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Abstract

Tactile sensation and perception involve cooperation between different parts of the brain. Roughness discrimination is an
important phase of texture recognition. In this study, we investigated how different roughness levels would influence the
brain network characteristics. We recorded EEG signals from nine right-handed healthy subjects who underwent touching
three surfaces with different levels of roughness. The experiment was separately repeated in 108 trials for each hand for
both static and dynamic touch. For estimation of the functional connectivity between brain regions, the phase lag index
method was employed. Frequency-specific connectivity patterns were observed in the ipsilateral and contralateral hemi-
spheres to the hand of interest, for delta, theta, alpha, and beta frequency bands under the study. A number of connections
were identified to be in charge of discrimination between surfaces in both alpha and beta frequency bands for the left hand
in static touch and for the right hand in dynamic touch. In addition, common connections were determined in both hands for
all three roughness in alpha band for static touch and in theta band for dynamic touch. The common connections were
identified for the smooth surface in beta band for static touch and in delta and alpha bands for dynamic touch. As observed
for static touch in alpha band and for dynamic touch in theta band, the number of common connections between the two
hands was decreased by increasing the surface roughness. The results of this research would extend the current knowledge
about tactile information processing in the brain.
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Introduction in the brain. The sense of touch enables extracting various

information about objects, including identity and material

Touch sense plays a necessary role in human interactions
with the external and surrounding environments. There is a
complex procedure behind the tactile sensation, from the
mechanoreceptors under the skin, to the cortical activities

>< Mahmood Amiri
ma_amiri_bme @yahoo.com

Medical Biology Research Center, Institute of Health
Technology, Kermanshah University of Medical Sciences,
Kermanshah, Iran

Research Center for Molecular and Cellular Imaging,
Advanced Medical Technologies and Equipment Institute
(AMTEI), Tehran University of Medical Sciences (TUMS),
Tehran, Iran

Medical Physics and Biomedical Engineering Department,
Tehran University of Medical Sciences (TUMS), Tehran, Iran

Medical Technology Research Center, Institute of Health
Technology, Kermanshah University of Medical Sciences,
Kermanshah, Iran

Bio-Imaging Lab, University of Antwerp, Antwerp, Belgium

properties such as texture (Ding et al. 2017; Muioz et al.
2014). When human fingertips touch an object, it produces
compression and mechanical deformation, which can
stimulate the skin’s mechanoreceptors to produce action
potentials (Tiwana et al. 2012). The firing rate of the
Merkel cell-neurite complex (MCNC) neural network
increases with the number of slowly adapting type I (SAI)
mechanoreceptors located at the force application point,
where the fingertip was pressed by the same sphere at a
constant depth and different positions (Yao and Wang
2019). Another critical concept to comprehend the func-
tional basis of texture encoding in the sense of touch is the
propagation of skin vibrations away from the contact site.
Mechanical energy originating at finger contact propagates
through the entire hand as vibration signals that contain
enough information to discriminate between the touched
objects during natural interactions with ordinary objects.
Manfredi et al. 2014 discovered that the frequency com-
position of texture-elicited vibrations is informative about
texture identity when using coarse and fine textures of
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widely used objects. A loss of tactile sensitivity in the hand
can be partly compensated by vibrations propagating to a
distant part of the limb. Anesthetized controls and patients
who have lost tactile sensitivity in the hand can differen-
tiate textures from vibrations propagating to the wrist and
forearm (Ryan et al. 2021).

To interact between humans and the external environ-
ment, the biological organs that can sense various stimuli
play vital roles. Therefore recent research on skin-like
tactile sensors attracts extensive attention (Liu et al. 2020).
The motivations for research in tactile sensing technology
are primarily to develop robots with the same sense of
touch as humans (Tiwana et al. 2012). However, today,
other important fields of tactile study are emerging, such as
Brain-Computer Interface (BCI) (Ziebell et al. 2020),
which require extra attention to the details of tactile per-
ception. Due to some diseases or amputation, a sense of
touch would be partially lost deteriorating individual daily
lives (Conte et al. 2017; Gaetz et al. 2017; Natsuko et al.
2015; Tavassoli et al. 2016). Realistic prosthetic hands
with tactile sensing capability are also quite demanding
(Oddo et al. 2017). This highlights the importance of
analyzing tactile perception to induce tactile sensation for
differentiating textures (Raspopovic et al. 2014). Indeed,
understanding how the brain listens and responds to tactile
sensory information can speed up the design and devel-
opment of novel prosthetic devices with sensory feedback
and active perception. Subsequently, different brain sig-
naling and imaging modalities have been utilized to pro-
mote such understanding. Recently, a study discusses the
mechanical characterization of the human fingertip that
could be useful for developing models in the design of new
cutaneous haptic interfaces (Logozzo et al. 2022).

