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a b s t r a c t

One possible way of haptically perceiving length is to trace a path with one’s index finger and estimate
the distance traversed. Here, we present an experiment in which observers judge the lengths of paths
across cylindrically curved surfaces. We found that convex and concave surfaces had qualitatively differ-
ent effects: convex lengths were overestimated, whereas concave lengths were underestimated. In addi-
tion, we observed that the index finger moved more slowly across the convex surface than across the
concave one. As a result, movement times for convex lengths were longer. The considerable correlation
between movement times and length estimates suggests that observers take the duration of movement
as their primary measure of perceived length, but disregard movement speeds. Several mechanisms that
could underlie observers’ failure to account for speed differences are considered.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

When estimating distance or size by touch, observers apply a
range of different exploration strategies. For example, one could
estimate the size of an object by picking it up between thumb
and index finger or between both hands and use kinaesthetic infor-
mation about the postures of fingers and arms. Alternatively, small
objects can be impressed on the skin of the fingertip to extract size
information from cutaneous stimulation. On a different scale, pro-
prioceptive information resulting from the act of walking can be
used to infer the distance traveled. In this paper, we will focus
on a different, very common strategy for haptic length perception:
observers moving their finger or hand along an edge or across a
surface to estimate the distance traversed.

Until now, researchers have only investigated linear pathways
or curved pathways that were entirely contained in the horizontal
plane (see below). No research has so far addressed the general
case of length perception on arbitrary surfaces in 3D. This is an
interesting research topic from the perspective of haptic shape per-
ception, since the shape of a three-dimensional object is essentially
defined by a surface bounding a certain portion of space, and since
movement of the index finger or hand is a stereotyped pattern of
action associated with assessment of that object’s shape (Klatzky
& Lederman, 2003).
ll rights reserved.

: +31 30 252 2664.
.

Many geometrical descriptors of shape exist, curvature being
one of the more advantageous ones from a psychophysical point
of view, because it is independent of the position and orientation
of the object. In mathematical terms, any smooth surface can be lo-
cally approximated by doubly curved surfaces, being either egg-
like or saddle-like (e.g., Hilbert & Cohn-Vossen, 1932). Thus, any
shape can be construed as a collection of such elementary surface
patches. In this research, we investigated length perception on
cylindrically curved surfaces. Participants moved their index finger
across such a surface and estimated the distance traversed.

When using limb movement to perceive length, observers’
length estimates are closely tied to the kinematic characteristics
of the tracing movements. For example, it has been shown for both
active and passive movements of the hand that observers judge
linear extents traced at higher speeds to be shorter than the same
extents traced at lower speeds (Hollins & Goble, 1988; Lederman,
Klatzky, Collins, & Wardell, 1987; Von Skramlik, 1933; Wapner,
Weinberg, Glick, & Rand, 1967). Movement speeds could differ by
as much as a factor of one hundred (Hollins & Goble, 1988). How-
ever, it is not simply the duration of movement that determines
perceived length. For a given duration, considerably longer path-
ways were still judged longer than the shorter ones. Similarly,
when observers actively explore a curved pathway (a raised-line
drawing for example) and estimate the straight-line distance be-
tween starting point and end point, they systematically overesti-
mate it. These overestimations vary with the length of the detour
taken as well as with the straight-line distance between the end
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points (Faineteau, Gentaz, & Viviani, 2003; Lederman, Klatzky, &
Barber, 1985).

A related illusion that is important to our research is the so-
called radial-tangential effect (RT effect) for whole-arm move-
ments in the horizontal plane: linear extents oriented radially from
the trunk are overestimated relative to tangentially oriented ex-
tents (for an overview of the literature on the RT effect, see McFar-
land & Soechting, 2007). In addition to this, researchers have
observed that radial movements are executed slightly more slowly
than tangential movements, and thus take more time (Armstrong &
Marks, 1999; Wong, 1977).

According to one hypothesis that has been put forward to ac-
count for speed differences, these stem from the inertial anisotropy
of arm movements (Wong, 1977). Moments of inertia are usually
greater for radial arm movements, in which case they require more
energy than movements in the tangential direction. Perhaps
observers do not account for differences in moments of inertia
when executing arm movements (cf. Gordon, Ghilardi, Cooper, &
Ghez, 1994), causing them to move faster in the tangential direc-
tion. The basis for the RT effect would then be as follows (Marchetti
& Lederman, 1983): to use movement time as an estimate of dis-
tance traversed, observers try to move at constant speeds, but they
do not succeed; the small speed differences that arise are ‘‘unde-
tected”, p. 46 by the observer which causes overestimations of ra-
dial extents.

Marchetti and Lederman (1983) tested the inertial anisotropy
hypothesis by attaching small weights to the moving hand, thus
altering the moments of inertia, and investigating how this affects
length estimates. They predicted that the effect of the weights
would be that observers move their hands more slowly and that
the corresponding increase in movement time would then cause
observers to overestimate the length of the movement with
weights compared to the length of the movement without weights.
It is, of course, debatable whether one could prove that observers
do not compensate for inertial anisotropies of arm movements
by showing that they do not compensate for differences in external
loads. Unfortunately, the results of the experiment by Marchetti
and Lederman (1983) were inconclusive, but more importantly,
the actual effect on movement speeds was not measured. There-
fore, even clear results would have been hard to interpret concern-
ing the origin of the illusion.

If undetected speed differences are the basis for the RT effect,
then one might expect the illusion to disappear when speed pro-
files are made equal along both orientations. McFarland and
Soechting (2007) tested this in a length discrimination experi-
ment by having observers hold the handle of a robot arm and
manipulating their arm movements. In the active conditions,
force fields were generated such that the observer could actively
explore a virtual contour. In the passive conditions, the obser-
ver’s hand was guided along the contour by the robot arm, fol-
lowing a sinusoidal speed profile. Surprisingly, when the
observer’s hand was being moved with equal maximum speeds
in the radial and tangential directions such that movement times
were proportional to distances in the same way for both orienta-
tions, the RT effect persisted and replicated the illusion in the ac-
tive control condition. Likewise, when movement times were
made constant for all lengths so that the observer would have
to rely entirely on speed and acceleration cues for discriminating
lengths, the RT effect did not differ from the control condition. In
a third passive condition, maximum speeds for the tangential ori-
entation were 35% lower than for the radial orientation, leading
to a corresponding increase in the movement times for the for-
mer direction. Although this was not reported, it seems reason-
able to assume that observers noticed the substantial speed
difference, but again the RT effect persisted. Thus, radial lengths
were overestimated, whereas movement durations were longer
for the tangential direction. Finally, McFarland and Soechting
(2007) tested an additional active condition in which an extra
resistive force opposing tangential movements was produced.
The added resistance made movement times longer in the tan-
gential direction than in the radial orientation, whereas the
opposite was the case in the control condition. Once more, how-
ever, the RT effect was present in this condition and did not dif-
fer from the control condition.

