
Where RFs differ in size, there should be magnification of the
skin surface with smaller RFs (or, equivalently, compression of
the surface with larger RFs). Where RFs are oval shaped, there
should be stretch along the short axis of the RFs.

Previous studies describing anisotropies in tactile distance
perception have compared stimuli oriented with the mediolateral
body axis to stimuli oriented with the proximodistal axis (2, 8, 19,
20). A critical test of the pixel model, however, concerns stimuli
at intermediate orientations. If distortions of perceived tactile
distance reflect a geometrically coherent stretch of tactile space,
perceived distance should vary systematically as a function of the
cosine of the angle between the actual stimulus orientation and
the axis along which tactile space is stretched, as depicted in Fig.
1. The psychophysical function relating judgments of tactile
distance to stimulus orientation on the skin should thus be
characterized by a sinusoidal function. The amplitude of the si-
nusoid should reflect the magnitude of the stretch of tactile
space. The phase of the sinusoid should reflect the direction
along which tactile space is stretched (i.e., the peak of the si-
nusoid should be directly aligned with the axis of stretch).

In this study, we tested the prediction of the pixel model that
perceived tactile distance should show vary in a sinusoidal relation
as a function of stimulus orientation on the skin. Pairs of simul-
taneous touches were applied in eight orientations on the skin,
and participants made verbal estimates of the perceived distance
between the two touches. Consistent with previous findings, there
were clear biases to perceive distances oriented across the width of
the body as bigger than those oriented along the length of the
body. Critically, the perceived distance of stimuli at intermediate
orientations was well characterized by a sinusoidal function,
consistent with the predictions of the pixel model.

Results
Experiment 1: Spatial Distortions on the Hand Dorsum Are Well
Characterized by Simple Stretch. In experiment (Exp.) 1, we in-
vestigated the perceived distance between pairs of tactile stimuli
applied at different orientations on the hairy skin of the dorsum
of the left hand (Fig. 2A). Stimuli were pairs of wooden posts
mounted in foam board and separated by 2, 2.5, 3, 3.5, or 4 cm,

as in previous studies (3, 8, 15, 21). On each trial, a single tactile
distance was applied at one of eight orientations (as shown in
Fig. 2A). Participants made verbal estimates of the perceived
distance between each pair of stimuli by giving a number in
centimeters. The response on each trial was expressed as a
proportion of actual stimulus size and averaged across the five
stimulus sizes.

The results are shown in Fig. 2B. An ANOVA revealed that
judgments differed systematically across orientations,F(2.49,
59.79)= 25.98,P < 0.0001,ηp

2 = 0.52. As in previous studies,
there was a clear bias to judge stimuli oriented with the medio-
lateral hand axis as bigger than stimuli oriented with the prox-
imodistal hand axis (2, 8). We measured the magnitude of this
anisotropy by comparing the ratio of judgments in the medio-
lateral axis (0°) and the proximodistal axis (90°). The mean ratio
was 1.53, significantly greater than 1,t(24) = 8.71,P < 0.00001,
d = 1.74. (Note that for this and other tests involving ratios, the
calculation of means and all statistical tests were conducted on
log-transformed values, which were converted back to ratios to
report mean values.)