The sense of touch is also critical for providing informa-
tion about the primary characteristics of objects, like texture,
roughness, and softness. Neural and behavioral studies have
shed light on the mechanisms and limitations of our sense of
touch in the perception of texture and motion, as well as its
role in controlling our hand’s movement. Ryan et al. 2021
have discussed the interaction between the geometrical and
mechanical characteristics of touched objects. Tactile
motion improves the discrimination of fine texture elements,
whereas the orientation and the spacing of coarse texture
elements affect the perceived direction of motion and speed
(Moscatelli et al. 2019). Associated with the tactile sensa-
tion, roughness detection and perception facilitate texture
recognition. Roughness is a texture feature that requires
movement between skin and texture, leading to skin vibra-
tion. Until now, several studies have been performed on how
the peripheral nervous system (PNS) perceives roughness
levels (Ding et al. 2017). Nevertheless, this process in the
Central Nervous System (CNS) is not completely known and
is still under investigation utilizing available tools such as
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electroencephalography (EEG). Results of brain imaging
studies have demonstrated that the major regions are
somatosensory, posterior cingulate, and lateral prefrontal
corteXx, centroparietal sites, lateroparietal operculum, insula,
and supplementary motor area in processing the roughness
level of a touched surface (Ballesteros et al. 2009; Kim et al.
2015; Kitada et al. 2005). Additionally, the cortical pro-
cessing of roughness discrimination follows two schemes,
cognitive and sensory-based processing. The former gener-
ates an activation in the prefrontal areas, while the latter
involves mostly in the somatosensory region (Lederman and
Klatzky 2009). Alternations in alpha and beta bands fre-
quency have been observed, indicating that the alpha band
energy is linearly reduced as the surface roughness is
increased (Genna et al. 2018, 2017). In another study, an
involvement of the occipital area during tactile exploration
tasks has been suggested. A sensory substitution process is
reflected by increasing the local beta 1 power in occipital
derivations, as well by increasing the coherence in visu-
ospatial-related derivations (Campus et al. 2012). Moreover,
the total power in the mu (8—15 Hz) and beta (16-30 Hz)
frequency bands has been demonstrated highly accurate in
discriminating textures with different levels of roughness
(Eldeeb et al. 2020).

Previous studies of roughness perception have mainly
focused on the visualizing and analysis of different brain
waves and event-related potentials (ERP). The alternations
in the characteristics of other brain sensory networks have
been reported for auditory (Mohan et al. 2016), vision
(Chai et al. 2017), and brain sensory disorders (Afshari and
Jalili 2016; Ala et al. 2018; Rubinov and Sporns 2010).
However, original works related to the characteristics in the
brain sensory network through touching surfaces are
missing.

Various measures, such as phase synchronization index
(PSI) (Hurtado et al. 2004), mutual information (Hurtado
et al. 2004), and partial directed coherence (Varotto et al.
2012) have been applied for the quantification of functional
connectivity among different brain units with multichannel
neural signals including EEG. Among these, PSI is used for
analyzing the interaction between brain units, especially
where the interaction is too weak to detect by other mea-
sures. It can effectively quantify the relationship between
rhythms, i.e., instantaneous phase (IP) extracted from
observed signals, but would neglect the effect of instanta-
neous amplitude. To detect the level of phase synchro-
nization (PS) in a pair of signals, various definitions of IP
have been proposed. When the IP difference of two cou-
pled units (or the IP extracted from a pair of signals) is
bounded with respect to time, the coupled units are said to
be in PS. The PSI has been widely used in different neu-
roscience and neurology domains. Some applications are,
to quantify the alternation of neuronal synchrony after
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focal ischemic stroke, to investigate the spatiotemporal
dynamics of cortical connectivity in preictal phases in
patients with epilepsy, to classify the mental states in
brain—computer interface, and to provide new insights in
Parkinson’s and Alzheimer’s diseases (Sun et al. 2012).

In the present study, the changes of the characteristics in
the brain sensory network when subjects are touching
surfaces with different levels of roughness is investigated.
The aim is to increase our understanding about tactile
sensory system’s functions and hence the functional con-
nectivity between different brain regions is calculated. It
gives a functional connectivity matrix with each element
representing the strength of functional connectivity
between two brain sources or cortical regions. Specifically,
we evaluate the EEG-based functional connectivity for
roughness perception using the PSI method, and examine
how functional connectivity in different frequency bands is
changed when the subject touches surfaces with different
roughness. Results show that not only tactile stimulation by
the right or left hands triggers different connections but
also the roughness level of the surface being touched
causes a significantly different response in the brain
connections.

Methods
Subjects and data recording

A 32-channel EEG signal was recorded from nine right-
handed and healthy subjects (4 females and 5 males, average
age 27 £ 1.5 years). Participants had no history of periph-
eral neuropathy diseases, skin diseases, or neurological dis-
orders. Before the experiment, the procedure and regulations
were fully explained to all participants who signed the
informed consent form. The EEG signal was recorded with a
sampling rate of 512 HZ. The electrode installation was
based on the international 10-20 electrode location system at
the Iranian National Brain Mapping Lab (NBML). The
protocol was ethically approved by the Iran University of
Medical Science (#IR.IUMS.REC.1396.0294) and Ker-
manshah University of Medical Sciences (#IR.KUMS.-
REC.1396.729). All methods were performed in accordance
with the relevant guidelines and regulations in accordance
with the Declaration of Helsinki (Association 2013).

