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Introduction

The human sense of touch has been a subject of scientific 
inquiry for over a century, with foundational work by David 
Katz in the early 20th century laying the groundwork for our 
understanding of texture perception through touch. Katz’s 
seminal work, “The World of Touch,” (1989) first published 
in 1925 (Katz 1925), highlighted the unique ability of the 
tactile system to perceive surface textures, differentiating 
between smoothness, roughness, and other tactile qualities. 
This historical perspective provides essential context for 
contemporary studies, which have significantly advanced 
our understanding of how the skin, particularly the fin-
gertips, interacts with various surfaces to decode texture, 
shape, and material.

Tactile perception is a broad field and the psychotribol-
ogy (Skedung et al. 2018a) of active dynamic touch treated 
in this work is only one aspect. Thus we exclude passive 
touch (Ackerley et al. 2012), affective touch (McGlone et 
al. 2014; Olausson et al. 2002), kinaesthetic /propriocep-
tive aspects (Collier and Lawson 2016) of touch 3D spatial 
perception (Bergmann Tiest et al. 2012) (and the so called 

Communicated by Bill J Yates.

	
 Håkan Fischer
hakan.fischer@psychology.su.se

1	 Department of Psychology, Stockholm University, 
Albanovägen 12, Stockholm 114 19, Sweden

2	 Stockholm University Brain Imaging Centre (SUBIC), 
Stockholm, Sweden

3	 Aging Research Center, Karolinska Institutet, Stockholm, 
Sweden

4	 Unit Perception & Design, Division Bioeconomy & Health, 
RISE Research Institutes of Sweden, Stockholm, Sweden

5	 Department of Chemistry, KTH Royal Technical Institute, 
Stockholm, Sweden

6	 Department of Clinical Neuroscience, Karolinska Institutet, 
Stockholm, Sweden

7	 Division of Society & Health, Department of Health, 
Medicine and Caring Sciences, Linköping University, 
Linköping, Sweden

Abstract
This study investigates the neural and behavioral mechanisms of tactile perceptual discrimination using fMRI and a set of 
wrinkled surface stimuli with varying textures. Fifteen female participants were tasked with distinguishing between dif-
ferent surfaces by touch alone. Behavioral results demonstrated variable discriminability across conditions, reflecting the 
tactile sensitivity of human fingertips. Neural analysis showed varied brain activations tied to the task’s difficulty. In the 
easiest least fine-grained discrimination condition, widespread activations were observed across sensory and integration 
regions. As task difficulty increased, stronger parietal and frontal lobe involvement reflected higher cognitive demands. 
In the hardest most fine-grained discrimination condition, activation concentrated in the right frontal lobe, indicating reli-
ance on executive functions. These results highlight the brain’s intricate role in processing sensory information during 
tactile discrimination tasks of varying difficulty. As task difficulty increases, the brain adapts by engaging additional neural 
resources to meet higher cognitive demands. This research advances our understanding of the psychophysical and neural 
bases of tactile discrimination acuity, with practical implications for designing materials that enhance tactile feedback.
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intra-active touch– where an object is moved over the body 
(Bolanowski et al. 1999). Touch is not merely a passive 
experience but involves an active and sophisticated decod-
ing process. When our fingers encounter an object dynami-
cally, they engage in a complex orchestration of mechanical 
interactions. These depend on the surface topography and 
other properties, which include frictional forces, and vibra-
tions, which the skin’s mechanoreceptors translate into a rich 
array of tactile sensations (Skedung et al. 2013). Contem-
porary research has demonstrated that the human fingertip 
exhibits extraordinary tactile acuity, capable of discerning 
minute differences in surface properties, a sensitivity that 
has been corroborated in various psychophysical and neuro-
physiological studies (Carpenter et al. 2018; Gueorguiev et 
al. 2016; Kuroki et al. 2017; Skedung et al. 2018b).