In particular the results for the passive condition that tested
equal speed profiles argue against an explanation for the RT effect
in terms of undetected speed differences, because in that case one
would expect the RT effect to disappear. In our opinion, the exper-
iments conducted by McFarland and Soechting (2007) suggest that
an alternative and more likely explanation for the RT illusion is in
terms of misperceived speeds or, possibly, misperceived durations.
In other words, there is a systematic bias in perceiving speeds or
durations between the radial and the tangential orientation,
although the cause of this systematic misperception still remains
unclear. This point will be further elaborated on in Discussion.

In this paper, we present a new experiment in which partici-
pants make arm movements to estimate distance traversed. In-
stead of being asked to judge linear extents they are now asked
to judge lengths of paths across cylindrically curved surfaces. We
set out to investigate whether observers make systematic errors
in perceiving the length of cylindrically curved pathways. Because
previous research had shown that length estimates are closely
linked to the kinematic characteristics of arm movements, we
decided to record movement profiles of the index finger while it
traced the pathways.

Observers use the same exploration strategy in our experiment
as in the RT effect. It is therefore reasonable to assume that the
same mechanisms for length estimation underlie both experimen-
tal tasks. Thus, possible systematic misperceptions of curved
lengths are expected to have causes similar to the causes of the mis-
perceptions of linear extents in the RT effect. Questions concerning
the basis of possible curvature effects therefore have theoretical
implications that generalize to the RT effect, and vice versa. Conse-
quently, the experiments reported in this paper are also of impor-
tance for unraveling the RT effect, since the basis for this effect is
still poorly understood. In Discussion, we return to the question
of the mechanisms that underlie misperceptions of traced lengths.

We tested for effects of both the magnitude and the sign of cur-
vature, using circular pathways that had a frontoparallel orienta-
tion. Thus, we investigated perception of both convex and
concave lengths of different radii. More in particular, in six dis-
crimination experiments, observers compared convex with flat
lengths, flat with concave lengths, and convex with concave
lengths at two radii. We had no a priori expectations about the
existence of curvature biases. However, if curvature biases do in-
deed exist, we expect their magnitude to increase with curvature:
the larger the curvature of the cylindrical surface, the larger the
possible curvature biases.

2. Method

2.1. Participants

Six right-handed participants in their 20s took part in this
experiment (five males and one female). They were naïve as to
the aims and designs of the experiment. Participants were paid
for their efforts.

2.2. Apparatus

The setup consisted essentially of (a) a set of steel plates that
were either flat or had been milled into cylindrically curved sur-
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faces of fixed radius, (b) a framework in which the plates needed in
a particular condition could be easily mounted, and (c) a set of flex-
ible magnetic strips of varying lengths. Fig. 1 shows the setup to-
gether with its relevant dimensions. All the three possible
combinations of the convex and the flat plates, the concave and
the flat plates and the convex and the concave plates (Fig. 1a–c,
respectively) were available at radii of 10 and 20 cm. Note that
throughout this paper the terms convex and concave are always
defined with respect to the finger touching the surface: in Fig. 1,
all surfaces are being touched from above, the palm of the hand
facing downwards. A simple rail system by which the plates could
easily slide over each other allowed for efficient and rapid presen-
tation of the strips. The framework was fixed onto a wooden board
(not shown). The participant assumed a fixed position relative to
the setup: the setup’s midline (bold dashed line) lay in the sagittal
plane passing through the right shoulder, as well as in the horizon-
tal plane about 10 cm above the participant’s navel. The spatial
arrangement of the plates (Fig. 1d) was such that the midpoints
of all the strips were at approximately the same location in space.
The purpose of this particular arrangement was to make the pos-
ture of the participant’s arm as similar as possible across the differ-
ent surfaces. Magnetic strips had a thickness of 0.6 mm and were
cut from a roll of commercially available magnetic foil. The strips
lay entirely in the participant’s frontoparallel plane. Their mid-
points were either on the setup’s midline or positioned 1.5 cm to
the left or to the right of it, as indicated by numbers 1, 2, and 3
in Fig. 1d. The reason for this will be given below. The blindfolded
participants were seated comfortably behind the setup. They
moved their finger across the strip’s edge that was furthest away.
The distance between this edge and the frontal edge of the steel
plate was 17 cm, which is roughly the distance between the tip
of the outstretched finger and the wrist. The magnetic strips’ cor-
ners were readily felt by the fingertip to indicate the edge’s end
2x

17 cm

Participant feels first strip. Experimenter 
strip in place.

a  Convex - flat: experimental procedure 

c  Convex - conb   Concave - flat

Fig. 1. Experimental setup. The strip depicted has reference length (18 cm). All the three
(Panel a, b, and c, respectively). Not shown: the setup is placed on a table, behind which
touching the surface. Panel a illustrates the experimental procedure. Panel d shows the
points. Otherwise participants could freely move their arm and,
more particularly, they did not rest their elbow on any support
while moving the index finger along the strip. Thus, participants’
arm movements were entirely determined by the shape of the sur-
faces used.

2.3. Procedure

2.3.1. Measuring psychometric functions
To determine the strip lengths that are perceived as equal, we

measured psychometric functions according to the 2AFC method
(constant stimuli). The experimental procedure is outlined in
Fig. 1a for the convex-flat condition. Participants traced the strips
with the tip of the index finger of their preferred hand. A trial pro-
ceeded as follows. Participants always started at the strip’s left end
point. After a signal from the experimenter, they traced the first
strip four times, going back and forth along the strip’s edge twice.
They lifted their hands and the experimenter quickly put the sec-
ond strip in place. The participants then positioned their index fin-
ger at the second strip’s left end point and, after a signal from the
experimenter, started feeling the second strip. This strip was traced
for a maximum of four sweeps. The participant then decided which
of the two strips felt longer. Averaged over all observers and all
conditions, 6.5% of the strips were traced less than four times.
The overall average number of sweeps per strip was 3.9. The time
interval between the moment at which the hand was lifted from
the first strip and at which it started to move along the second
one was estimated to be around two seconds. The strips’ positions
were varied by small amounts by randomly assigning their mid-
points to three possible locations (Fig. 1d). If the midpoints of
the strips had always been positioned at exactly the same position
in space, participants could have developed a strategy for perform-
ing the task based on a comparison of the relative locations in
max. 2x

Participant feels second strip:
which one is longer?

puts second 

cave d  Front view: all surfaces

2.5 cm

10 cm

20 cm35 cm

R = 10 cm  20 cm1.
5 

cm
1.