Experimental Setup

Before the experiment, the volunteers sat on a comfort-
able chair in a relaxing position and place their right-hand
index fingertip on a surface mounted on a rotating plate. To
prevent unwanted movements, the rest of the fingers were
held in place by a holder, while the hand muscles were

relaxed (Fig. 1). We placed three surfaces with different
levels of roughness on the plate. We designed a micro-
controller-based electronic system to control the speed of
the rotating plate and its vertical movement as well as the
time interval of the rotation. The surface types included a
rough (hardness degree: P60), a semi-rough (hardness
degree: P100) and a smooth surface (hardness degree:
P280). The grit size of the sandpapers is determined based
on a European system (Yourself MBHIaDI 2013).

During the experiment, the rotating plate was automat-
ically elevated to touch the subject’s fingertip, where the
position was held fixed for 2 s (contact situation or static
touch). Then, it was automatically turned such that each
roughness was pulled out underneath the index fingertip for
another 2 s (dynamic touch). Next, the wheeling plate was
automatically descended to detach from the fingertip (no
contact situation) for another 2 s. Finally, it was rotated to
change into the next material. This procedure was repeated.
To avoid acclimatization error, we applied two different
sequences: rough, smooth, semi-rough; and smooth, rough,
semi-rough; each repeated 18 times. In summary, subjects
underwent touching each of the three surfaces 36 times
during the experiment. The subjects had a short rest
(5 min), after which the abovementioned procedure was
repeated for the left (non-dominant) hand. The whole
procedure for both hands lasted about 30 min. After the
whole experiment, no participant declared any complaints
including fatigue.

Preprocessing

The raw data was processed using custom-written code for
the EEGLAB (Delorme and Makeig 2004) MATLAB
toolbox. First, the EEG signal was purified by removing the
baseline (detrending) and band pass filtering between 0.5
and 40 Hz. Then, the signal was re-referenced to the
channels average signal. Independent Component Analysis
(ICA) is a useful method for distinguishing the brain and
non-brain activities and removing artifacts (e.g., eye arti-
facts, muscle artifacts and electrocardiographic activity)
from the raw data (Jung et al. 2000). However, it highly
depends on the user expertise and thus we also used the
ICLabel method to check the obtained components. Our
device was synchronized with EEG device and sent
appropriate pulses in response to the events. These pulses
allowed us to detect and label the events (dynamic touch,
static touch, and no touch). Each trial consisted of 9 s. The
EEG epochs associated with a 2-s baseline (no contact
situation), a 2-s static touch, and a 2-s dynamic touch were
segmented. To extract functional connectivity between the
channels, the PSI were extracted (Astolfi et al. 2008). In the
present study, the phase-lag index (PLI) (a subset of the
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Fig. 1 Schematic of the experiment setup. A The subject sits on a
comfortable seat with the eyes closed. B The subject’s index finger is
secured over the surface and other fingers are fixed in order to prevent
unwanted movements. C The rotating plate with different surface
roughness. Upon starting the device, the wheeling plate automatically
moves up to touch the subject’s fingertip, and holds its position for
2 Sec (static touch). Then, it rotates for 2 Sec, during which the
subject feels the movement of the material under his/her index

PSI) was specifically used to estimate the functional
connectivity.

Phase synchronization indices

Phase synchronization refers to a situation when the phases
of two coupled oscillators get synchronized, even if their
amplitudes are uncorrelated (Rosenblum et al. 1996). In the
phase-locking condition:

AZ (1) = |B.(t) — B,(1)| < constant (1)

xp (1)
t) = 1g—— 2
@) = aretg™ 78 @)
In real systems, the signals are often noisy. Hence, one
has to work with the cyclic relative phase, which is the
relative phase difference wrapped to the interval [0,2m). It
is defined as:

AD 1) = A (1ymod2r (3)
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fingertip (dynamic touch). Next, the surface automatically moves
down to detach from the fingertip for another 2 Secs with no contact
(baseline, no contact situation). Finally, it rotates to change into the
next material. This procedure is repeated again. During the experi-
ment, an EEG signal is collected from the participant. A total of 108
trials for both right and left index fingers per subject are collected (36
trials for each roughness level)

Before estimating the degree of phase synchronization
between two signals, some pre-processing steps are nec-
essary. First, the corresponding analytic signals x,,(f) and
Yaun(?) should be obtained from the real-valued signals x(t)
and y(t):

xan(t) = x(l) + ixH(t) = Ax([)eigx(t) (4)
Yan(t) = (1) + iy (1) = Ay ()P0 5)

where xg(f) and yg(7) are the Hilbert transforms (Hilbert
2009) of x(t) and y(t):

(1) :%P.V. / N txg

where P.V. is the Cauchy’s Principal Value. Finally, the
instantaneous amplitude and phase of x,,(¢) are calculated
(similar notations for y,,(f)):

dt (6)

—00

Ax() = \/xu(0) + x()? (7)
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Phase-lag index (PLI)

Actual interaction between two neural sources leads to a
coherent phase relationship between their corresponding
time series. To estimate the functional connectivity mea-
sures, we used PLI, which measures the asymmetry in
distribution of phase differences between two signals. The
main advantage of this method is that it is less sensitive to
the volume conduction, the common sources, and the
electrode montage. However, it bears some disadvantages
including the risk of missing linear yet functionally
meaningful interactions and the chance of missing small
values under noisy conditions (Stam et al. 2007). The PLI
(Stam et al. 2007) discards the phase distributions that are
centered around 0 mod m, showing a robust behavior
against the common sources (e.g. the volume conduction).

