
Tactile distance adaptation produces a coherent deformation of 
tactile space

Matthew R. Longo a,*, Francesca Frisco b, Elena Azañón c,d,e,f,g
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A B S T R A C T

Tactile distance illusions reveal systematic anisotropies in perceived spatial extent across the skin, such that distances oriented across the medio-lateral axis of the 
body are perceived as larger than those oriented along the proximo-distal axis. However, it remains unclear how these distortions are modified by the recent history 
of tactile stimulation. In the present study, participants judged the perceived distance between two touches on the dorsum of the hand across eight orientations, both 
before and after adaptation to a large tactile distance aligned with the medio-lateral axis. We applied the sinusoidal model of Fiori and Longo (2018) to characterise 
the geometric properties of tactile space and to quantify how they changed following adaptation. Adaptation produced a global reduction in perceived distance and a 
selective attenuation of anisotropy while preserving the orientation of maximal stretch. The aftereffects followed a sinusoidal tuning centred on the adapting 
orientation. Overall, our results indicate that somatosensory representations can adjust to recent stimulation without compromising their underlying spatial orga
nisation, consistent with modulation at the level of population-based representations in somatosensory cortex.

1. Introduction

Illusions of the perceived distances between two touches have pro
vided rich insight into spatial perception in the sense of touch (Longo, 
2022, 2025). In the tau effect, for example, three sequential touches 
occur at equal spatial intervals, but unequal temporal intervals. Despite 
identical separation, the pair of touches separated by a longer time in
terval is perceived as being farther apart. Helson (1930) interpreted this 
phenomenon as a psychological analogue of Einsteinian 4-dimensional 
space-time, in which spatial and temporal information are integrated 
rather than processed independently. Weber (1834) described a 
different illusion in which the perceived distance between two touches 
increased as the stimulus was moved from a region of low spatial 
sensitivity (e.g., the forearm) to a region of higher sensitivity (e.g., the 
palm). This effect, known as Weber's illusion, has been widely replicated 
in subsequent research (e.g., Anema et al., 2008; Cholewiak, 1999; 
Goudge, 1918; Miller et al., 2016; Taylor-Clarke et al., 2004) and in
dicates a general relationship between perceived tactile distance and 
spatial sensitivity.

Other research has described illusions analogous to Weber's illusion 
on single skin surfaces as a function of orientation. Such anisotropies of 
perceived tactile distance have been described on many parts of the 
body, including the hand dorsum (Longo, 2017; Longo and Golubova, 
2017; Longo and Haggard, 2011), the palm (Longo, 2020), the forearm 
(Chang and Longo, 2022; Green, 1982; Knight et al., 2014), upper arm 
(Chang and Longo, 2022), foot (Manser-Smith et al., 2021), shin (Stone 
et al., 2018), thigh (Green, 1982; Tosi and Romano, 2020), forehead 
(Fiori and Longo, 2018; Longo et al., 2015, 2020), cheek (Longo et al., 
2020), and tongue (Chalmers and Longo, 2025). While the magnitude of 
anisotropy varies across the body, in general, there is a strikingly 
consistent tendency for distances oriented across the width of the body 
to be perceived as larger than distances oriented along the length of the 
body.

Fiori and Longo (2018) developed a computational model of these 
tactile distance anisotropies based on the hypothesis that they reflect a 
geometrically simple deformation of tactile space. The model was based 
on the idea that if tactile distance anisotropy reflects a simple stretch of 
tactile space along a single axis, this should produce predictable effects 
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on perceived distance as a function of orientation. They showed that 
their three-parameter sinusoidal model provided a good fit to tactile 
distance judgments on multiple skin regions. They interpreted these 
results as evidence that tactile distance illusions reflect a simple and 
geometrically coherent stretch of tactile space.

Here, we extend this approach by examining whether tactile distance 
adaptation alters this geometric organisation of tactile space. Adapta
tion, in which prolonged exposure to one type of stimulus produces 
systematic alterations in the perception of subsequently presented 
stimuli, provides a particularly suitable method for this purpose, as it 
can reveal how recent sensory experience reshapes spatial representa
tions. Adaptation aftereffects in touch have been reported for several 
forms of spatial information in touch, including location (Day and 
Singer, 1964; Li et al., 2017), curvature (van der Horst et al., 2008a; van 
der Horst et al., 2008b), size (Frisco et al., 2023, 2025; Hidaka et al., 
2024; Maravita, 1997; Uccelli et al., 2019; Uznadze, 1966), orientation 
(Hidaka et al., 2022; Silver, 1969), and most relevant to the present 
context, perception of tactile distances (Calzolari et al., 2017; Hidaka 
et al., 2020; Tamè et al., 2026). Adaptation aftereffects thus appear to be 
widespread in spatial tactile perception.