5 
cm

123

possible combinations of convex (Cx), concave (Cv), and flat (F) surfaces are shown
the observer is seated. Convex and concave are defined with respect to the finger

relative locations in space of all the surfaces used.
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Fig. 2. Data analysis. Panel a shows a typical psychometric curve obtained in this
study. Parameter l represents the point of subjective equality. The deviance for this
particular curve was 2.4. The average threshold (r) was 1.68 cm or 9% of reference
length (SD = 0.48 cm). Panel b shows the movement profile of the finger marker
relative to the strip’s midpoint for a concave strip of 14 cm. Dashed lines indicate
the marker’s positions corresponding to the strip’s end points as recorded in the
calibration measurement. One can see clearly that for the right end point the spatial
coordinate of the finger marker (lower dashed line) slightly deviated from the end
point’s coordinate (�7 cm). We extracted the times needed to traverse the inner
90% of the range between the dashed lines (black parts of the movement profile).
Movement times were taken to be the mean of those sweep durations (horizontal
line segments). Furthermore, note that observers generally overshot their move-
ments along the strip (vertical arrows). Panel c shows the relation between length
differences and time differences for one of the observers in condition CvF10. Time
differences were defined in the same way as length differences (convex-flat,
concave-flat, convex-concave). They were computed by subtracting the mean
sweep durations as derived from the movement profiles. The x-intercept of the
regression line signifies the pair of strips that were traced in equal times. (All graphs
are from a representative data set taken from condition CvF10, observer 6.)
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space of either the left or the right end points. However, we wanted
participants to make true distance estimates. We chose a distance
of 1.5 cm between locations, because we had observed in pilot
experiments that this was generally just enough for participants
to notice whether the strips were positioned symmetrically on
the curved surfaces. We also informed the participants about this
procedure. Thus, the participants were fully aware of the fact that
information about the locations of the left or the right end points
alone was not sufficient to perform this task.

The length difference between the strips on the two surfaces
used in a particular condition was taken as the independent vari-
able. It was defined as convex-flat, concave-flat, or convex-con-
cave. The reference strip was 18 cm and test lengths available
were 14, 16, 17, 18, 19, 20, and 22 cm. We had observed in pilot
experiments that this range of test lengths was broad enough to
sample the entire psychometric function from its lower tail to its
upper tail and produce reliable results. A length difference con-
vex-flat of, for example, +4 cm corresponded to the following four
possible combinations: Cx-22, F-18; F-18, Cx-22; Cx-18, F-14; or F-
14, Cx-18. Thus, the two surfaces were presented in both the time
orders: this was to avoid response biases. Furthermore, the refer-
ence strip was presented on both surfaces: this was to prevent
learning effects, for otherwise the participants might have associ-
ated the reference length with one type of surface and might have
used information from previous trials in making their judgment.
For each of the seven length differences, the four possible strip
combinations were repeated three times, amounting to a total of
84 2AFC trials per psychometric curve. All trials were randomized.
A psychometric curve was measured in a single session, which
lasted approximately between 1.5 h and 2 h. If needed, participants
could take a small break halfway through the experiment. Every
session started with a few practice trials (between 5 and 10). In
addition, participants received a small training session of about
0.5 h prior to the experiment, in which they were instructed about
the experimental procedure and did practice trials as well. Before
the participants were seated and blindfolded, the setup was cov-
ered with a piece of cloth to prevent them from getting any visual
impressions of the magnitude of the surfaces’ curvatures.

2.3.2. Recording movement profiles
Movement profiles of the index finger were recorded by an

Optotrak Certus system (Northern Digital Inc., Canada). One posi-
tion marker (infrared LED) was stuck to the dorsal surface of the
distal phalanx of the moving index finger. In addition, position
markers were fixed to the steel plates such that we could retrieve
coordinates of the magnetic strip’s edge that was felt by the partic-
ipant: three sensors for every curved surface, two for the flat sur-
face. Three-dimensional spatial coordinates of the position
markers were read out at a frequency of 100 Hz. Since the location
of the position marker on the index finger did not correspond to
the skin area touching the strip’s edge, we inserted small breaks
at one-third and two-thirds of a psychometric session, in which
we asked the participants to place their index finger on the strips’
end points and we gauged the finger marker’s coordinates. In a sin-
gle psychometric session, both end points for each of the seven test
strips (midpoint location 2) and each type of surface were mea-
sured twice. By projecting the finger marker on the space curve
passing through the strip’s edge, we condensed three-dimensional
coordinates into a single spatial parameter specifying the position
of the index finger along the strip relative to the strip’s midpoint.

2.4. Data analysis

2.4.1. Points of subjective equality
We used cumulative Gaussian distributions as psychometric

functions:
PFðxÞ ¼ 1
2
þ 1

2
erf

x� lffiffiffi
2
p

r

� �
ð1Þ

where erf is the error function. The shape of this psychometric func-
tion is determined by two parameters: l, which represents the loca-
tion of the curve, and r, which indicates its shallowness (Fig. 2a).
They are interpreted as follows: l is the point at which the response
score is 50% and it is assumed to represent the observer’s point of
subjective equality (PSE), and r is the difference between the 50%
point and the 84% point and it is taken as a measure of the discrim-
ination threshold. Psychometric curves were fitted to the data by
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maximizing a likelihood function, assuming that responses were
generated by Bernoulli processes. Goodness-of-fit was assessed by
computing log-likelihood ratios, or deviances, and comparing these
against bootstrap-simulated distributions (parametric bootstrap:
N = 10,000). If the experimentally obtained deviance fell between
the 2.5th and the 97.5th percentile of the deviance distribution,
the fit was accepted. Since this was the case for all psychometric
fits, from now on we will refer to parameter l as the Point of Sub-
jective Equality. The same bootstrap simulations were also used to
estimate the variability in the PSE. Bootstrap errors are the intervals
between the 16th and the 84th percentile for the respective distri-
butions and they were taken as the standard error for the PSE. For
computational details we refer the reader to Wichmann and Hill
(2001a, 2001b).

2.4.2. Points of equal duration
First, we extracted those portions from the movement profiles

(Fig. 2b) where the finger was actually sweeping along the strip’s
edge (black parts). We did this by taking the inner 90% of the range
between the two marker positions corresponding to the strip’s end
points as recorded in the calibration measurements (dashed lines).
The reason for excluding 5% on either side of this range was two-
fold: first, due to trial-to-trial variability in finger posture a sweep
reversal could occasionally fall just within the range defined by the
dashed lines, and second, the first part of each movement profile
consisted of the index finger resting on the strip’s end point await-
ing the start of the trial, as can be seen in Fig. 2b (the upper dashed
line coincides with position marker recordings). A percentage of
90% was found to be about the maximum percentage that pro-
duced reliable sweep extractions. Mean sweep durations were
used to calculate time differences between the two strips forming
a psychometric trial. Time differences were defined in the same
way as length differences (convex-flat, concave-flat, convex-con-
cave). Next, we did a linear regression on length differences and
movement time differences for every psychometric curve
(Fig. 2c). If the length difference is a significant predictor for the
difference in sweep duration, then the x-intercept of the regression
line indicates the length difference between the two strips for
which the times needed to trace each of them were equal. Since
all regressions were highly significant (ps < .001), the x-intercepts
will hereafter be called points of equal duration (PED). Error prop-
agation was used to calculate standard errors in PEDs from errors
in regression parameters.