This intricate relationship between surface properties and 
tactile perception is crucial for understanding how humans 
navigate their environment. Investigations into the neural 
mechanisms of tactile discrimination have revealed that 
four primary mechanoreceptors in the glabrous skin of the 
hand—Meissner corpuscles, Merkel discs, Ruffini endings, 
and Pacinian corpuscles—play distinct roles in transducing 
different tactile stimuli, the roles of which are described in 
detail elsewhere. Briefly Meissner and Pacinian corpuscles 
are both fast adapting receptors sensitive to vibrations of 
different frequencies, the latter is also sensitive to pressure. 
Ruffini endings and Merkel discs are slow adapting recep-
tors implicated in skin stretching and deformation. These 
mechanoreceptors (Johnson 2001; Fleming and Luo 2013) 
generate action potentials that are processed by the central 
nervous system, forming the basis of tactile perception. 
Recent evidence suggests that there may be a hierarchy 
in the deployment of mechanoreceptors for tactile acuity, 
with vibrotactile pathways playing a primary role, while 
slowly adapting (SA) receptors contribute by encoding spa-
tial properties of stimuli, which can support performance 
in tasks with increasing complexity (Skedung et al. 2018b). 
Recent advancements in brain imaging, particularly func-
tional magnetic resonance imaging (fMRI), have offered 
significant insights into how the brain decodes these tac-
tile signals, revealing that the somatosensory cortex (S1) is 
highly involved in texture discrimination (Lederman et al. 
2001; Simões-Franklin et al. 2011; Henderson et al. 2023).

Building on this foundation, modern research has 
focused on identifying the specific neural circuits involved 
in texture perception. For example, different populations of 
neurons within S1 are activated by distinct features of tac-
tile stimuli, such as roughness or fine patterns, suggesting a 
highly organized tactile map in the brain. Furthermore, the 
secondary somatosensory cortex (S2) has been implicated 
in integrating tactile information with other sensory modali-
ties, facilitating a more comprehensive perception of texture 

(Harris et al. 2001; Hua-Chun et al. 2016). These findings 
underscore that texture discrimination is not purely tactile 
but also involves complex neural processing and multisen-
sory integration, allowing for nuanced interpretations of tac-
tile experiences.

The present study builds upon this rich history by 
employing an active touch paradigm, where participants 
actively explore surfaces, as this better reflects real-world 
tactile interactions. Active touch, which engages both the 
sensory and motor systems, has been shown to elicit greater 
activation in contralateral S1 regions compared to pas-
sive touch, highlighting the importance of active explo-
ration in tactile perception (Simões-Franklin et al. 2011). 
This approach offers a more ecologically valid means of 
investigating the behavioral and neural correlates of tactile 
discrimination which is the aim of this functional-magnetic- 
resonance-imaging (fMRI) study. The aim of the current 
parametrically designed study is to investigate how the brain 
processes increasing levels of difficulty in tactile percep-
tual decisions. Task difficulty likely reflects a combination 
of factors, including how stimuli are encoded by different 
mechanoreceptors, the variability in self-generated explor-
atory movements (which can vary both within and between 
trials, as well as across different surfaces), and the cogni-
tive demands associated with comparing surface structures, 
particularly in terms of working memory and attentional 
resource allocation. These factors may interact in complex 
ways, influencing both behavioral performance and neural 
activation patterns. We hypothesize that finer (i.e., more 
complex and difficult) discriminations, compared to less 
fine-grained and easier discriminations, are associated with 
changes in both perceptual and cognitive processes, reflect-
ing differences in their neural underpinnings.

Methods

The study was conducted in compliance with the Declara-
tion of Helsinki (2013) and personal data was handled in 
compliance with the General Data Protection Regulation 
(EU) 2016/679 (GDPR). All participants provided written 
informed consent before participation. Ethical approval 
was obtained from the Swedish Research Ethics Authority, 
application number 2019–04584.

Participants

Fifteen right-handed (self-reported) female participants 
(mean age = 23.33 years; SD = 3.18 years) were recruited 
through advertising on an online research recruitment plat-
form. Participants were compensated with a gift voucher 
worth 500 SEK.