In vision, adaptation aftereffects have been termed “the psycholo
gist's microelectrode” (Frisby and Stone, 2010, pg. 75) on account of the 
revealing window they provide into the neurocognitive mechanisms 
underlying perceptual function. The same may be true for understanding 
tactile distance perception. In their initial report of tactile distance af
tereffects, Calzolari and colleagues (2017) reported that the aftereffects 
are orientation specific. In an adaptation phase, tactile distances were 
repeatedly presented to each hand dorsum, a large (4 cm) distance to 
one hand and a small (2 cm) distance to the other. In a subsequent test 
phase, one tactile distance was applied to each hand and participants 
made two-alternative forced-choice (2AFC) judgments of which distance 
felt larger. The results showed a classic contrastive adaptation afteref
fect: at test, there was a strong bias for tactile distances to feel smaller on 
the hand that had been adapted to the large distance. Such aftereffects 
were present both when adapting and test stimuli were presented in the 
medio-lateral hand axis (Exp 1) and in the proximo-distal hand axis (Exp 
2). Critically, however, when the stimuli in the test phase were in a 
different orientation to those in the adaptation phase, the aftereffect 
disappeared. This orientation-specificity of adaptation mirrors results in 
visual adaptation aftereffects to size (Blakemore and Campbell, 1969; 
Blakemore and Sutton, 1969) and is consistent with adaptation being 
mediated by populations of neurons in early somatosensory cortices, 
which are known to show orientation-selective tuning functions (e.g., 
Bensmaia et al., 2008; Blakemore and Sutton, 1969; Fitzgerald et al., 
2006; Hsiao et al., 2002; Thakur et al., 2006). Converging evidence 
comes from a recent study examining cross-category adaptation be
tween tactile distance and texture (Jeschke et al., 2025). In this study, 
adaptation to a fixed tactile distance at the fingertips transferred to 
subsequently presented textures, such that textures with 
inter-indentation distances smaller than the adapting distance were 
perceived as less rough. Importantly, this transfer of aftereffects was 
observed only when the adapting distance and its orientation matched 
those of the test stimuli. No transfer was found when the adapting dis
tance was oriented orthogonally to the inter-indentation direction of the 
texture stimulus, or when adaptation consisted of a single dot.

Traditionally, adaptation aftereffects were interpreted in terms of 
fatigue of individual, stimulus-selective neurons in the sensory pathways 
(e.g., Barlow and Hill, 1963). More recent interpretations, in contrast, 
have emphasized that adaptation produces more complex and subtle 
effects than can be explained by simple fatigue, suggesting that adap
tation produces sophisticated adjustments to sensory representations to 
reflect the characteristics of recent experience (Solomon and Kohn, 
2014). An elegant example was provided by Benucci and colleagues 
(2013) who measured the response of populations of 
orientation-selective neurons in primary visual cortex (V1) of cats 
following adaptation to specific orientations. Changes were found not 

only in specific neurons with preferred-orientations similar to the 
adapting stimulus, but more systematic changes across the entire pop
ulation. Benucci and colleagues suggested that adaptation modulates 
population-level responses so as to maintain “population homeostasis” 
within the population.

Despite strong evidence that tactile distance adaptation is 
orientation-specific and likely originates in early somatosensory pro
cessing, it remains unknown how such adaptation alters the structure of 
tactile space as a whole. Prior studies have focused on a small number of 
orientations (i.e., across and along the axis of the hand or finger; i.e., 
0◦ vs 90◦), leaving open whether adaptation effects are confined to a 
specific axis or whether they produce systematic distortions across ori
entations. Moreover, no study has examined whether tactile distance 
adaptation interacts with the anisotropic geometry of tactile space 
described by the computational model of Fiori and Longo (2018).

In the present study, we addressed this gap by combining tactile 
distance adaptation with model-based analysis of tactile space. Partici
pants made verbal judgments of the perceived distance between pairs of 
touches applied to the dorsum of the left hand in eight different orien
tations, both before and after adaptation to a large tactile distance in the 
medio-lateral orientation. By fitting the sinusoidal model of Fiori and 
Longo (2018) to each condition, we quantified how adaptation in
fluences the global organization of tactile space. This approach allows us 
to determine whether adaptation produces a localized change confined 
to the adapted orientation or whether it induces a broader reorganiza
tion of tactile space that affects multiple orientations. If adaptation only 
affects the adapted axis, this would suggest a narrow, 
orientation-specific process. In contrast, if adaptation alters perceived 
distances across orientations, this would support the view that adapta
tion modulates population-level representations in somatosensory cor
tex, consistent with mechanisms that alter orientation tuning functions 
rather than a simple orientation-specific process.