We mention that we also did a full analysis by first doing a lin-
ear regression on position and time for each sweep (Fig. 2b), and
then computing sweep duration as the time needed for traversing
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Fig. 3. Points of subjective equality for all observers in each of the six experimental cond
significant in all conditions, except for CvF20. Dashed gray bars denote convex- concave
for individual PSEs are bootstrap errors; error bars for mean PSEs are standard errors of
the 90% position range according to the regression equation for
that particular sweep. In addition, we did both analyses (no regres-
sion vs. regression on sweeps) based on a percentage of 80% for
sweep extraction. All analyses yielded the same pattern of results.

2.5. Experimental conditions

We measured points of subjective equality and points of equal
duration in six conditions: CxF10, CxF20, CvF10, CvF20, CxCv10,
and CxCv20, representing the combinations of the convex and
the flat, the concave and the flat, and the convex and the concave
plates at radii of 10 and 20 cm, respectively. We used a single ref-
erence length of 18 cm in all conditions. Experimental conditions
were presented in random order.

3. Results

3.1. PSEs and PEDs

Fig. 3 shows points of subjective equality for all the six partici-
pants in all six experimental conditions, and Table 1 gives averages
along with significance levels. All biases were negative in the con-
vex-flat and convex-concave conditions, and they were generally
positive in the Concave-Flat conditions. Condition CvF20 had a
negative outlier. Consequently, average PSEs were significant in
all conditions, except in condition CvF20. A negative bias in the
Convex-Flat conditions indicates an overestimation of the length
of the convex strip relative to the flat one. For instance, a PSE of
�2 cm in this condition would mean that a convex strip of 17 cm
was perceived as having the same length as a flat strip of 19 cm.
Similarly, positive PSEs in the concave-flat conditions signify
underestimations of concave lengths with respect to flat lengths,
and negative PSEs in the convex-concave conditions indicate over-
estimations of convex lengths relative to concave lengths.

Dashed bars in Fig. 3 denote convex-concave PSEs computed by
subtracting concave-flat PSEs from their convex-flat counterparts
(convex-concave = convex-flat � concave-flat). For condition
CxCv20, a paired-samples t test showed that the difference be-
tween computed and measured PSEs was nonsignificant,
t(5) = 0.40, p = .706, whereas the correlation coefficient between
computed and measured PSEs was significant, N = 6, r = .86,
p = .027. Therefore, for individual observers computed and mea-
sured biases were the same. For condition CxCv10, a paired-sam-
ples t test showed that the difference was also nonsignificant,
t(5) = 0.86, p = .429, but the correlation was nonsignificant as well,
N = 6, r = .01, p = .989. Note in Fig. 3 that the variability in PSEs was
lat Convex-Concave

**

**

*

R = 10 cm

R = 20 cm

itions. Wide gray bars depict average PSEs for the respective conditions. These were
PSEs computed from the first two conditions: convex-flat � concave-flat. Error bars
the mean. *p < .05. **p < .01.



Table 1
Mean points of subjective equality

Condition Mean PSE (cm) t(5) p

CxF10 �1.53** �5.37 .003
CxF20 �1.25** �8.36 <.001
CvF10 0.81* 3.43 .019
CvF20 0.19 0.48 .650
CxCv10 �1.96** �8.56 <.001
CxCv20 �1.32** �4.18 .009

* p < .05.
** p < .01.
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much smaller in condition CxCv10. Thus, PSEs cluster in a narrow
region, causing the correlation to be nonsignificant. Also for this
condition we conclude that computed and measured biases agreed.

As we anticipated, magnitudes of average PSEs were larger for
the smaller radius for all three combinations of surface types (Ta-
ble 1). We tested whether this was a significant effect by compar-
ing absolute values in a one-tailed paired-samples t test for each of
the three surface combinations. However, the effect was not found
to be significant, t(5) = 1.18, p = .147; t(5) = 0.10, p = .464; and
t(5) = 1.36, p = .116, for CxF, CvF, and CxCv, respectively.

Fig. 4 shows points of equal duration together with points of
subjective equality, each of the six experimental conditions being
represented by a different symbol. PEDs are to be interpreted in
the same way as PSEs. A PED in the convex-flat conditions of,
say, �2 cm indicates that a convex strip of 17 cm was traced in
the same time as a flat strip of 19 cm. In other words, the observer
needed more time to trace convex strips than flat ones of the same
length. In the same manner, a positive PED in the concave-flat con-
ditions signifies that the observer needed shorter times for concave
strips than for flat strips, and a negative PED in the convex-concave
conditions indicates longer times for convex strips than for con-
cave ones. In short, PSEs and PEDs represent length differences that
are subjectively equal or are traced in equal times, respectively.

We did a linear regression on PSEs and PEDs, weighting data
points according to their errors in both x and y (York, Evensen,
López Martínez, & De Basabe Delgado, 2004). PSEs correlated sig-
nificantly with PEDs, N = 36, r = .75, p < .001: The best straight line
corresponded to the equation PSE = (�0.11 ± 0.12) + (0.43 ± 0.05)
PED (standard errors indicated). Note that the participant who
had a strongly negative PSE in condition CvF20 (�1.50 cm) had a
4

-2-6

-2

2

-4

-4

-8

PSE (cm)

PSE = -0.11 + 0.43 PED
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similar PED (�1.25 cm). Thus, although the bias in this partici-
pant’s distance estimates was opposite to the biases of the other
participants, the bias closely followed his PED.

3.2. Analysis of movement duration differences

A convex strip took longer to trace than a flat one, which in turn
took longer than a concave one. The question then is what caused
these differences in sweep duration. At least two hypotheses can
explain our results. Firstly, duration differences could simply be
brought about by differences in the movement speed of the index
finger. Secondly, time differences could have been caused by differ-
ences in what we will call contact points for the left and the right
corner of the strip. We define the contact point as the skin area
where the observer feels the strip’s end point. If the contact points
for the left and the right end point of the strip are located on differ-
ent parts of the finger (Fig. 5a, left part), then the traced length will
be shortened or lengthened by the distance between the contact
points (Fig. 5a, right part). Note that this hypothesis does not ex-
plain the cause of directional shifts in contact points. It tells us only
that there is a shift in contact point which is opposite for convex
and concave surfaces, and we assume that this shift is symmetric.
Shifts as indicated in Fig. 5a would agree with the differences in
movement durations as found in this experiment.