1

_Z:,:l sign(A@;-el(tn)) (8)

N is the number of samples. This index is between 0 and
1. The condition PLI = O implies no coupling or coupling
with a phase difference centered around 0 mod m, while
PLI = 1 suggests a perfect phase locking at a value of
A, (t) different from 0 mod .

Statistical analysis

After preprocessing, a functional connectivity matrix was
calculated for each of the three roughness levels including
smooth surface (SS), semi-rough surface (SRS), rough
surface (RS) for the right hand (RH) and the left hand (LH)
in baseline, static and dynamic touch, then the statistical
comparisons were performed. The comparisons were made
for four frequency bands of delta (8, 1-4 Hz), theta
(0,4-8 Hz), alpha (o, 8-13 Hz), and beta (B, 13-30 Hz).
We first explored the functional connectivity for the right
and left hands and for three levels of roughness. Then, we
investigated how a functional connectivity is altered as the
level of roughness changes for either hand.

SPSS24 and MATLAB statistical analysis were used.
One-way analysis of variance (ANOVA) is a parametric
test in order to compare the means of more than two
groups. This test was applied to investigate the significance
of the variations between the functional connectivity for
touching surfaces with different roughness. Finally, a
Tukey post hoc test was utilized to find the variations
within the roughness cohorts. Before performing the sta-
tistical analysis, it was ensured that the data maintains a
normal distribution. The alpha-error-level for significance
was set to the conventionally used o = 0.05. The signifi-
cance thresholds were adjusted to account for multiple

comparisons using the False Discovery Rate (FDR) method
(Benjamini 2010).

Results
Delta and theta bands

PLI method in both delta and theta bands did not detect any
significant difference between the three roughness levels
for either of the hands by static and dynamic touch, after
FDR adjustment. The results are illustrated in Figs. S1A,
S1B, S1C, S2A, S2B and S2C.

Alpha band

The connectivity pattern for the three levels of roughness
(i.e., rough, semi-rough & smooth) by baseline, static and
dynamic touch using the PLI method in alpha band is
illustrated in Fig. 2A, B, C. For the right hand by static
touch, the connections in alpha band for the SS were more
than for the two other surfaces. In addition, compared to
baseline, the connections for the SS in frontal and pre-
frontal regions were increased. There was a connection
between right temporal (T8) and prefrontal (Fpl) for the
RS that was not observed in baseline and dynamic touch.
For static touch, there was a connection in alpha band
between left frontal (F7) and parietal (PO3) for the smooth
and rough surfaces, which was not observed for the semi-
rough surface. Moreover, there was a connection in alpha
band between left and right central (C3, C4) for the smooth
surface that was not observed in baseline and dynamic
touch and for the two other surfaces. For dynamic touch,
the connections for the RS and SS were decreased com-
pared to static touch, with strong connection between left
parietal (P7) and right frontal (F4), and right central (C4)
and FCS5 for the SS and RS, respectively. For the left hand
by static touch, the number of strong connections for the
RS was drastically less than the two other surfaces in alpha
frequency band. The number of connections between
frontal and parietal regions was increased compared to
baseline and dynamic touch for the SRS. Furthermore,
compared to the baseline, some connections between left
temporal (T7) and the frontal region were observed for the
SS in static touch.

Figure 3 compares the functional connectivity pattern
for three roughness levels in alpha band by static touch (p-
value < 0.05, after adjustment for multiple comparisons).
For the left hand, a significant connection in alpha band
(between central and frontal regions) was seen between the
RS and SRS and also, between the SRS and SS, where the
connection for the SRS was measured stronger than for two
other surfaces. For the right hand, no significant difference
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L. Connectivity pattern in alpha band, left hand and rough surface
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"&

(IA) Baseline
e

0010203 0405060708091

0010203 0405080708091

(IC) Dynamic touch

[

0010203 04050807 08091

I1. Connectivity pattern in alpha band, right hand and rough surface
(ITIA) Baseline
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Fig. 2 A Connectivity pattern in alpha band using the PLI estimator
for RS (IA, ITA), (IB, IIB), (IC, IIC) showing the connectivity matrix
and the average connectivity representation for the left and right
hands in the baseline, and by static and dynamic touch, respectively.
Each color bar indicates the strength of connections for matrices from
0 to 1 (RS: rough surface; blue color: left hand; red color: right hand).
B Connectivity pattern in alpha band using the PLI estimator for SRS
(IIIA, IVA), (1IB, IVB), (IIC, IVC) showing the connectivity matrix
and the average connectivity representation for the left and right
hands in the baseline, and by static and dynamic touch, respectively.

was observed in alpha band between the three roughness
levels.