1 3

84  Page 2 of 9



Experimental Brain Research (2025) 243:84

Stimuli and apparatus

A subset of the wrinkled surface stimuli, also used in Ske-
dung et al. (2013) and Arvidsson et al. (2017), were used 
as stimuli: three surfaces with regular, uniform, sinusoidal 
patterns of wavelengths 20  μm (S20), 60  μm (S60), and 
100 μm (S100), as well as a smooth untextured surface (S0). 
These surfaces created using the principle of surface wrin-
kling where the fabrication method has been described else-
where (e.g. Skedung et al. 2013). In short, a cured PDMS 
substrate (polydimethoxysiloxane, Sylgard 184 Dow Corn-
ing, USA) is mounted on a strain stage, stretched, and in the 
stretched state it is being exposed to ultraviolet ozone irra-
diation. This generates a stiffer film on the top surface, and 
when the strain is released a surface wrinkles spontaneously 
form perpendicular to the direction of the strain as a result 
of the mismatch in elastic modulus between the stiffer top 
layer and softer substrate. By varying the exposure time and 
compressive strains, wrinkles of specific wavelengths can 
be produced. The pattern from the PDMS substrate is then 
replicated into a durable, cleanable surface replica using a 
UC-curable adhesive (Norland Optical Adhesive 81, Nor-
land Products Inc., Cranbury, USA). Replicated untreated 
PDMS-specimens with no systematic sinusoidal texture is 
used to get the smooth untextured surface (S0) in the same 
durable material. The generated wavelengths were quanti-
fied using a stylus profilometer (DektakXT Profiler, Nano 
GmbH, Germany). Line scans of 1.1  mm as well as area 
images of 1 × 1 cm acquired from 250 lines obtained with a 
stylus (radius 2 μm) were obtained by moving the stylus tip 
across the wrinkles. The wavelength was obtained from the 
stylus analysis and the parameter PSm - the average peak 
spacing. The force of the stylus on the surface was set to 
3 mg. The same wavelengths are measured (within error) on 
surfaces that have been used in testing, confirming that the 
wrinkles are robust towards repeated touching. See supple-
mentary materials Fig. 2 for examples.

Procedure

Timed instructions, written in E-Prime™, were delivered to 
the experimenter via headphones and to the participant via a 
screen which was fully visible inside the scanner due to the 
strategic placement of a mirror over the eyes. A purpose-
built plastic table with adjustable height and tilt was placed 
over the participant’s waist. Participants rested the wrist of 
their dominant hand against the table with the fingers in the 
air until a visual cue appeared on a screen informing them 
to place their finger down and touch the surface. The experi-
menter who was in the scanner room with the participant, 
presenting the stimuli, received audial instructions (in head-
phones) about which surfaces to present. At the same time 

the visual instructions to either “touch” or “respond” were 
delivered to the participants. There were four pair types 
(S0-S100, S20-S100, S60-S100 and S100-S100) where the 
method of constant stimuli was employed, making S100 the 
comparator. The S100-S100 pair is the “no difference” task. 
The other three pair types are referred to as the “least dif-
ficult tactile discrimination task” or “Easiest” (S0-S100), 
the “medium difficult” or “Medium” (S20-S100), and the 
“most difficult task” or “Hardest” (S60-S100), based on the 
results of Skedung et al. (2020). See supplementary materi-
als Fig. 1 for an example of a design matrix from one of the 
first-level contrasts.

On a given trial, a surface was presented for 3 s, followed 
by a 3 s gap after which the second surface was presented 
also for 3 s. After another ~ 3 s gap, a length which was jit-
tered by 1, 1.5–2 s, participants were given 4 s to respond, 
using a button box which they held in their left hand, whether 
the surfaces felt the same (right button) or different (left 
button). There were four blocks of 32 experimental trials, 
with 8 presentations of each pair type in each block (total 
number of trials per participant = 128). The duration of each 
block was 9,5 min. Between blocks, participants were given 
a 2-minute rest. After two blocks, a T1 structural scan was 
performed (lasting 5 min 30 s), and then the final two blocks 
were completed. The comparator (S100) was presented first 
on half of the trials, and second in the other half. The total 
duration for this tactile task in the scanner was 55 min.

Behaviour data analysis

Our data analyses follow established methods for calculat-
ing d-prime values at the individual level, including crite-
ria for handling 100% and 0% hit or false alarm rates. The 
statistical modelling is based on these individual d-prime 
values.