At this point, it is important to realize that we cannot find evi-
dence in favor of or against the contact point hypothesis by observ-
ing raw movement profiles, as for example in Fig. 2b. For this
particular movement profile, the spatial coordinate of the right
end point (�7 cm) deviated slightly from the corresponding coor-
dinate of the position marker as recorded in the calibration exper-
iment (lower dashed line). However, remember that we recorded
the movement of the index finger by reading out coordinates of a
position marker that was stuck to an arbitrary location on the dor-
sal surface of the distal phalanx. So, the location of this position
marker did not correspond to the skin area that was actually
touching the strip’s edge. Thus, unfortunately the data do not allow
us to deduce from the coordinates of this position marker whether
contact points were indeed different, since differences in the loca-
tion of the position marker relative to the left and the right strip’s
end point could have been provoked not only by differences in con-
tact point, but also by rotations of the index finger relative to the
strip which keep the contact point the same. From the raw move-
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Fig. 5. Analysis of movement duration differences. Panel a illustrates the contact
points hypothesis. According to this hypothesis differences in sweep durations are
caused by a shift in the contact points for the left and right end points of the strip.
The traced distance gets lengthened or shortened by the amount of the shift for
convex or concave surfaces, respectively. Panel b explains the multiple regression
model for sweep durations. The contact point hypothesis predicts that parameter c
is significant, and the speed hypothesis predicts that parameter d makes a
significant contribution to the model.

Table 2
Multiple regression analysis of sweep durations (N = 1008), and relative speed
differences: time = a + b length + c surface type + d length � surface type

Condition Regression model Speed
difference %

a
(10�2 s)

b
(10�2 s/cm)

c
(10�2 s)

d
(10�2 s/cm)

R

CxF10 11.31 6.94 – �1.02 .45 �14.6
CxF20 0.19 6.61 – �0.39 .29 �5.9
CvF10 10.05 5.63 – – .27 –
CvF20 19.31 4.71 – 0.20 .32 0.7
CxCv10 2.51 7.30 – �1.40 .37 �29.4
CxCv20 10.01 5.66 – �0.66 .41 �11.7

Note: Surface type term: convex = 0 and flat = 1 for convex – flat conditions, con-
cave = 0 and flat = 1 for concave – flat conditions, convex = 0 and concave = 1 for
convex – concave conditions. Dashes indicate that the predictor’s contribution to
the model was nonsignificant or the relative speed difference could not be com-
puted. All models: p < .001. Relative speed differences between surface types are
computed from regression parameters b and d. Speed differences are defined as
(Cx�F)/F, (Cv�F)/F and (Cx�Cv)/Cv for the convex–flat, concave–flat and convex–
concave conditions, respectively.
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ment profiles we can only extract the times that the participants
associated with the movement along the strip.

However, the two hypotheses can be tested against each other
by considering the relationship between movement times and ac-
tual strip length they predict. For instance, in the case of the Con-
vex-Concave conditions, the speed hypothesis predicts

TCx ¼
LCx

mCx
vs: TCm ¼

LCm

mCm
ð2Þ

where T, L, and v denote movement time, actual strip length and
average speed for the respective surface types. The contact point
hypothesis, on the other hand, predicts

TCx ¼
LCx þ s

m
vs: TCm ¼

LCm � s
m

ð3Þ

in which s signifies the shift in contact point (Fig. 5a) and v the aver-
age speed, which in this case is the same for both surfaces. Thus, the
speed hypothesis predicts a difference in slope, whereas the contact
point hypothesis predicts different constant terms.

Therefore, we did a multiple regression on each of the six exper-
imental conditions, combining the data for all participants (N = 6
observers � 2 surface types � 84 trials). As a measure of movement
time, we took the mean sweep duration (Fig. 2b). The predictors
we considered were length, surface type, and their interaction
length � surface type (Fig. 5b). The regression equation is time =
a + b length + c surface type + d length � surface type. The predic-
tor length was always included in the model. We did a forward
regression for surface type and length � surface type: after length
had been included, the predictor that accounted for the largest por-
tion of the remaining unexplained variance in movement times
(largest semipartial correlation) was added and retained, if it made
a significant improvement to the model. The predictor that re-
mained was considered likewise. If only the surface term is added
to the model, this would mean that there is a significant difference
in the constant terms for the two surface types, which supports the
contact point hypothesis. If the interaction term is included in the
model, there is a significant slope difference, which shows that the
movement speeds across the surfaces were different. Finally, if the
surface term as well as the interaction term is included, then differ-
ences in sweep durations are due to both speed differences and dif-
ferent contact points.

Table 2 gives the results of the multiple regression analysis.
Apart from the length term, the regression model included the
interaction term but not the surface term in five of six conditions,
showing that in these conditions different movement speeds pro-
vide the best prediction of the differences in movement times for
the various surface combinations. In one condition, only the length
term constituted the regression model. Thus, the contact point
hypothesis is rejected in favor of the speed hypothesis. Table 2 also
gives relative speed differences as computed from the regression
parameters.

3.3. Other variables

We investigated whether the magnitude of the PSE depended
on the overall average movement speed of the index finger. First,
we computed the average speed per condition for each participant
(i.e., the average speed applied in a single psychometric session)
from the slope of the straight line fitted to mean sweep durations
versus strip lengths for the aggregated data of the two surface
types. Note that this is an average of movement speeds across
the two surfaces tested in that particular condition. Movement
speeds could differ by as much as a factor of three (Min = 9.8 cm/
s, Max = 29.3 cm/s, Mdn = 15.7 cm/s, IQR = 5.0 cm/s). There was no
significant correlation between PSE magnitudes and movement
speeds, N = 36, r = �.19, p = .270.

Further more, we tested whether there were systematic differ-
ences in the overshooting movements between the various surface
types. To exclude any effect of strip length, we only analyzed trials
in which both strips were 18 cm (N = 6 observers � 12 trials). First,
we computed the mean extent of the overshooting movement for
each movement profile (Fig. 2b). In the case of four sweeps, there
were three overshooting movements, etc. Occasionally, a trial
had to be excluded from the analysis, because only a single sweep
was made and consequently no overshooting movement could reli-
ably be defined. The overall average extent of the overshooting
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movement at reference length was 17 mm. Next, we performed a
paired-samples t test for each of the six experimental conditions.
The difference in the overshooting extent for the two surfaces used
in a particular condition was defined in the same way as the length
difference for that condition (convex-flat, concave-flat, or convex-
concave). For three conditions, the difference in the overshooting
extent was significant and in agreement with the direction of the
corresponding PSE: M = �2.9 mm, t(71) = �7.34, p < .001;
M = �0.9 mm, t(70) = �2.88, p = .005; and M = 0.9 mm, t(71) =
2.35, p = .022, for CvF10, CvF20, and CxCv20, respectively. For
example, in the case of condition CvF10, overshooting was smaller
for the concave strip by about 3 mm, while at the same time con-
cave lengths were underestimated. However, for two conditions,
the difference in the overshooting extent was significant but oppo-
site to the direction of the PSE for that condition, M = �1.4 mm,
t(69) = �3.39, p = .001, for CxF10, and M = �1.4 mm, t(69) =
�2.77, p = .007, for CxCv10. For condition CxF20, the difference
was nonsignificant, M = �0.03 mm, t(68) = �0.09, p = .927.