2. Method

2.1. Participants

Twenty members of the Birkbeck community (11 women, 9 men), 
between 20 and 50 years of age (M: 26.3 years, SD: 7.6), participated for 
payment or course credit. All participants but two were right-handed as 
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) (M: 
73.3, SD: 50.5). Testing began on one additional participant, who 
withdrew after only a few trials, and so was excluded from analyses. 
Procedures were approved by School of Psychological Sciences Research 
Ethics Committee at Birkbeck.

We aimed to have sufficient power to assess anisotropy using the 
paradigm of Fiori and Longo (2018) and also to measure the effects of 
tactile distance adaptation aftereffects, and so selected a sample size of 
20 participants. This sample size was determined in advance of data 
collection and no interim analyses were conducted. Analyses were only 
performed after the full sample had been collected. In terms of tactile 
distance aftereffects, the effect size for the key t-test assessing afteref
fects in the study of Calzolari and colleagues (2017) was dz = 2.44 in 
Experiment 1 and dz = 1.59 in Experiment 2. A power analysis using the 
smaller of these estimates in G*Power 3.1 (Faul et al., 2007) with alpha 
of .05 and power of .95 indicated that 8 participants were needed. In 
terms of measuring anisotropy, the main one-sample t-test assessing 
anisotropy in Fiori and Longo (2018) was d = 1.74. A power analysis in 
G*Power with alpha of .05 and power of .95 indicated that 7 participants 
were needed. Thus, our sample size of 20 is sufficient from both of these 
perspectives.

2.2. Stimuli

A set of eight lines was marked on the dorsum of the participant's left 
hand using a plastic stencil to define the eight different orientations 
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(from 0◦ to 157.5◦). The 90◦ orientation was placed on the line con
necting the centre of the wrist to the knuckle (metacarpophalangeal 
joint) of the middle finger. The other orientations were spaced at in
tervals of 22.5◦, forming a compass rose, as shown in the left panel of 
Fig. 1. The lines indicating the different orientations intersected 
approximately in the centre of the hand dorsum. Participants were 
blindfolded during the experiment and were not allowed to see the lines 
drawn on their hand until the end of the experiment.

The stimuli were wooden cuticle sticks (Superdrug, London, UK) 
mounted in foamboard at different distances apart, as in many previous 
studies in our lab (e.g., Calzolari et al., 2017; Hidaka et al., 2020). The 
sticks tapered to a point around 1 mm in diameter. There were five 
distances: 20, 25, 30, 35, and 40 mm. The 40 mm stimulus was used only 
as an adapting stimulus, and the other stimuli were used as test stimuli. 
Stimuli were applied manually by an experimenter with moderate 
pressure for approximately 1 s on one of the lines. The experimenter 
practiced to try to maintain pressure as constant as possible across trials. 
Nevertheless, some trial-to-trial variability in pressure is inevitable with 
manual stimulation. Such variability, however, is unlikely to account for 
adaptation aftereffects, as it should not differ systematically across ori
entations or phases of the experiment. The exact location of stimuli on 
each line was jittered across trials to avoid repeated stimulation of the 
exact same skin locations. Participants were allowed to see the 30 mm 
stimulus at the start of the study to familiarize them with the nature of 
the stimuli, but were not shown the other stimuli and were not told how 
many stimuli there were.

2.3. Procedures

The task was identical to that used by Fiori and Longo (2018). Par
ticipants made unspeeded verbal judgments of the perceived distance 
between the two touched points by giving a number in cm. Participants 
were allowed to respond using inches if they were more comfortable 
with that unit, but all participants chose to respond using cm. They were 
encouraged to be as precise as possible, and to consider using decimal 
responses (e.g., “3.2 cm”, rather than just “3 cm”). Participants were 
allowed to give a response of “0 cm” if they felt only a single touch.

There were two experimental conditions, baseline and adaptation. 
The baseline condition was similar to Fiori and Longo (2018). On each 
trial, a single touch was applied, and the participant made a verbal 
response. In the adaptation condition, the test stimulus was preceded by 
a 4 cm adapting stimulus applied at the 0◦ orientation (i.e., a stimulus 

aligned with the medio-lateral hand axis). The adaptation procedures 
were similar to those used in our previous study (Calzolari et al., 2017). 
On the first adaptation trial of each block, 60 s of adaptation (consisting 
of about 60 touches) was applied, and an additional 10 s of “top up” 
adaptation was applied at the start of each subsequent trial. Adaptation 
consisted of repeated presentation of the 4 cm stimulus for approxi
mately 1 s at a time (including indentation and release) at different lo
cations along the 0◦ line. This means that stimulation was not 
systematically applied to the same skin locations, which should produce 
spatial summation across the range of skin locations stimulated 
(Gescheider et al., 2005; Reid et al., 2015).