Brain data acquisition

Participants were scanned at Stockholm University Brain 
Imaging Centre (SUBIC) in a 3T whole-body magnetic res-
onance imaging (MRI) scanner (Prisma; Siemens, Erlangen, 
Germany) with a 64-element phased-array head coil. To 
obtain functional images, we employed a multiband echo-
planar imaging (EPI) sequence that collected multiple slices 
simultaneously, reducing the repetition time (TR) per vol-
ume [14]. Specifically, the following parameters were used: 
gradient-echo EPI, TR = 1640ms, multiband factor = 2, echo 
time (TE) = 30 ms, flip angle = 70°, 54 axial slices of 2 mm 
thickness with a 25% slice gap, field-of-view = 192 × 192 
mm2, and in-plane resolution = 2.0 × 2.0 mm2. Further, 
T1-weighted high-resolution anatomical images were 
acquired for each participant using magnetization-prepared 
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second surface and continue until the response. For each 
run, the model also included four variables to account for 
the first surface touch (S0, S20, S60, or S100), with a fixed 
duration of 3  s, and an additional variable to model the 
response period for all trials, starting from the presentation 
of the response cue up to the key response. Finally, six rigid-
body realignment parameters were included to account for 
potential motion effects.

The GLM was fitted using SPM12, incorporating a 
canonical hemodynamic response function and a 180-sec-
ond high-pass filter. Three contrasts were calculated at the 
first level, including pairwise comparisons between the 
four main trial conditions (e.g., S0-S100 vs. S100-S100, 
S20-S100 vs. S100-S100, S60-S100 vs. S100-S100). These 
contrast images per subject were then used for the group 
analysis.

At the second level, a one-sample t-test was conducted to 
identify significant activations for each contrast. The results 
are reported at the cluster level, using an initial threshold 
of p < 0.001, with a family-wise error (FWE) correction 
applied, and significance set at p < 0.05.

Results

Tactile acuity

The mean hit rates (p[“different”| Different]) for the easi-
est (S0-S100), medium difficulty (S20-S100), and hardest 
(S60-S100) conditions and values for each participant are 
shown in Fig.  1, alongside the mean and individual false 
alarm rates (p[“different”| Same]).

Based on these hits and false alarms, the sensitivity 
parameter d’ was estimated for each participant in each con-
dition, using the psyphy::dprime.SD in R (version 4.1.1). 
For the calculation of d’, hit rates and false alarms of 1 or 
0 were replaced with [1 − (2N)−1] and [2N]−1 respectively, 
where N is the number of trials that surface pair were pre-
sented. The data were analysed using a multilevel normal 
regression model accounting for data nesting across par-
ticipants, since a within-participants design was used. The 
model was estimated with Bayesian inference (Bendtsen 
2018; McElreath 2018) using Hamiltonian Monte Carlo 
(rethinking::ulam in R; normal priors for all coefficients, 
µ = 1; σ = 2; exponential priors for errors). Figure 2 shows 
the posterior distributions. Posterior means were used as 
an estimate for the most probable d’ value obtained in that 
condition, and the probability of detecting d’ values greater 
than 1, 2, and 4 were also calculated, see Table 1. It can be 
seen that discriminability is reliably higher and that there is 
a markedly greater probability of observing higher d’ val-
ues for S0-S100 than in the other two conditions. Indeed, 

rapid acquisition gradient echo (MP-RAGE) sequences 
(TR = 2300 ms, TE = 2.98 ms, flip angle = 9°, and voxel 
size = 1 × 1 × 1 mm3).

Functional images were preprocessed and analyzed using 
a General Linear Model analysis approach and the Statistical 
Parametric Mapping software (SPM12, ​h​t​t​p​​:​/​/​​w​w​w​.​​f​i​​l​.​i​​o​n​.​u​​
c​l​.​​a​c​.​​u​k​/​s​p​m​/). The functional images were first realigned 
and then a slice timing correction was applied. Then the 
fMRI images were co-registered to structural T1-weighted 
images which were segmented into gray matter, white mat-
ter, and cerebrospinal fluid using the improved unified seg-
mentation algorithm that employs an extended set of tissue 
probability maps (Ashburner and Friston 2005). Finally, the 
data were spatially normalized to the Montreal Neurologi-
cal Institute (MNI) space with a 2 mm isotropic voxel size 
using the deformation fields derived from the segmentation 
of the T1-weighted images and smoothed with a 6 mm full-
width-half-maximum (FWHM) isotropic Gaussian kernel.

Brain data analysis

We included data from all four runs in a general linear 
model (GLM) for each subject, except for one subject who 
had only three runs. Initially, we modeled seven different 
trial types separately (S0 - S100; S100 - S0; S20 - S100; 
S100 - S20; S60 - S100; S100 - S60; S100 - S100) for each 
run to investigate potential order effects. However, since no 
significant order effects were found, we proceeded with a 
final model focusing on the four main trial conditions (see 
below).