Figure 4 compares the functional connectivity patterns
for three roughness levels in alpha band by dynamic touch
(p-value < 0.05, after adjustment for multiple compar-
isons). For the right hand, significant variations were
observed in three specific connections in alpha band
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Each color bar indicates the strength of connections for matrices from
0 to 1 (SRS: semi-rough surface; blue color: left hand; red color: right
hand). C Connectivity pattern in alpha band using the PLI estimator
for SS (VA, VIA), (VB, VIB), (VC, VIC) showing the connectivity
matrix and the average connectivity representation for the left and
right hands in the baseline, and by static and dynamic touch,
respectively. Each color bar indicates the strength of connections for
matrices ranging from 0 to 1 (SS: smooth surface; blue color: left
hand; red color: right hand). (Clolor figure online)

between the RS and SS, the RS and SRS, and also between
the SRS and SS, where the connections for the smooth
surface were measured weaker than two other surfaces. For
the left hand, no significant variation in alpha band was
observed between the three roughness levels in functional
connections.
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I11. Connectivity pattern in alpha band, left hand and semi-rough surface
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IV. Connectivity pattern in alpha band, right hand and semi-rough surface

(IVA) Baseline

Fig. 2 continued
Beta band

The connectivity pattern for three levels of roughness (i.e.,
rough, semi-rough & smooth) in baseline, static and
dynamic touch using the PLI method in beta band is
illustrated in Fig. 5A, B and C. For the right hand by static
touch, the number of strong connections in beta band for
the SS was reduced compared to the two other surfaces. On
the contrary, the number of strong connections in dynamic
touch for the SS was increased compared to the two other
surfaces, the most connections were concentrated in the

(IVB) Static touch

y ol /ﬁz

0010203 0405060708091

frontal and central regions. In addition, the number of
connections in beta band in static touch for RS and SS was
reduced compared to the baseline. Moreover, the number
of strong connections for the SRS in frontal region were
created compared to the baseline. Moreover, in dynamic
touch compared to the baseline and static touch, the con-
nections for the RS were reduced, mostly centralizing in
frontal and central regions. For the left hand in static touch,
the connections in beta band were concentrated mainly in
frontal regions for the SS compared to the baseline.
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V. Connectivity pattern in alpha band, left hand and smooth surface
(VA) Baseline
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VI. Connectivity pattern in alpha band, right hand and smooth surface

(VIA) Baseline

Fig. 2 continued

Furthermore, in dynamic touch compared to the baseline
and static touch, the connections for the RS were
decreased.

Figure 6 illustrates the results of comparisons between
the roughness levels in beta band in static touch (p-
value < 0.05, after adjustment for multiple comparisons).
For the left hand, significant variations were observed in
three specific connections in beta band between the RS and
SRS, and also between the SRS and SS. For the right hand,
no significant variation in beta band was observed between
the three roughness levels in connections.
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(VIC) Dynamic touch
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Figure 7 demonstrates the results of comparisons
between the roughness levels in beta band in dynamic
touch (p-value < 0.05, after adjustment for multiple com-
parisons). For the right hand, variations in three specific
connections were significant in beta band between the RS
and SS, RS and SRS, and also between the SRS and SS.
For the left hand, variations in beta band between the three
roughness levels in connections were insignificant.

We examined the significant connections between the
right and left hands for the different roughness levels, to
understand which hand (dominant hand or the other hand)
may cause a stronger functional connectivity in the brain



Cognitive Neurodynamics (2023) 17:921-940

929

(A)Rough vs. Smooth

(B)Rough vs. Semi- rough

(C) Semi-rough vs. Smooth
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Fig. 3 Significant different (p-value < 0.05) connectivity pattern
using the PLI estimator in alpha band between the three roughness
levels for the left hand by static touch. A No significant difference
was observed between RS and SS. B Significant differences between
RS and SRS: the connection in yellow indicates that the connection
for SRS was stronger than RS. C Significant differences between SS

(A)Rough vs. Smooth

(B)Rough vs. Semi- rough

and SRS: the connection in yellow indicates that SRS was stronger
than SS. Note that for the left hand, only one significant connection
was seen between SRS and RS and also SRS and SS surfaces,
indicating that the connection for LH-SRS is stronger than the other
two surfaces. SS: smooth surface, SRS: semi-rough surface, RS:
rough surface, RH: right hand, LH: left hand. (Color figure online)

(C) Semi-rough vs. Smooth

Right hand
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Fig. 4 Significant different (p-value < 0.05) connectivity pattern
using the PLI estimator in alpha band between the three roughness
levels for the right hand by dynamic touch. A Significant differences
between RS and SS: the connection in purple indicates that the
connection for RS was stronger than SS. B Significant differences
between RS and SRS: the connection in yellow indicates that the SRS
was stronger than the RS and the purple lines represent the opposite
case. C Significant differences between SS and SRS: the connection
in yellow indicates that the SRS was stronger than the SS. Note that

according to different levels of roughness. We observed
significant connections in static touch between the left and
right hands for 1—the SRS in delta band, 2—the RS in
alpha band, 3—both SRS and SS in beta band. Also, we
observed significant connections in dynamic touch between
the left and right hands for 1—the RS in delta band, 2—the
SRS in theta band, 3—the SRS in Alpha band (p-
value < 0.05, after adjustment for multiple comparisons,
Tables land 2 and Figs. 8 and 9). There was no significant
difference between the right and left hands for any of
roughness levels in theta band for static touch and beta
band for dynamic touch. A common connection was found
between all subjects in the left hand for static touch in theta
band for SRS. There was a common connection between