There were two blocks of each condition, counterbalanced across 
participants in ABBA fashion, with the first condition (baseline or 
adaptation) counterbalanced across participants. Each block consisted 
of two repetitions of each of the four test stimuli (i.e., 20, 25, 30, and 35 
mm) at each of the eight orientations, in random order. There were thus 
128 trials of each condition, and 256 trials in total. Participants were 
allowed to take a short break between blocks to rest and to allow the 
effects of adaptation to dissipate.

2.4. Analysis

The analysis was similar to previous studies using this paradigm 
(Fiori and Longo, 2018; Mainka et al., 2021). The judgment on each trial 
was expressed as a proportion of actual size and the average was 
calculated for each orientation in each condition. While it was necessary 
to vary stimulus size across trials so that participants could not just give 
the same response on each trial, this was not a variable of theoretical 
interest in this study. The four stimulus sizes were therefore collapsed, 
consistent with previous studies using this paradigm (Fiori and Longo, 
2018; Mainka et al., 2021). We used a repeated-measures analysis of 
variance (ANOVA) to investigate the effects of orientation and condition 
(baseline, adaptation) with stimulus distance (i.e., 2, 2.5, 3, and 3.5 cm) 
also included as a factor for completeness. Where Mauchley's test indi
cated a violation of the sphericity assumption, the Greenhouse-Geisser 
correction was applied. Partial eta-squared (ηp

2) was used as a measure 
of effect size. To assess whether adaptation affected response variability, 
we compared the standard deviation of judgments between baseline and 
adaptation conditions across orientations using a paired t-test.

We next applied the computational model developed by Fiori and 
Longo (2018) to quantify how perceived tactile distance varies with 
stimulus orientation. The logic of this model is to think of stretch of 

Fig. 1. Left panel: The eight stimulus orientations used in the study. On each trial, a tactile distance was applied in one orientation and the participant judged how far 
apart the two touches were. Right panel: Responses were modelled as a sinusoidal function of stimulus orientation with three parameters: (1) the phase (blue) controls 
the orientation of the peak of the sinusoid, that is the axis of maximal stretch; (2) the stretch (red)controls the amplitude of the sinusoid, that is the magnitude of 
tactile distance anisotropy; and (3) the offset (green) controls the perceived size at the trough of the sinusoid.
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tactile space as being applied along a specific axis on the skin (controlled 
by a phase parameter). Each distance is decomposed into its components 
parallel to this axis of maximal stretch (i.e., the cosine component) and 
the orthogonal orientation (i.e., the sine component). Perceived distance 
can be estimated from these components using the Pythagorean theo
rem. The model thus applies a stretch parameter to the cosine compo
nent. Finally, an offset parameter was included to translate the entire 
curve up and down to reflect overall biases to overestimate or under
estimate perceived distances. Thus, the overall model is: 

Predicted distance= offset

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(stretch x cos(Θ − phase))2
+ sin(Θ − phase)2

√

The resulting model is a sinusoid, as shown in the right panel of 
Fig. 1. The stretch parameter controls the amplitude of the sinusoid, that 
is the amount by which judgments differ for stimuli in the orientation of 
maximal stretch and stimuli in the orthogonal orientation, as shown by 
the red line in the plot. The phase parameter controls the orientation of 
maximal stretch, that is the stimulus orientation aligned with the peak of 
the sinusoid, as shown by the blue line in the plot. Finally, the offset 
parameter indicates the perceived size at the trough of the sinusoid. That 
is, it translates the sinusoid up or down depending on overall levels of 
over- or under-estimation.

For each participant, we calculated best-fitting sinusoids for both the 
baseline and adaptation condition using the fminsearch function in 
MATLAB (Mathworks, Natick, MA) which uses the Nelder-Mead method 
to identify the set of parameters which minimized the sum of squared 
deviations between the modelled sinusoid and the actual data. In each 
case, we extracted the three parameters of the model and the R2 value, 
quantifying the proportion of variance in the data that is accounted for 
by the model.

To investigate the presence of tactile distance anisotropy in each 
condition, we calculated the ratio of the fitted values of the model as 
orientations of 0◦ (i.e., aligned with the medio-lateral hand axis) and 90◦

(i.e., aligned with the proximo-distal hand axis). A one-sample t-test was 
used to compare the mean ratio in each condition to a ratio of 1. A paired 
t-test was used to compare the magnitude of anisotropy in the two 
conditions. (Note that for this and other tests involving ratios, data were 
log-transformed for statistical tests and calculation of means. Mean 
values were converted back to a ratio for reporting.) As measures of 
effect size, we used Cohen's d for one-sample t-tests and Cohen's dz for 
paired t-tests.