In the final model, we defined four variables to repre-
sent the decision period for the four main trial conditions 
(S0– S100, S20– S100, S60– S100, and S100– S100), irre-
spective of the order in which the surfaces were presented. 
The decision period was assumed to start upon touching the 

Fig. 1  Tactile discrimination performance mean and individual hit rates 
for S0-S100, S20-S100, and S60-S100 conditions, as well as mean and 
individual false alarm rates for the S100-S100 condition. Good perfor-
mance is indicated by high hit rates and low false alarm rates
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complementary repeated measures ANOVA showed that d’ 
differed significantly across the conditions, F(2, 30) = 61.96, 
p < 0.001, ηp

2 = 0.81. Bonferroni-adjusted pairwise com-
parisons showed that d’ was significantly higher for the 
S0-S100 condition than either of the other conditions, but 
no significant difference was detected between the S20-
S100 and S60-S100 conditions.

fMRI data

The results of the General Linear Model (GLM) analysis 
on the brain imaging data indicate that signal location and 
strength do indeed differ depending on the pairwise com-
parison being made, see Table 2; Fig.  3. For the “S0-100 
vs. S100-S100” contrast (the easiest condition) there were 
significant activation clusters in the left and right parietal 
lobe (postcentral, supramarginal, inferior parietal), insular 
cortex, the temporal lobe (inferior temporal) and the frontal 
lobe (superior frontal). For the “S20-100 vs. S100-S100” 
contrast (the medium difficult condition) there were sig-
nificant activation clusters in the left parietal lobe (inferior 
parietal, supramarginal, postcentral), right parietal lobe 
(supramarginal, postcentral), the right frontal lobe (middle 
frontal, inferior frontal gyrus, triangularis) and the left fron-
tal lobe (middle frontal, inferior frontal gyrus, triangularis). 
For the “S60-100 vs. S100-100” contrast (the most difficult 
condition), there were activation clusters in the right fron-
tal lobe (middle frontal, inferior frontal, precentral, superior 
medial). Thus, as task difficulty increases, activation shifts 

Table 1  The most probable value of d’ (mean of posterior distribu-
tion) for each condition according to bayesian inference and their 95% 
compatibility intervals (CoIs), as well as the posterior probability of 
obtaining d’ values above 1, 2, and 4 in each condition

Mean of poste-
rior distribution 
(95% CoI)

Posterior 
probabil-
ity of d’ 
> 1

Posterior 
probabil-
ity of d’ 
> 2

Posterior 
prob-
ability of 
d’ > 4

Easiest 
(S0-S100)

3.45 (2.48; 4.43) > 0.99 > 0.99 0.14

Medium 
(S20-S100)

0.78 
(-0.19¶– 1.79)

0.33 0.01 < 0.01

Hardest 
(S60-S100)

0.16 
(-0.81¶– 1.17)

0.05 < 0.01 < 0.01

Note: Negative values here imply that the false alarm rate would be 
higher than the hit rate, meaning that participants were performing 
very poorly in the task. In practice where this occurred in the present 
data (6 instances, out of 48 d’ values that were calculated) d’ = 0 was 
assigned

Table 2  Activated brain clusters in each tactile discrimination contrast from the general linear model analysis
Brain region Hemisphere Cluster size 

(voxels)
MNI coordi-
nates (peak 
voxel)

T-value Z-value

x y z
Easiest (S0-S100 vs. S100-S100)cluster size > 147
Postcentral, SupraMarginal, Parietal_Inf R 1138 48 -30 46 7.73 4.75
Postcentral, SupraMarginal, Parietal_Inf L 1650 -46 -44 64 7.13 4.56
Insula R 335 42 -4 0 5.82 4.08
Temporal_Inf L 159 -56 -54 -12 5.60 3.99
Precentral L 147 -42 -4 42 5.56 3.98
Sup_Motor_Area L 330 -6 -4 68 5.52 3.96
Frontal_Sup R 469 18 4 74 5.51 3.96
Frontal_Sup L 241 -24 12 62 4.98 3.72
Medium (S20-S100 vs. S100-S100)cluster size > 104
Parietal_Inf, SupraMarginal, Postcentral L 996 -40 -42 48 9.65 5.26
SupraMarginal, Postcentral R 609 56 -28 44 7.27 4.61
Frontal_Mid, Frontal_Inf_Tri R 268 48 40 20 6.79 4.45
Frontal_Mid, Frontal_Inf_Tri L 104 -48 32 24 5.23 3.83
Hardest (S60-S100 vs. S10100)cluster size > 236
Frontal_Mid, Frontal_Inf_Tri, Precentral R 543 50 34 20 6.98 4.51
Frontal_Sup_Mid R 236 8 34 42 5.81 4.08
Note: (p < 0.001 uncorrected) Hemisphere (R = right, L = left), T indicates peak t-values, Z indicates peak z-values, Sup = superior gyrus, 
Inf = inferior gyrus, Mid = middle gyrus, Tri = triangular part