for the right hand, the significant differences were seen between the
RS and the SS, indicating that the connection for RH-RS is stronger
than the RH-SS and in addition, the significant differences were seen
between the RS and the SRS and also SRS and SS surfaces, dominant
connections indicate that the connections for RH-SRS were stronger
than the other two surfaces in the alpha band. SS: smooth surface,
SRS: semi-rough surface, RS: rough surface, RH: right hand, LH: left
hand. (Color figure online)

right occipital (O2) and right frontal (F8) regions (Fig. 10).
Also, common connections were determined between the
right and left hands for static touch in alpha band for all
roughness levels and in beta band for only the SS and also
for dynamic touch in delta band for only SS, in theta band
for all roughness levels and in alpha band for only SS
(Tables 3 and 4). As observed in alpha band for static
touch, the number of common connections between the two
hands is decreased by increasing the roughness level. Also,
in theta band for dynamic touch, the number of common
connections between the two hands is decreased by
increasing the roughness level.
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I. Connectivity pattern in beta band, left hand and rough surface
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I1. Connectivity pattern in beta band, right hand and rough surface
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Fig. 5 A Connectivity pattern in beta band using the PLI estimator for
RS (IA, ITIA), (IB, IIB), (IC, IIC) showing the connectivity matrix and
the average connectivity representation for the left and right hands in
the baseline, and in static and dynamic touch, respectively. Each color
bar indicates the strength of connections for matrices from 0 to 1 (RS:
rough surface; blue color: left hand; red color: right hand).
B Connectivity pattern in beta band using the PLI estimator for
SRS (IIIA, IVA), (IIIB, IVB), (IIIC, IVC) showing the connectivity
matrix and the average connectivity representation for the left and
right hands in the baseline, and in static and dynamic touch,
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0010203 0405060708091

S e
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respectively. Each color bar indicates the strength of connections for
matrices from 0 to 1 (SRS: semi-rough surface; blue color: left hand;
red color: right hand). C Connectivity pattern in beta band using the
PLI estimator for SS (VA, VIA), (VB, VIB), (VC, VIC) showing the
connectivity matrix and the average connectivity representation for
the left and right hands in the baseline, and in static and dynamic
touch, respectively. Each color bar indicates the strength of connec-
tions for matrices from O to 1 (SS: smooth surface; blue color: left
hand; red color: right hand). (Color figure online)
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I11. Connectivity pattern in beta band, left hand and semi-rough surface
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IV. Connectivity pattern in beta band, right hand and semi-rough surface
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Fig. 5 continued
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V. Connectivity pattern in beta band, left hand and smooth surface
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VI. Connectivity pattern in beta band, right hand and smooth surface
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Fig. 5 continued
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(VC) Dynamic touch
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V. Connectivity pattern in beta band, left hand and smooth surface
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(A)Rough vs. Smooth
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Fig. 6 Significant different (p-value < 0.05) connectivity pattern
using the PLI estimator in beta band between the three roughness
levels for the left hand in static touch. A No significant difference was
observed between RS and SS. B Significant differences between RS
and SRS: the connections in purple indicate that the connections for
the RS were stronger than the SRS and the yellow line represents the
opposite case. C Significant differences between SS and SRS: the
connection in yellow indicates that the SRS was stronger than the SS

(A)Rough vs. Smooth

(B)Rough vs. Semi- rough

and the green lines represent the opposite case. Note that for the left
hand, the significant differences were seen between the RS and the
SRS and also SRS and SS surfaces, dominant connections indicate
that the connections for LH-SRS were weaker than the other two
surfaces in the beta band. SS: smooth surface, SRS: semi-rough
surface, RS: rough surface, RH: right hand, LH: left hand. (Color
figure online)
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Fig. 7 Significant different (p-value < 0.05) connectivity pattern
using the PLI estimator in beta band between the three roughness
levels for the right hand in dynamic touch. A Significant differences
pattern between RS and SS: the connection in green indicates that the
connection for SS was stronger than RS. B Significant differences
between RS and SRS: the connections in yellow indicates that the
connection for SRS was stronger than RS. C Significant differences
between SS and SRS: the connection in yellow indicates that the SRS
was stronger than the SS and the green line represents the opposite

case. Note that for the right hand, only one significant connection was
seen between RS and SS, indicating that the connection for RH-SS is
stronger than the RH-RS and in addition, the significant differences
were seen between the RS and the SRS and also SRS and SS surfaces,
dominant connections indicate that the connections for RH-SRS were
stronger than the other two surfaces in the beta band. SS: smooth
surface, SRS: semi-rough surface, RS: rough surface, RH: right hand,
LH: left hand. (Color figure online)

Table 1 Significant difference in static touch between the right and left hands for each roughness and frequency band

Ban ace Rough Semi-Rough Smooth
Delta “ Significant difference “
Alpha Significant difference “ x
Beta “ Significant difference | Significant difference
Discussion

Tactile sensing is one of the vital senses in the human body
and is necessary to interact with the surrounding environ-
ment. Associating with the tactile sensation, roughness

@ Springer

detection and perception facilities the texture recognition.
In this study, we investigated the variation in the pattern of
functional connectivity in the brain, when a subject touches
surfaces with different levels of roughness. This research
was carried out to investigate the variations in connectivity
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Fig. 8 Significant differences of the PLI values in static touch
between the right and left hands. Box A Significant differences in
delta band connectivity between LH-SRS and RH-SRS: The red line
indicates that the connection for the RH-SRS is stronger than the LH-
SRS. Box B Significant differences in alpha band connectivity
between LH-RS and RH-RS: The red lines indicate that the
connections for the RH-RS are stronger than the LH-RS.