For reasons that will be explained Discussion, we also computed
instantaneous movement speeds at the very start and end of a
sweep by taking the three-point derivative (Press, Teukolsky,
Vetterling, & Flannery, 2002). We assume that the starting and
ending speeds of a sweep are indicative of the speeds at which
the index finger passes the first and last end points of a strip. Again,
we only analyzed trials in which both strips had reference length.
We then averaged the starting and ending speeds over all sweeps
for each movement profile. The starting speed for the first sweep
was excluded from the analysis. We were interested in the differ-
ence between the mean starting and ending speed and whether
this difference varied systematically between the various surface
types. Paired-samples t tests showed that the effect was significant
only in condition CxF10, M = �0.95 cm/s, t(69) = 2.57, p = .012. For
both the convex and flat surfaces in this condition, starting speeds
were on average higher than ending speeds, the difference be-
tween starting and ending speed being in turn 0.95 cm/s larger
on the flat surface compared to the convex one. For all other con-
ditions, differences were nonsignificant, all ps > .183.
4. Discussion

We found that convex and concave surfaces had qualitatively
different effects on observers’ length percepts: convex lengths
were overestimated, whereas concave lengths were underesti-
mated compared to flat strips. Thus, not only whether a surface
was curved or flat, but also the sign of curvature affected observers’
length estimates and any explanation for curvature biases would
have to account for this qualitative difference.

If a convex length is overestimated relative to a flat one, and a
concave length is underestimated relative to a flat length, then in
turn, one would expect convex lengths to be overestimated rela-
tive to concave lengths. The results did indeed indicate that mea-
sured convex – concave PSEs and convex – concave PSEs
computed from the first two conditions agreed very well. Not
only does this finding demonstrate that the experiment is highly
reproducible, but it also shows that the experimental conditions
are consistent in the sense that observers appear to use the same
mechanism in each condition to draw inferences about the
length of the traced edge.

If curvature influences an observer’s perception of length, then
one would also expect to find smaller PSEs for smaller curvatures,
or larger radii, since in the limit case the observer would essen-
tially be comparing the lengths of flat strips and, given the exper-
imental design, we do not anticipate any biases in that case.
Although there was a trend in the data for PSEs to be smaller for
the larger radius, this trend was not significant. Apparently, the dif-
ference between the 10 cm radius and the 20 cm radius was too
small for any effect on PSEs to be detected.

As a next step in our analysis, we showed that there was a po-
sitive and significant correlation between points of subjective
equality and points of equal duration. We were surprised by the
considerable correlation between subjective estimates and move-
ment characteristics, given that we are investigating conditions
of relatively unconstrained exploration. Thus, observers’ length
estimates followed durations of movement and, taken together
with previous research on haptic length perception, this suggests
that observers indeed took movement time as a measure of per-
ceived length. We also demonstrated that the differences in move-
ment duration derived from differences in movement speeds. The
index finger moved slowest along the convex surface and fastest
along the concave one, which led to longer movement times for
convex lengths.

4.1. Cause of speed differences

How can we explain these speed differences? Why did the
observers move their index finger at different speeds across the
different surface types? Several hypotheses can be put forward to
account for this effect. Our first hypothesis is that gravity modu-
lates movement speeds along the different surface types. Observ-
ers try to move at equal speed across all surfaces, but they do
not succeed because they do not fully compensate for gravity ef-
fects. It is not yet clear precisely in what way this effect is brought
about, but we can reasonably assume that gravity acts differently
on convex and concave movements. For example, when observers
start moving their index finger along a convex edge, they acceler-
ate in a direction (upwards and to the left or the right) that is par-
tially opposite to gravity (downwards), whereas towards the end of
the sweep they decelerate, in which case gravity is again working
against their movement. To put it more precisely, for convex sur-
faces the component of the gravity vector that is tangential to
the surface opposes both the acceleration and deceleration phases
of the movement. For concave surfaces, on the other hand, the
opposite is the case. Note that a possible gravity effect on move-
ment speeds would be similar to the effect that the added resistive
force had in one of the active conditions in McFarland and Soech-
ting Research (2007). The absence of any effect of this manipula-
tion on the RT illusion argues against the gravity hypothesis.

The second hypothesis relates speed differences to differences
in moments of inertia for convex and concave movements. This
explanation is the same as the inertial anisotropy hypothesis pro-
posed for the RT effect. We designed the setup such that postures
of the observer’s arm were as similar as possible for all surface
types, but, of course, movements across different surfaces require
different combinations of joint rotations. In the course of the
experiments, we observed that participants made more whole-
arm movements and had less wrist rotation for convex surfaces,
whereas for concave movements the opposite was the case. Thus,
inertial resistance might be larger for convex movements than
for concave movements and so the former would require more en-
ergy. If the observer does not compensate for this inertial anisot-
ropy, the resulting movement speed would indeed be lower for
the convex surface than for the concave surface, as we found in
our experiment.

A third hypothesis has been suggested by one of the partici-
pants. This participant noticed that while the finger moves across
the surfaces, it can more easily lose contact with a convex surface
than with a concave one. Indeed, if at some point during movement
the observer stops exerting forces, the index finger will in rough
approximation continue to move along a straight line tangential
to the surface at that particular point. For the concave surface,
the index finger is then pressed against the steel plate, whereas



348 A.F.J. Sanders, A.M.L. Kappers / Acta Psychologica 129 (2008) 340–351
for the convex surface the index finger, so to speak, takes off. One
could say that the finger moves on the inside of the plate for the
concave surface and on the outside for the convex surface. To pre-
vent this from happening, the observers will move their index fin-
ger slightly more slowly across the convex surface.

If the take-off hypothesis were indeed to explain differences in
movement speeds and if observers did not take these speed differ-
ences into account, then one might expect PSEs to be larger for
observers who move their index finger at higher speeds, as it is
easier to lose contact with the convex surface when moving faster.
However, we did not find any correlation between PSE magnitudes
and movement speeds. This argues against the take-off hypothesis,
but does not disprove it, since it could still very well be that
observers who move their index finger at higher speeds simply
press their finger with a greater force against the surface, thereby
canceling the effect of movement speed.