Fig. 2  Posterior distributions of d’ for each tactile condition
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In the least difficult condition (S0-100 vs. S100-S100) 
significant activations were observed bilaterally in the 
parietal lobes, insular cortex, temporal lobes, and frontal 
lobes. This widespread activation suggests that even easy 
tactile tasks engage multiple brain regions for basic sen-
sory processing and integration (Yeon et al. 2017). As the 
task difficulty increases, the activation pattern shifts. The 
medium difficult condition (S20-100 vs. S100-S100) shows 
significant activations in both left and right parietal lobes, 
as well as bilateral frontal lobe involvement. This pattern 
indicates increased engagement of higher-order cognitive 
processes as the discrimination task becomes more chal-
lenging (Andres et al. 2012), such as differing demands on 
working memory or attentional resource allocation, factors 
that future studies should be designed to investigate. In the 
hardest condition (S60-100 vs. S100-100), activation clus-
ters are predominantly observed in the right frontal lobe. 
This shift towards frontal dominance, especially in the right 
hemisphere, suggests a greater reliance on executive func-
tions and higher-order cognitive processes for solving more 
difficult tactile discrimination tasks (Yeon et al. 2017; Tang 
et al. 2022).

The observed progression from bilateral parietal activa-
tion to right frontal dominance as task difficulty increases 
aligns with current understanding of tactile perception and 
cognitive processing. The parietal lobes, particularly the 
postcentral gyrus (primary somatosensory cortex), play a 
crucial role in initial tactile information processing (Tang 
et al. 2022). Their bilateral activation in easier tasks reflects 

the findings reveal a dynamic shift in brain activation pat-
terns, from bilateral parietal regions in the easiest discrimi-
nation task to predominantly frontal activation, particularly 
in the right hemisphere, as the difficulty of tactile perceptual 
discrimination tasks increases.

Discussion

The primary objective of our study was to map the neu-
ral circuits involved in a tactile perceptual discrimination 
task, where participants distinguished surfaces with vary-
ing topographical and frictional properties across increas-
ing levels of difficulty. By using fMRI, we aimed to capture 
the cerebral activations associated with these tactile judg-
ments. Our findings, which corroborate previous behavioral 
tactile research (Skedung et al. 2018b), reveal differential 
brain activation patterns contingent on the difficulty of 
the discrimination task. Thus, as task difficulty increases, 
there is a dynamic shift in brain activation patterns—from 
bilateral parietal regions during the easiest discrimination 
tasks to predominantly frontal activation, particularly in the 
right hemisphere, as the difficulty of tactile perceptual dis-
crimination tasks increases. This progression demonstrates 
the intricate neural processes involved in processing tactile 
information of varying difficulty levels. Following sections 
delves into the implications of these findings and proposes 
avenues for forthcoming inquiries.

Fig. 3  Brain activation for three tactile perceptual discrimination con-
trasts from the least to the most fine-grained discrimination: Easiest (to 
the left), Medium (in the middle), Hardest (to the right). Note: For each 
respective contrast, the top images show the brain from an anterior 

view (left panel) and a posterior view (right panel), the middle images 
display lateral views of the right side (left panel) and left side (right 
panel), and the bottom images illustrate ventral (left panel) and dorsal 
(right panel) views of the brain
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tactile discrimination abilities by enhancing attention, 
engagement, or motivation. In addition, the interpersonal 
interaction might have activated social and emotional 
cognitive processes that could shape tactile perception in 
ways that a purely mechanical setup would not. Future 
research could delve deeper into the potential social and 
psychological effects of human-mediated tactile pre-
sentation to better understand its impact on tactile pro-
cessing. Future studies should also aim to address other 
limitations, such as expanding the participant pool to 
ensure broader generalizability and increased statistical 
power. Including older adults will be particularly crucial 
to determine whether and how the findings apply across 
the human lifespan, as aging has been shown to signifi-
cantly affect tactile perception (Skedung et al. 2018b). 
Given that only women were included in the present 
study, and that previous research has shown that men 
and women can differ in their tactile sensation (Sadato 
et al. 2000; Peters et al. 2009), this represents another 
factor that limits the generalizability of our findings. 
Additionally, investigating other types of tactile stimu-
lus discrimination, such as stickiness or texture, will help 
clarify whether the observed patterns are generalizable to 
all tactile stimuli or specific to roughness discrimination.