Box C Significant differences in beta band connectivity between
LH-SRS and RH-SRS: The red line indicates that the connection for
the RH-SRS is stronger than the LH-SRS. Box D Significant
differences in beta band connectivity between LH-SS and RH-SS:
The blue line indicates that the connection for the LH-SS is stronger
than the RH-SS. SS: smooth surface, SRS: semi-rough surface, RS:
rough surface, RH: right hand, LH: left hand. (Color figure online)

Table 2 Significant difference in dynamic touch between the right and left hands for each roughness and frequency band

Ban Rough Semi-Rough Smooth
Delta Significant difference ® ®
Theta “ Significant difference “
Alpha ® Significant difference ®

patterns from two points of view: first, the variation in
functional connectivity according to tactile stimulation by
the dominant and non-dominant hands, and second, the
variation in functional connectivity according to experi-
encing various roughness levels for both hands in static and
dynamic touch. In static touch, for the left (non-dominant)

hand, we observed a significant connection in alpha band
and three significant connections in beta band for both
rough versus semi-rough surfaces and semi-rough vs.
smooth surfaces. In dynamic touch, for the right (domi-
nant) hand, ten significant connections in alpha band and
three significant connections in beta band were observed.
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Fig. 9 Significant differences of the PLI values in dynamic touch
between the right and left hands. Box A Significant differences in
delta band connectivity between LH-RS and RH-RS: The blue line
indicates that the connection for the LH-RS is stronger than the RH-
RS. Box B Significant differences in theta band connectivity between
LH-SRS and RH-SRS: The red line indicates that the connection for
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Fig. 10 Connectivity pattern in theta band using the PLI estimator for
SRS showing the common connection between all subjects for left
hand in static touch. (SRS: semi-rough surface)
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the RH-SRS is stronger than the LH-SRS. Box C Significant
differences in alpha band connectivity between LH-SRS and RH-
SRS: The red line indicates that the connection for the RH-SRS is
stronger than the LH-SRS. SS: smooth surface, SRS: semi-rough
surface, RS: rough surface, RH: right hand, LH: left hand. (Color
figure online)

Since we observed a significant difference in functional
connectivity for static touch only in left hand, the non-
dominant hand is probably more sensitive to the roughness
levels than the dominant hand in this situation. Further-
more, the right hand showed significant differences in
functional connectivity for dynamic touch, hence, the
dominant hand is probably more sensitive to the levels of
roughness than the non-dominant hand in this case. How-
ever, we observed strong connections in all four frequency
bands and for all three surface roughness levels. Never-
theless, the significant connections for static touch in delta
and beta bands for a semi-rough surface and also in alpha
band for a rough surface are stronger for the right hand
compared to the left hand. Only a significant connection in
beta band was observed for a smooth surface, for which the
connection for the left hand was stronger than the right
hand. In dynamic touch the significant connections in delta
band for a rough surface, for which the connection for the
left hand was stronger than the right hand. Moreover, in
theta and alpha bands for a semi-rough surface was
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Table 3 Common connections in static touch between the right and left hands for each of the roughness levels under the study

Surface
Frequency band

Rough Semi-rough

Smooth

Delta band No common connection No common connection
Theta band No common connection No common connection
Alpha band T8 & C4 F7 & P3-F4 & Fpl

Beta band No common connection No common connection

No common connection

No common connection

FP1 & AF3-AF4 &F3-F7 & PO3-AF3 & F3-F7 & P8-FP2 & AF3
Fp2 & FC5

Table 4 Common connections in dynamic touch between the right and left hands for each of the roughness levels under the study

Surface Rough Semi-rough Smooth

Frequency

band

Delta band No common connection No common connection F7 & CP5-F8 & T7

Theta band Fpl & FC2-F3 & CP2-FC6 AFZ & T7-AF3 & T7-F7 & P4-F3 & AFZ & T7-AFZ & P4-AFZ &O1-Fpl & T7-Fp2 &
& T7-C3 & CP1-C3 & P3-FC6 & T8-T7 & P8-CP1 & P8-P7 FZ-AF3 & P4-F3 & T7-FC1 & O1-T7 & P4-CP6
CP2-FC6 & P8 & P4-P3 & PO3 & O1-PO4 & O1

Alpha No common connection No common connection CZ & 02

band
Beta band No common connection No common connection No common connection

stronger for the right hand compared to the left hand.
Moreover, there are common connections between the left
and right hands for static touch in alpha band for all three
roughness levels and in beta band for the smooth surface
and also for dynamic touch in delta band for smooth sur-
face, in theta band for all roughness levels and in alpha
band for the smooth surface. Furthermore, the common
connections in alpha band for static touch between the two
hands decrease by increasing the level of roughness. Also,
the common connections in theta band for dynamic touch
between the two hands decrease by increasing the level of
roughness.

