with auditory, visual, and tac-
tile modalities are not only reflected within correspond-
ing sensory cortices, but also represented in the sensory
area of different modalities [19]. In line with these previ-
ous findings, our results suggest that auditory and visual
stimuli conveying information on surface stickiness can
elicit neural activation in the somatosensory regions.

The activation of IPS in contrasting analyses of each
modality is a noteworthy observation. This region is
known to be implicated in multisensory information
integration in both primate and human brains. A number
of non-human primates [20] and human neuroimaging
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studies [17,21] have consistently demonstrated that the
IPS performs integration of multisensory information.
For example, Jincke e /. [22] have reported the acti-
vation of IPS play a role for supra-modal integration
between visual representation and complex manipulation
of objects in the human brain. In our study, we clearly
observed the simultaneous activation in the correspond-
ing primary sensory cortices and the IPS, for example,
simultaneous activation in both primary auditory cortex
and alPS under the auditory condition. Hence, we specu-
late that the identification of aIPS is mainly due to multi-
sensory convergence and cross-modal generalization.

Although there was no finger movement in the audi-
tory and visual conditions, we observed the activation of
SMA and preCG. These regions are well known to be
associated with the preparation and execution of volun-
tary movements [23]. However, significant activation in
these regions was reported during passive touch or motor
imagery as well [24,25], as observed in our present results.
Therefore, a possible explanation for the activation of
SMA and preCG could be related to motor imagery. In
our experimental procedure, participants underwent a
training session prior to MR scanning. While repeatedly
touching the sticky surface with their fingertip, they
were watching and hearing their surface explorations. We
therefore believe that a strong association exists between
the three different sensory stimuli, and that participants
imagine finger movements without actually performing
the movement during scanning sessions. Consequently,
this motor imagery is likely to have an influence on the
activation in the SMA and preCG.

There are several potential limitations of this study.
First, the generalization of the results to population
should be made with caution because the sample size
was relatively small (V= 21) and our sample consisted
solely of college students. Second, we could not com-
pletely eliminate the effects of scanner noise during the
auditory session. In future works, we will use an equip-
ment such as noise canceling headsets for better percep-
tion of the auditory cues.

In this study, we successfully identified brain regions
exhibiting information on surface stickiness perceived by
tactile, auditory, and visual cues. Intriguingly, our results
using contrasting and conjunction analyses suggest that
neural activities in somatosensory cortices, aINS, and alPS
regions play an important role in cross-modal generaliza-
tion. To the best our knowledge, this is the first attempt to
explore brain activities related to auditory and visual sticki-
ness perception. We envision that future work will uncover
the detailed neural mechanisms underlying surface tex-
ture perception, such as stickiness intensity perception.
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