4.2. Secondary effects

We will now briefly discuss two secondary effects that may pos-
sibly have influenced length estimations in addition to the effects
of movement speed as discussed above. We will show that these
effects are negligible or can even be discarded.

First, we mention the possibility of secondary effects of over-
shooting on length estimations: additional biases in length judg-
ments could have been introduced due to overshooting
movements being larger for one or the other surface type. How-
ever, note that differences in overshooting extent were much smal-
ler than actual PSEs reported. Moreover, this effect, if any, must
interact with the effect of movement speed, since only for three
of six conditions did differences in overshooting extent agree with
the direction of the PSE.

Second, Dassonville (1995) reports that observers who receive a
short tactual vibration to the index finger while making a fast
pointing movement to a visual target, mislocalize the location of
this vibration at a position that lies at a fixed time interval beyond
the actual location of the tactual stimulus. In the case of length
estimations, the locations of the end points of the strip may thus
be misperceived, affecting perceived length in turn. Suppose that
the perceived location of the first end point that is passed in a
sweep is shifted along the curved trajectory in the direction of
movement: the perceived location lies somewhere on the strip it-
self. The location of the last end point is shifted in a similar fashion,
and it is now perceived to lie somewhere beyond the actual strip’s
end point. Since the shifts are assumed to be constant when ex-
pressed in time, the shifts expressed in distance depend on the
velocities of the moving index finger at the moment that the end
points were crossed. If the velocity at which the first end point in
a sweep is crossed is larger than the velocity at which the last
end point is crossed, a small shrinkage of perceived length would
occur: the shrinkage equals the difference between the velocities
at the first and last end points multiplied by the time constant.
Since in our experiment observers had to discriminate lengths
across different surfaces, secondary effects may occur if speed dif-
ferences between the first and last end points vary systematically
between the various surface types. As we have shown, in only
one case were speed differences between first and last end points
systematically different for the two surface types tested, but the
direction of this effect was opposite to the direction of the reported
length biases.

4.3. Mechanisms underlying length estimations

One could come up with many complex explanations to account
for systematic errors in length estimates when observers use limb
movements to judge distance traversed. Note that any explanation
involves taking a number of different steps. Since distance tra-
versed is inferred from the kinematics of the tracing movement,
that is to say, from the characteristics of the movement profile,
one would have to explain not only what brings about particular
movement characteristics, but also how the observer perceives
properties, such as time, velocity, and acceleration, for movements
along different pathways and in what particular way these per-
cepts are processed to constitute a length percept. We now discuss
two types of mechanisms that fit with our data set. Each mecha-
nism thus has to answer two questions: First, what induces speed
differences? Second, what is the basis for the observer’s misjudg-
ments of curved lengths? According to the first account, curvature
effects are due to a discrepancy between planned or desired move-
ment profiles on the one hand and profiles as they are actually
realized on the other hand, and, as such, the curvature effects have
the nature of a motor error. According to the second mechanism,
systematic biases in the perception of movement speeds for con-
vex and concave surfaces cause the observers to move their finger
at different speeds across the two surfaces while perceiving their
movement speeds to be the same. This mechanism explains the
curvature effects in terms of a perceptual error.

4.3.1. Undetected speed differences
According to the first explanation, observers plan to move their

finger with equal – physical – speeds across the different surface
types, in which case movement duration would be a veridical mea-
sure of distance traversed. However, motor commands sent to the
muscles do not meet this requirement. For example, observers do
not fully compensate for inertial anisotropies of convex and con-
cave arm movements or for effects of gravity, and consequently
in neither case do they satisfy the dynamic constraints of the de-
sired arm movements. These factors can be called curvature-
extrinsic, because they are not specific to curvature but would arise
in different settings too: the inertial anisotropy hypothesis has
been proposed to explain the RT effect (Wong, 1977) and one could
imagine that gravity effects also play a role in tasks that differ from
ours. The illusion must then arise because observers think they are
moving their finger at the same speed across the different surface
types so that they can take time as a measure of perceived length.

An important question that has to be answered is why observ-
ers do not notice speed differences. What does it actually mean if
speed differences are undetected? This question has not been ad-
dressed in earlier research. One might conclude that speed differ-
ences have been too small for the observer to detect. However,
these small speed differences lead to differences in movement
duration which in turn yield robust curvature biases. Although
mechanisms for perceiving time and movement speed of limbs
may be quite distinct, it is reasonable to assume that these mech-
anisms are tuned to each other. Thus, we think it is unlikely that
subthreshold speed differences would lead to suprathreshold time
differences. Another possibility is that sensory feedback indicating
differences in actual movement speeds is simply ignored due to the
cognitive load of the task, and observers assume from movement
onset that they are moving their index finger at the same speed.
Because participants generally make four sweeps and can choose
their own speed range, this possibility also seems unlikely.

4.3.2. Misperceived speeds
A second explanation that could account for the reported curva-

ture effects is that perception of speed is not veridical for convex
and concave surfaces. In other words, speeds across the two sur-
face types are perceived differently, which in turn causes curvature
biases in length perception. Note that when we are talking about
movement speeds of the index finger, we are actually referring to
speeds in external space, that is, without any reference to the body
(in this case: speed with respect to the strip’s edge). Given then
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that the sense of speed of limb movements is the result of complex
transformations starting from signals from muscle spindles,
mechanoreceptors, and possibly joint receptors, and given that
physically simple trajectories are generally complex in biomechan-
ical terms (e.g., movement of finger along a straight line), distor-
tions in the spatial representations that are a prerequisite for
these transformations might account for the misperception of
speeds across convex and concave surfaces.

The similar results for the active and passive RT effect (McFar-
land & Soechting, 2007) lend support to this explanation, consider-
ing that at a physiological level there are considerable differences
between active and passive arm movements. For example, there
is no motor outflow for passive movements, and consequently no
corollary discharges are generated to anticipate the reafferent sen-
sory effects of movements (Miall & Wolpert, 1996). Furthermore,
sensitivity of muscle spindles is severely reduced for passive move-
ments, because due to the absence of motor commands there is no
alpha-gamma coactivation (Clark & Horch, 1986). Finally, trans-
mission of cutaneous feedback is decreased during voluntary
movements (e.g., Chapman, 1994; Seki, Perlmutter, & Fetz, 2003),
and detection thresholds for tactile stimuli are correspondingly in-
creased, the increase appearing more intense for active movements
than for passive movements (e.g., Chapman & Beauchamp, 2006;
Vitello, Ernst, & Fritschi, 2006). Tactile sensitivity at the contact be-
tween finger and surface plays an important role in haptic length
perception, because cutaneous feedback has to be monitored dur-
ing active movement to check whether the limb is still in contact
with the stimulus and because tactile slip may be an important
cue for movement speed (Dépeault, Meftah, & Chapman, 2008; Es-
sick, Franzen, & Whitsel, 1988).