A previous study (Baghdadi et al. 2021) demonstrated
that EEG nonlinear characteristics were affected by the
alteration of surface roughness and the effects were dif-
ferent between touching by the left or the right hand.
Previous research (Ballesteros et al. 2009) related the
observed subject’s ability to recognize the fine and coarse
surfaces, where a coarse surface is easier to discriminate
and may evoke an earlier response. Most of the connections
in association with the smooth surface are in the frontal and
prefrontal regions, where the observed activation could be
a result of some level of cognitive-based processing
(Genna et al. 2018). A previous work (Genna et al. 2018)
demonstrated that event-related desynchronization in alpha
band («ERD) undergoes a decreasing trend in both con-
tralateral and ipsilateral hemispheres by increasing the
stimulus roughness. It has also been mentioned in previous

studies that beta oscillation is associated with attentional
and cognitive processes in the brain (Park et al. 2019).
Tactile beta oscillations have been proposed to be involved
in functional processes within somatosensory cortical
areas, in connecting somatosensory regions to parietal and
frontal brain regions, and differentiating pleasant from
unpleasant touch (Michail et al. 2016). Eldeeb et al. 2020
revealed that spectral EEG features, the total power in the
mu (8-15 Hz) and in the beta (16-30 Hz), provide higher
accuracy in discriminating textures with different rough-
ness. Furthermore, significant differences in the PSD were
observed in beta oscillation in the middle frontal and
parietal areas, as well as bilateral parietal areas (Park et al.
2019). The alpha band is activated when a person adapts
attention and awareness to distinguish the levels of
roughness (Michail et al. 2016). It was also shown in Park
and Eid (2018) that in the tactile stimulation mode, the beta
power continuously increases and becomes larger than the
baseline after about half a second.

Analyzing tactile sensory systems has quite wide
applications including the development of electronic skin
(Park et al. 2016), BCI systems (Yao et al. 2017), brain
stimulation techniques to induce tactile sensing (Collins
et al. 2017), and promoting the level of tactile sensitivity
(Li et al. 2020). In the present study, we investigated the
changes in characteristics of the brain’s sensory network
when subjects touch surfaces of varying roughness. To gain
a better understanding of how the tactile sensory system
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works during roughness perception, we calculated the
functional connectivity between different brain regions.
The results indicate significant differences in static and
dynamic touch between rough and semi-rough surfaces, as
well as between semi-rough and smooth surfaces. Con-
sidering these results, a semi-rough surface may be more
suitable for employment in BCI systems. In a previous
study (Mao et al. 2021) the linen-stim paradigm resulted in
a significant increase in event-related potentials (ERP)
compared with the silk-stim paradigm. According to Han
et al. (2022), we would make BCIs more flexible with
optimizing closed-loop biofeedback systems for internal
state detection. Previous studies mainly focused on the
appearance and analysis of different brain waves and
event-related potentials.

We also observed connections ending up in temporal
regions: For the left hand in static and dynamic touch, a
functional connection was involved between temporal and
other brain regions manifested for the rough surface in
delta, theta, and alpha bands, for the semi-rough surface in
delta and alpha bands, and for the smooth surface in theta,
alpha and beta bands. For the right hand in static and
dynamic touch, there was also a functional connection
between temporal and other regions for the rough surface
in theta, alpha and beta bands, for the semi-rough surface in
delta band, and for the smooth surface in theta and alpha
bands. Supported by the previous literature, the vibrotactile
stimuli can consistently activate the superior temporal
gyrus together with the secondary somatosensory cortex
(Kim et al. 2015).

This study has some limitations in terms of data
acquisition and preprocessing, which require further
investigation in the future. A larger sample size and a broad
age range are needed to validate the results of current
study. Furthermore, the independent component analysis
can be performed using EEG automated pre-processing
with automatic inspection and rejection of components
using either ADJUST and MARA with SASICA or ICLa-
bel (Rodrigues et al. 2021). As discussed in Geller et al.
(2014), eye closure can increase the alpha wave. A previ-
ous study (Barry et al. 2007) demonstrated that the EEG
measures obtained under eyes-closed and eyes-open con-
ditions differ in topography and power levels. In this study,
the participants were instructed to close their eyes, so they
cannot perceive the roughness of the rotating plate with
their visual feedback and a pure tactile perception can be
achieved. In the article (Defina et al. 2021), a multivariate
and neurodynamic approach has been employed in analysis
of EEG modulations induced by touch to highlight differ-
ences between patients and healthy controls. It should be
noted that in Defina et al. (2021), participants were
instructed to close their eyes during the experiment.

@ Springer

Conclusion

In this study, we have investigated the effect of touching
three surfaces with different levels of roughness in three
situations (baseline, static and dynamic touch) on brain
functional connectivity. It has been concluded that the level
of roughness affects brain connections. The results have
also manifested the functional connectivity in the ipsilat-
eral side of the brain in addition to the contralateral side,
and also active connections between the two hemispheres
for both hands. Moreover, several strong connections
between the two hemispheres were observed. In the end,
the functional connectivity involved in differentiating
between surfaces in static touch was illustrated only for the
left hand and in dynamic touch for the right hand (domi-
nant) in alpha and beta bands. The process explained in this
research may open a new window for roughness perception
quantification which can be utilized for assessing the
effectiveness of the BCI systems in future works.
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