The key question concerns what happens with intermediate
stimuli, not directly aligned with the mediolateral or proximal-
distal hand axes. As is clear from Fig. 2B, the pattern of judg-
ments across orientations produced a clear sinusoidal pattern.
We modeled this pattern by identifying the best-fitting sinusoid
for each participant, using the function given in Eq.1. As de-
scribed above in Fig. 1, we divided each stimulus into its com-
ponents in the axis parallel to the stretch (i.e., the cosine
component) and the axis perpendicular to the stretch (i.e., the
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Fig. 1. The effect of stretch of tactile space on perceived tactile distance
depends on stimulus orientation. ( Left) Actual stimulation on the skin.
The black barbell represents a pair of touches separated by unit length on
the skin oriented at angle Θ with respect to the mediolateral body axis. The
stimulus can be thought of as consisting of components with respect to
the mediolateral axis [i.e., cos ( Θ)] and the proximodistal axis [i.e., sin( Θ)].
The actual distance between the two points can be reconstructed from these
components using the Pythagorean theorem. ( Center) Mental representa-
tion of the stimulation in a stretched tactile space. A simple stretch of the
mediolateral axis will affect the cosine component of the stimulus, but not
the sine component. The stretch will thus lead to an increase in perceived
distance in proportion to the cosine of the angle of the stimulus from the
axis of stretch (in this case the mediolateral axis). ( Right) Examples of how
perceived distance should change as a function of stimulus orientation for
four different values of the stretch parameter. For any combination of the
stretch parameter and stimulus orientation ( Θ), a prediction can be made
about perceived distance. When stretch equals 1, there is no distortion and
perceived distance is constant across orientations. As the stretch parameter
increases, perceived distance varies sinusoidally with orientation, with the
amplitude of the sinusoid increasing in proportion to the amount of stretch.
Here, the stretch is assumed to be oriented with the mediolateral axis (0°);
stretch in a different orientation would shift the phase of the sinusoid.
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Fig. 2. (A) The eight stimulus orientations used in the study. ( B) Results
from Exp. 1 showing judged size as a function of stimulus orientation. The
dashed green curve shows the best-fitting sinusoid. The data were fit well by
this function. The vertical green line indicates the peak of the sinusoid,
reflecting the orientation at which tactile distances were judged as largest
(i.e., the axis in which tactile space is stretched). Error bars indicate one SE.
For illustrative purposes, the same data point is shown as both 0° and 180°,
although it was only included once in analyses. ( C) Phase alignment of best-
fitting curves. The green vertical line indicates the mean cosine of the an-
gular deviation between each pair of the 25 participants. The blue histogram
shows the same mean calculated for each of 1 million simulations of random
data. The green vertical line was larger than any of the simulations, in-
dicating that the phase alignment in the data was greater than would be
expected by chance. (D) The axis of stretch. Each green line indicates the
orientation of maximal stretch for a single participant. The black line indi-
cates the average axis across participants.
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sine component). The predicted judgment is thus given by the
Pythagorean theorem in terms of these two components with the
stretch applied to the first component. We also included a third
parameter, which added an overall offset to the entire function
to model global underestimation or overestimation of tactile
distance. Note that because judgments were expressed as a
proportion of actual size, a veridical estimate, by definition, will
have unit length.

Predicted�judgment

= offset+
�������������������������������������������������������������������������������������������
ðstretch× cosð� Š phaseÞÞ2 + sinð� Š phaseÞ2

q
.

[1]

There are three parameters to this model. The stretch parameter
controls the amplitude of the sinusoid, that is the amount by
which judgments in the orientation parallel to the stretch differ
from judgments in the perpendicular orientation. The phase
parameter controls the orientation of the stretch by shifting the
curve left-to-right. Finally, the offset parameter shifts the entire
curve up and down to reflect any overall underestimation or
overestimation of tactile distance.

The green curve in Fig. 2B shows the best-fitting sinusoid fit to
the grand mean data, which showed extremely good fit (R2 =
0.998). Data from individual participants was also well fit, with a
mean R2 of 0.759 (SD= 0.189, range: 0.345–0.983).

To investigate whether there was any systematic deviation
from the model, we calculated the residuals (i.e., the difference
between the observed and fitted values) for each participant at
each orientation. A systematic deviation from the model should
lead to the residuals being larger at some orientations than
others. Critically, however, an ANOVA on the residuals revealed
no effect of orientation, F(4.21, 101.11)= 0.18, not significant
(n.s.), � p

2 = 0.01. To determine whether this nonsignificant result
provides evidential support for the null hypothesis of no actual
difference, we conducted a Bayesian repeated measures ANOVA
(33). The Bayes’ factor associated with the effect of orientation,
BF01 = 108.20, provided decisive evidence in favor of the null
hypothesis. This provides strong evidence against there being a
systematic deviation from the model.