Paired t-tests were used to compare the values of the stretch and 
offset parameters between the two conditions. Because the phase 
parameter is an angle, a different approach is required to analyse it. To 
assess whether the orientation of maximal stretch was consistent across 
participants, we conducted a Rayleigh test, which tests the null 

hypothesis that a set of angles are uniformly distributed around the 
circle (Batschelet, 1981) using the CircStat toolbox for MATLAB (Berens, 
2009). Separate Rayleigh tests were conducted for each condition. The 
effect of adaptation was assessed by using a one-sample test against 
0◦ on the mean angle on the angular difference between the adaptation 
and baseline conditions, to test whether adaptation produced a sys
tematic change in phase compared to baseline.

Raw data and analysis scripts are available on the Open Science 
Framework: https://osf.io/evyq2/.

3. Results

The results are shown in the left panel of Fig. 2. An ANOVA revealed 
a significant main effect of orientation, F(2.94, 55.77) = 10.83, p < .001, 
ηp

2 = .363, consistent with the presence of tactile distance anisotropy. 
There was also a significant main effect of condition, F(1, 19) = 45.06, p 
< .0001, ηp

2 = .703, indicating that adaptation modulated responses. 
Most importantly, there was a significant interaction of orientation and 
condition, F(7, 133) = 7.05, p < .001, ηp

2 = .271, indicating that the 
effect of adaptation differed systematically as a function of orientation. 
There were also significant effects involving stimulus distance, including 
a main effect of distance, F(1.14, 21.69) = 6.43, p < .001, ηp

2 = .253; an 
interaction between distance and condition, F(1.72, 32.66) = 9.70, p <
.0001, ηp

2 = .338; an interaction between distance and orientation, F(21, 
399) = 1.96, p < .01, ηp

2 = .094; and a three-way interaction, F(21, 399) 
= 1.82, p < .02, ηp

2 = .087. The inclusion of distance was exploratory and 
not part of our a priori planned analyses. We will therefore focus on our 
planned analyses of the condition by adaptation interaction before 
returning to a more exploratory analysis of distance.

Separate ANOVAs in each condition showed significant effects of 
orientation both in the baseline condition, F(3.41, 64.83) = 17.08, p <
.0001, ηp

2 = .473, and in the adaptation condition, F(3.29, 62.51) = 3.22, 
p < .05, ηp

2 = .145. Holm–Bonferroni–corrected pairwise t-tests between 
the two conditions at each orientations showed significant differences at 
all orientations (all t's > 2.47).

The curves in the left panel of Fig. 2 show the best-fitting sinusoids fit 
to the grand-mean data from the baseline condition (blue) and adapta
tion condition (orange). We first investigated the results from the 
baseline condition. Overall, the model showed good fit to the data (R2 =

.970). Data from individual participants was also well fit, with a mean R2 

of .660 (SD: .240, range: .067-.924).
The blue vertical line in the left panel of Fig. 2 shows the peak of the 

sinusoidal model, that is the stimulus orientation for which tactile dis
tances are perceived as largest. The same data is depicted in a different 
way in the left panel of Fig. 3. The Rayleigh test provided clear evidence 
against the phases of the model being randomly distributed, z = 15.78, p 
< .0001. The orientation of maximum stretch was near to a medio- 

Fig. 2. Experimental results. Left panel: judged size as a function of stimulus orientation in the baseline condition (blue) and the adaptation condition (orange). The 
curves show best-fitting sinusoidal functions. The vertical lines indicate the peak of the sinusoids (i.e., the axis in which tactile space is stretched). Error bars are one 
standard error. For illustrative purposes, the same data point is shown as both 0◦ and 180◦, but was only included once in analyses. Centre panels: values of the stretch 
and offset parameters in the two conditions. Dark data points are grand means and light data points are individual participant data. Right panel: The effect of 
adaptation as a function of orientation (i.e., adaptation - baseline). The curve is the difference between the two sinusoids.
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lateral stimulus oriented across the width of the hand, consistent with 
known anisotropies, as discussed above. To quantify anisotropy, we 
compared the ratio of fitted values of the model for stimuli aligned with 
the medio-lateral hand axis (0◦) and the proximo-distal axis (90◦). The 
mean ratio was 1.33, significantly greater than 1, t(19) = 7.18, p <
.0001, d = 1.606. Overall, these results provide a clear replication of the 
main findings of the study of Fiori and Longo (2018).