To deepen our understanding of tactile perception dis-
crimination and its neural mechanisms, future research 
should consider adopting single-subject methodologies 
(Fischer et al. 2023) alongside group-based approaches. 
Further exploration of the interplay between cognitive, 
sensory, and motor mechanisms in tactile perception using 
single-subject approaches could provide deeper insights 
into the complexities of tactile information processing in 
the human brain.

In conclusion, this study’s findings shed light on the 
diverse neural mechanisms underpinning tactile percep-
tual discrimination, emphasizing the complexity of tactile 
decision-making. These results contribute to understand-
ing and addressing the decline in tactile acuity, partic-
ularly in the elderly and in individuals suffering from 
long COVID, where 60% of long-term COVID patients 
exhibit reduced tactile ability (Graham et al. 2021). It is 
also well-documented that tactile discrimination ability 
declines with age (Skedung et al. 2018b), making this an 
important area for further exploration. The methodology 
and findings from this study have broader implications, 
particularly for developing strategies related to “tactile 
communication”, such as safety applications, assisting 
the visually impaired, and even marketing.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​2​1​-​0​
2​5​-​0​7​0​3​4​-​7.

basic sensory processing and integration. As task difficulty 
increases, there’s greater involvement of frontal regions, par-
ticularly the middle and inferior frontal gyri. This suggests 
increased engagement of working memory, attention, and 
decision-making processes necessary for more challenging 
discriminations (Andres et al. 2012). The shift towards right 
frontal dominance in the hardest condition may indicate 
specialized processing for difficult spatial and tactile tasks 
(Sadato et al. 2000). This aligns with the right hemisphere’s 
known role in spatial processing and attention (Shulman et 
al. 2010). The progression from parietal to frontal activation 
suggests a shift in processing demands, where simpler, less 
challenging sensory discriminations rely more on parietal 
regions associated with basic perceptual processing, while 
more complex, demanding discriminations engage frontal 
areas involved in higher-order cognitive functions such as 
decision-making, attention, and working memory (Yeon et 
al. 2017; Tang et al. 2022). This study provides valuable 
insights into the neural mechanisms underlying tactile per-
ceptual discrimination of varying difficulty, highlighting the 
brain’s adaptive capacity to engage different regions as task 
difficulty increase in line with research in other domains 
such as visual perception (Ide et al. 2016), working mem-
ory (Flegal et al. 2019) and cognitive control (Atiani et al. 
2009). These examples across various cognitive domains 
highlight a common principle: as task difficulty increases, 
the brain adapts by recruiting additional neural resources to 
meet the increased cognitive demands. This adaptive capac-
ity allows for flexible and efficient processing across a wide 
range of task complexities.

In interpreting our results, one important factor to con-
sider is the potential role of motor and sensory imagery dur-
ing the 4-second response period. Motor imagery and tactile 
discrimination play crucial roles in shaping neural activation 
patterns during complex sensorimotor tasks. Recent studies 
have highlighted the importance of considering these fac-
tors when interpreting brain activation data (e.g. Debarnot 
et el., 2021: Meugnot et al. 2015). This highlights the com-
plex interplay between motor imagery, tactile discrimina-
tion, and neural activation patterns. Future research should 
consider these factors when designing experiments and 
interpreting results in sensorimotor studies. Other important 
factors to consider are, for example, memory and attention, 
so future studies should also investigate these factors in the 
context of tactile discrimination and brain function.

The current study has some potential limitations. 
For example, the manual presentation of tactile stimuli 
may have introduced variability in factors such as dura-
tion and delivery angles. A more controlled, mechanical 
method of stimulus presentation could reduce such vari-
ability. However, the human-to-human nature of stimulus 
delivery may also have positively influenced participants’ 
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