The vertical green line in Fig. 2B indicates the axis of stretch
(i.e., the peak of the sinusoid). To investigate the consistency of
the axis of stretch across participants, we investigated the phase
alignment of the best-fitting sinusoids in two ways. First, we
applied the Rayleigh test, which tests the null hypothesis that a
set of angles are uniformly distributed around the circle (34).
The Rayleigh test provided clear evidence against the phases
being randomly distributed,z = 21.29,P < 0.00001. Second, we
quantified the similarity in phase between pairs of participants by
calculating the cosine of the angle between them, a value that
ranges between 1 (identical phase) and 0 (orthogonal phase). We
calculated the mean cosine between the phases of the models for
each of the 300 pairs of participants (vertical green line in Fig.
2C) with the values obtained in 1 million simulations of random
data (blue histogram in Fig. 2C). The obtained mean value of
these cosines was 0.958, which was larger than that obtained in
any of the simulations (P < 10Š7).

Interestingly, the axis of stretch was not exactly aligned with
the mediolateral hand axis as we had operationalized it, but was
rotated on average 14.95° clockwise from this axis. A circular
one-sample test for mean angle provided evidence for systematic
deviation away from 0°,P < 0.00001.

Exp. 2: Distortions on the Palm Are also Well Characterized by Simple
Stretch. Exp. 2 aimed to replicate these results and to investigate
whether similar results would hold on the glabrous skin of the
palm. Anisotropy for tactile distance perception is substantially
smaller on the palm than on the dorsum (3, 8, 20, 21). We thus
investigated whether this bias on the palm, even if smaller than
on the dorsum, is also characterized by a coherent stretch of

tactile space. Procedures were as in Exp. 1 except that in half the
blocks, stimuli were applied to the dorsum and in half to
the palm.

The results are shown in Fig. 3A. An ANOVA revealed a sig-
nificant main effect of skin surface,F(1, 24)= 5.10,P < 0.05,� p

2 =
0.18, with distances judged as larger on the palm than on the
dorsum. This finding replicates the classic Weber illusion (1, 4, 5),
given the greater sensitivity of the palm. There was also a signif-
icant main effect of orientation, F(3.75, 90.09)= 16.39, P <
0.0001,� p

2 = 0.41, as well as an interaction,F(4.14, 99.45)= 9.45,
P < 0.0001,� p

2 = 0.28.
Separate ANOVAs conducted on each skin surface revealed

clear effects of orientation, both on the dorsum,F(3.84, 92.10)=
13.29,P < 0.0001,� p

2 = 0.36, and on the palm,F(4.56, 109.34)=
12.81,P < 0.0001,� p

2 = 0.35. There was a clear bias to perceive
stimuli oriented with the mediolateral axis as bigger than those
oriented with the proximodistal axis, as ratios between stimuli at
0° and 90° were greater than 1 both on the dorsum (M = 1.30),
t(24) = 4.03,P < 0.0005,d = 0.81, and on the palm (M = 1.14),
t(24) = 4.57,P = 0.0001,d = 0.91. The magnitude of anisotropy was
significantly greater on the dorsum than on the palm,t(24) = 2.07,
P < 0.05,dz = 0.41, consistent with previous findings (3, 8, 20, 21).

As is clear from Fig. 3A, the grand average data were very well
fit by sinusoidal functions, both on the dorsum (R2 = 0.995) and
on the palm (R2 = 0.936). Overall, there was also good fit to in-
dividual participant data both on the dorsum (M = 0.671, range:
0.014–0.911) and on the palm (M = 0.628, range: 0.142–0.919).

There was no significant effect of orientation on the magni-
tude of residuals on the dorsum,F(3.43, 82.22)= 0.15,n.s., � p

2 =
0.01, or on the palm,F(3.98, 95.50)= 1.64,n.s., � p

2 = 0.06. As in
Exp. 1, the Bayes’ factor for this effect on the dorsum,BF01 =
118.15, provided strong evidence in favor of the null hypothesis.
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Fig. 3. (A) Results from Exp. 2 showing judged size as a function of stimulus
orientation for the dorsum (green) and palm (red). Although anisotropy is
smaller on the palm, judgments on both skin surfaces are well characterized
by a sinusoidal function. ( B) Phase alignment of best-fitting curves on the
dorsum (green line) and palm (red line). Alignment on both surfaces was
higher than in any of the simulations. ( Cand D) Axes of stretch for individual
participants on the dorsum ( C) and palm ( D). The black lines indicate the
average axis across participants.
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