In the adaptation condition, the model showed decent overall fit to 
the data (R2 = .640). The fit to individual participant data had a mean R2 

of .464 (SD: .284, range: .003-.916). R2 values were significantly lower 
in the adaptation than in the baseline condition, t(19) = 3.06, p < .01, dz 
= .685. This difference in model fit is expected given that adaptation 
clearly reduced the amplitude of the best-fitting sinusoid, which natu
rally reduces the signal-to-noise ratio of the model. It is also possible that 
adaptation could increase the inter-participant or inter-trial variability. 
However, there was no evidence that variability as such was larger 
following adaptation. Across the eight orientations, the mean standard 
deviation of judgments was similar at baseline and after adaptation 
(.312 vs. .322), and did not differ statistically, t(7) = .75, p = .462. This 
suggests that the reduced model fit in the adaptation condition reflects 
the reduced amplitude of the orientation-dependent pattern, rather than 
increased variability in the data.

The orange vertical line in the left panel of Fig. 2 and the right panel 
of Fig. 3 show the orientation of maximum stretch in the adaptation 
condition. While there was clearly greater variability across participants 
than in the baseline condition, the Rayleigh test showed that the phase 
of the model was not randomly distributed, z = 3.24, p < .05. As is clear 
from both figures, the average orientation of maximum stretch was 
highly similar in the two conditions. As in the baseline condition, we 
calculated anisotropy by taking the ratio of fitted values at 0◦ and 90◦, 
which was again above 1 (M: 1.148), but did not quite reach statistical 
significance, t(19) = 2.08, p = .0515, d = .465. The magnitude of 
anisotropy was significantly reduced in the adaptation condition 
compared to baseline, t(19) = 3.26, p < .005, dz = .728.

We next directly compared the parameters of the model in the two 
conditions to determine the effects of adaptation. To compare the phase 
of the models, we first calculated the angular deviation of the phase in 
the adaptation condition to the baseline condition. A circular one- 
sample test for mean angle provided no evidence that this deviation 
differed from 0◦, z = .28, n.s.

In contrast, there was clear evidence that adaptation modulated the 
other two parameters of the model, as shown in the middle two panels of 

Fig. 1. The stretch parameter was significantly reduced following 
adaptation (M: 1.21, SD: .18) compared to baseline (M: 1.33, SD: .20), t 
(19) = 3.28, p < .005, dz = .734, indicating that adaptation reduced the 
amplitude of the sinusoid, consistent with the analysis above showing 
reduced anisotropy following adaptation. There was also a significant 
reduction in the offset parameter following adaptation (M: − .33, SD: 
.30) compared to baseline (M: − .15, SD: .29), t(19) = 4.88, p < .0001, dz 
= 1.092, indicating that adaptation produced a general under- 
estimation of tactile distances, translating the sinusoid down.

The right-most panel of Fig. 2 shows the difference between the 
adaptation and baseline conditions for each orientation. The curve re
flects the difference between the sinusoidal models fit to each condition 
(i.e., the difference between the orange and blue curves in the left 
panel). The significant interaction in the ANOVA reported above indi
cated that the magnitude of adaptation differed systematically as a 
function of orientation. This figure shows that the adaptation itself 
shows a sinusoidal tuning function.

Finally, given the significant three-way interaction of condition, 
orientation, and distance reported above, we conducted exploratory 
analyses breaking the results down separately by each of the four dis
tances. It is important to note that the study was not designed to address 
this issue, and these analyses involve very small numbers of trials at each 
orientation per distance bin, and so should be treated with caution.

Fig. 4 shows grand mean data with sinusoidal curves (top row) and 
adaptation tuning curves (bottom row) for each of the four stimulus 
distances. Notably, while there were clear effects of adaptation for the 
three smallest distances, the effect was reduced for the 3.5 cm stimulus, 
which is the closest test stimulus to the 4 cm adapting stimulus.

As above, we quantified anisotropy by comparing the ratio of fitted 
values of the model for stimuli aligned with the medio-lateral hand axis 
(0◦) and the proximo-distal axis (90◦). At baseline there was clear 
anisotropy for all four stimulus distances: 2 cm (M: 1.36), t(19) = 4.43, p 
< .001, d = 1.016; 2.5 cm (M: 1.27), t(19) = 3.72, p < .002, d = .852; 3 
cm (M: 1.45), t(19) = 7.36, p < .0001, d = 1.689; and 3.5 cm (M: 1.32), t 
(19) = 5.76, p < .0001, d = 1.322. In striking contrast, after adaptation 
there remained a significant anisotropy for 3.5 cm stimuli (M: 1.37), t 
(19) = 5.52, p < .0001, d = 1.267, but there was no significant anisot
ropy for any of the three smaller distances: 2 cm (M: 1.07), t(19) = .31, p 
= .758. d = .072; 2.5 cm (M: 1.060), t(19) = .57, p = .573, d = .131; and 
3 cm (M: 1.11), t(19) = 1.41, p = .175, d = .323.

Fig. 3. The axis of maximal stretch in the baseline condition (left panel, blue) and the adaptation condition (right panel, orange). Each thin coloured line indicates 
the axis of maximal stretch (i.e., the orientation of the peak of the sinusoidal model) for a single participant. The black line indicates the circular mean across 
participants.
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4. Discussion

These results provide clear evidence for robust adaptation afteref
fects for tactile distance, consistent with other recent studies (Calzolari 
et al., 2017; Hidaka et al., 2020; Tamè et al., 2026). In contrast to pre
vious studies which used two-alternative forced-choice judgments and 
fit psychometric functions, we used a richer computational model of 
how perceived distance varies as a function of orientation (Fiori and 
Longo, 2018). Adaptation to a large tactile distance in the medio-lateral 
orientation produced clear alterations in the parameters of this model, 
showing: (1) an overall reduction of responses independent of orienta
tion (indexed by the offset parameter), and (2) a specific reduction 
centred on the orientation of the adapting stimulus and showing a si
nusoidal tuning function (indexed by the stretch parameter).

Previous studies showed that tactile distance aftereffects show 
orientation specificity (Calzolari et al., 2017). The precision of this 
specificity, however, was not clear. Because that study compared only 
two orientations, it was possible that adaptation affected only a narrow 
band immediately surrounding the orientation of the adapting stimulus. 
The present results, in contrast, show that adaptation has a wide, sinu
soidal tuning function. This extends the findings of previous studies of 
tactile distance adaptation (Calzolari et al., 2017; Hidaka et al., 2020; 
Tamè et al., 2026) and provides important insight into the potential 
neuro-cognitive mechanisms underlying it.

Orientation-selective neurons in both S1 (e.g., Hsiao et al., 2002; 
Pubols and Leroy, 1977) and S2 (e.g., Fitzgerald et al., 2006; Thakur 
et al., 2006) feature Gaussian orientation tuning functions, with a single 
preferred orientation and progressively weaker responses for stimuli at 
different orientations. In the present behavioural results, we show an 
analogous tuning function for the effects of adaptation on perceived 
tactile distances. This result indicates that adaptation does not exclu
sively modulate responses of neurons with preferred orientations iden
tical to the adapting stimulus, but instead is modulating larger-scale 
responses among the entire population of orientation-selective neurons.

The present results suggest that there are two distinct components of 
tactile distance adaptation. First, a global reduction in perceived dis
tance, quantified by the offset parameter, indicating that all test stimuli 

are judged as shorter following adaptation. Second, there is an 
orientation-specific reduction, quantified by the stretch parameter, such 
that the aftereffect is strongest near the adapted orientation. The func
tional significance of these two components is not entirely clear. 
Notably, the global reduction was not found in our previous study on 
tactile distance aftereffects (Calzolari et al., 2017). In that paradigm, 
participants compared which of two touches felt larger. Any uniform 
rescaling of perceived distance affecting both stimuli equally would not 
alter their relative difference and would therefore remain undetected. 
These two effects of adaptation may reflect fundamentally different 
types of computational process. The general effect on the offset 
parameter could reflect a global recalibration of tactile scale (e.g., a shift 
in the expected scale of tactile distances based on recent sensory his
tory), whereas the orientation-specific effect shown by changes in the 
stretch parameter could reflect feature specific recalibration (e.g., a 
change in the weighting or precision of an anisotropic prior, with its 
geometric structure preserved). These alterations can be viewed as re
flections of Bayesian recalibration of sensory inputs, such as have been 
recently discussed in other domains of body representation (e.g., Bertoni 
et al., 2023; Martinelli et al., 2025).

In this sense, our results have an interesting connection to the results 
of Benucci and colleagues (2013) in cat visual cortex, who found that the 
effects of adaptation to specific visual orientations modulated the 
overall activation within the population of orientation-selective neurons 
such as to maintain “population homeostasis”. There were two main 
effects of adaptation that Benucci and colleagues identified: (1) an 
overall reduction of responses regardless of preferred-orientation, and 
(2) a larger reduction in responses specifically for neurons with 
preferred-orientations near the adapting stimulus. Remarkably, as 
different as the present study is from that of Benucci and colleagues, 
being a behavioural study of touch in humans, the effects of adaptation 
showed very similar effects. First, we found a clear effect of adaptation 
on the offset parameter of our model, reflecting an overall reduction of 
perceived size across orientations following adaptation. Second, we 
found a clear Gaussian tuning function for adaptation, quantified by the 
stretch parameter of the model, with the largest aftereffects at orienta
tions similar to the adapting stimulus. While the present results are 

Fig. 4. Experimental results by stimulus distance. Top row: judged size as a function of stimulus orientation in the baseline condition (blue) and the adaptation 
condition (orange). The curves show best-fitting sinusoidal functions. The vertical lines indicate the peak of the sinusoids (i.e., the axis in which tactile space is 
stretched). Error bars are one standard error. Bottom row: The effect of adaptation as a function of orientation (i.e., adaptation - baseline). The curve is the difference 
between the two sinusoids.

M.R. Longo et al.                                                                                                                                                                                                                               Neuropsychologia 227 (2026) 109450 

6 



completely behavioural, they have an intriguing resemblance to these 
neural findings. Thus, it is possible that tactile distance adaptation may 
modulate neural processing in somatosensory cortex so as to maintain 
population homeostasis, analogous to the findings in visual cortex by 
Benucci and colleagues. Behaviourally, this homeostasis can be 
described as adaptation maintaining the spatial coherence of tactile 
space, as quantified by Fiori and Longo (2018). Adaptation in the pre
sent study had the effect of reducing the magnitude of the baseline 
stretch in tactile space, but maintained the spatial coherence of tactile 
space.

In the present study, there was a clear tuning function of adaptation 
as a function of stimulus orientation, although participants made judg
ments of the distance between touches and orientation was completely 
irrelevant to their task. This contrasts with other studies, which have 
identified tactile tilt aftereffects in which judgments of orientation are 
modulated by adaptation to specific orientations (Hidaka et al., 2022; 
Silver, 1969). Both types of aftereffects may thus arise from common 
populations of orientation-selective neurons, which have been described 
both in S1 and S2. It is interesting to note in this context that tactile 
aftereffects for tilt and distance share several forms of stimulus speci
ficity. Both tilt (Hidaka et al., 2022) and distance (Calzolari et al., 2017; 
Tamè et al., 2026) aftereffects transfer between two-point stimuli and 
continuous lines, fail to transfer between the right and left hands, and 
are defined in a hand-centred rather than an external reference frame. It 
will be interesting in future research to look more precisely at the re
lations between tactile tilt and distance aftereffects.

Exploratory analyses breaking our effects down by distance sug
gested that the effects of adaptation were smallest for test stimuli closest 
in distance to the 4 cm adapting stimulus and larger for more dissimilar 
test stimuli. While the present study was not designed to address this 
issue, and this effect remains tentative, it may have interesting links to 
mechanistic models of adaptation. In vision, many studies have used 
visual adaptation aftereffects to distinguish between multichannel 
models in which distinct pools of neurons code different values along a 
stimulus continuum, and opponent-coding models in which two broadly- 
tuned channels code for opposite poles of a stimulus continuum. In 
general, multichannel models predict that aftereffects should be largest 
for test stimuli similar to the adapting stimulus, whereas opponent- 
coding models predict that aftereffects should be larger the more 
different the test stimulus is from the adaptor. In different visual do
mains, studies have provided evidence for both types of model. Evidence 
for multichannel coding has been found for visual domains such as 
orientation (Clifford et al., 2000; Gibson and Radner, 1937) and spatial 
frequency (Blakemore and Sutton, 1969), while evidence for 
opponent-coding models has been found for colour (Webster and Leo
nard, 2008) and for face aftereffects of identity (Rhodes and Jeffery, 
2006; Robbins et al., 2007), gender (Pond et al., 2013), and emotional 
expression (Burton et al., 2013; Rhodes et al., 2017; Hong and Yoon, 
2018). The present results are consistent with the pattern that would be 
expected from an opponent-coding mechanism coding tactile distance. 
This will be an important topic to investigate further in future studies.

There are several limitations on the generalisability of the present 
findings. This study investigated only a single skin region (the dorsum of 
the left hand) and applied adaptation only in a single orientation (the 
medio-lateral hand axis). In our previous study (Calzolari et al., 2017), 
we showed that adaptation can occur for stimuli in both the 
medio-lateral and proximo-distal orientations. Nevertheless, the change 
in the magnitude of anisotropy measured in this study may have been 
linked to the fact that we presented adapting stimuli aligned with the 
medio-lateral axis, aligned with the anisotropy itself. We suspect that 
adapting stimuli applied in the proximo-distal axis would increase, 
rather than decrease anisotropy. Similarly, we believe that adaptation 
could also induce anisotropy orthogonal to the adapting stimulus on a 
skin region without any baseline anisotropy, such as the belly (cf., Longo 
et al., 2019). It would be interesting in future studies to investigate these 
hypotheses.

In summary, our findings show that tactile distance adaptation in
duces both global and orientation-tuned changes in perceived spatial 
extent, consistent with modulation at the level of population-based 
representations in somatosensory cortex. By applying a computational 
model to behaviour across multiple orientations, we demonstrate that 
adaptation alters the magnitude of tactile space while preserving its 
geometric coherence. These results clarify how somatosensory process
ing adapts to recent stimulation while preserving the overall organisa
tion of tactile space, and they highlight parallels with population 
homeostasis observed in vision.
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