An example of such a spatial distortion accounting for the mis-
perception of movement speeds might be the radius of curvature
being perceived differently for convex and concave surfaces. Cur-
vature information is probably a crucial type of spatial knowledge
needed for computing movement speeds. Suppose that the convex
radius is overestimated by an amount d, whereas the concave ra-
dius is underestimated by the same amount (Fig. 6). Then, the
pathway that the observer perceives to be tracing (thin line) is dif-
ferent from the actual surface (thick line): the perceived convex
trajectory is stretched and the perceived concave trajectory is
shrunk with respect to the real surface. Therefore, if the observers
move their finger at equal speeds along these perceptual trajecto-
ries, physical movement speeds (i.e., the speeds that we actually
measured) are lower for the convex than for the concave surface.
Let us assume that the observers’ finger did indeed maintain equal
speeds along the perceptual trajectories, then take

PSE ¼ LPSE
Cx � LPSE

Cm ð4Þ

and since

LPSE
Cx þ LPSE

Cm ¼ 36cm ð5Þ
Convex Concave

δ

δ

Fig. 6. Misperceived radii of curvature for convex and concave surfaces. Convex
radius is overestimated by an amount d and concave radius is underestimated by
the same amount. Observer maintains equal speeds along perceptual trajectories
(thin lines), causing speed differences along actual surfaces (thick lines).
we can solve for d in

LPSE
Cx

Rþ d
R
¼ LPSE

Cm
R� d

R
ð6Þ

in which R is the actual radius and LPSE the length of the pathway for
the respective surface at PSE. Table 3 gives values for d based on
average PSEs for each of the six experimental conditions as reported
in Table 1.

Previous research on haptic curvature discrimination (notably
Pont, Kappers, & Koenderink, 1999) addressed the question of the
possible cues conveying curvature information (height differences,
attitude differences and local contact curvature information).
Interestingly, Pont et al. (1999) showed that scanning length af-
fects one’s curvature percept, whereas we have shown that curva-
ture affects one’s length percept. However, in all their experiments
participants had to take the sign of curvature into account. Van der
Horst and Kappers (2008) did discrimination experiments in which
observers had to decide which of two curvatures, one being convex
and the other being concave, felt more curved. Observers thus had
to disregard the sign of curvature. Indeed, for stimuli that had
dimensions, orientations and curvatures similar to the surfaces
used in this study, they found a systematic bias towards overesti-
mations of radii of convex curvatures compared to concave. In
other words, a particular curvature appeared flatter when it was
convex than when it was concave. Unfortunately, Van der Horst
and Kappers (2008) did not control for scanning length, which
makes it hard to compare their results with those of this study.
The point that we want to make here is that the systematic over-
estimations of convex and underestimations of concave lengths
as reported in this paper might be caused by an interaction be-
tween length and curvature percepts, tentatively having the nature
of a percept-percept coupling (Epstein, 1982). Finally, we find it
intriguing that typical values for d range roughly between 0.5 cm
and 1 cm, which is the same range as the thickness of the index fin-
ger. We might then hypothesize that the part of the finger that the
observers perceive to be tracing the pathway is not the skin area
contacting the strip’s edge, as it should have been, but is some
point located more centrally inside the index finger.

4.4. Other mechanisms?

In discussing possible mechanisms underlying overestimations
of convex and underestimations of concave lengths, we have pro-
vided concrete explanations for the occurrence of these curvature
biases. As we already remarked, one can come up with other expla-
nations. There may be mechanisms that work at a more cognitive
level. For instance, perception of duration might be different for
different types of movements, because certain movements are
more complex and therefore require more cognitive effort (e.g.,
Sadalla & Magel, 1980; cf. Proffitt, Stefanucci, Banton, & Epstein,
2003). However, because cognitive effort is at present ill-defined,
it is not clear a priori why one or the other type of movement
Table 3
Overestimations of convex and underestimations of concave radii, based on the model
for misjudgments of curved lengths

Condition d (cm)

CxF10 0.89
CxF20 1.44
CvF10 0.44
CvF20 0.21
CxCv10 0.54
CxCv20 0.74

Note: Calculations are based on average PSEs for the respective conditions.
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would involve more effort. This explanation is therefore difficult to
test.

4.5. RT effect

In this study, we have presented a new experiment in which
observers make limb movements in order to judge distance tra-
versed. As we argued in Introduction, it is reasonable to assume
that the RT effect and the curvature effects reported in this paper
share a common origin. Thus, by comparing these different exper-
imental tasks we may transcend task dependencies and come clo-
ser to understanding the general principles governing distance
estimates. For example, if it can indeed be shown that a distorted
perception of convex and concave radii causes curvature effects,
the interesting question that arises is whether an equivalent spa-
tial distortion underlies the RT effect. Furthermore, McFarland
and Soechting (2007) research predicts that if the index finger is
being moved passively across convex and concave surfaces at equal
speeds, convex lengths are still overestimated and concave lengths
underestimated. Thus, their research on the RT effect argues
against the undetected speed differences explanation and in favor
of the misperceived speeds mechanism for curvature biases in this
paper.

5. Conclusions

In this research, we have demonstrated that curvature induces
systematic errors in haptic length perception. Observers made ac-
tive movements to trace a curved pathway and judge the length of
it. Surprisingly, we found that the sign of curvature had a differen-
tial effect on length estimates: convex lengths were overestimated,
whereas concave lengths were underestimated. We have also
shown that a kinematic mechanism underlies length estimates:
curvature biases probably originate from a discrepancy between
actual kinematic properties of arm movements and kinematic
properties as inferred by the observer.

In particular, we observed a significant correlation between
movement times and length estimates. The differences in move-
ment durations for convex and concave lengths were caused by
differences in movement speeds across the different surface types.
For example, the index finger moved slowest across the convex
surface, which led to longer movement times for this type of sur-
face. Taking into account the research on the RT effect as discussed
in Introduction and research on curvature perception as discussed
above, we might guess that the basis for the illusion is a spatial dis-
tortion that causes movement speeds to be misperceived for con-
vex and concave surfaces. Further research is needed to reveal
the mechanisms underlying the reported effects.

Interestingly, two studies (Norman, Lappin, & Norman, 2000;
Norman, Norman, Lee, Stockton, & Lappin, 2004) reported analo-
gous length biases in visual perception. Participants had to esti-
mate lengths across flat and curved surfaces (cylinders, convex
and concave hemispheres, and saddle shapes). These surfaces were
real textured objects and were viewed stereoscopically: a full cue
situation that might be comparable to the relatively unconstrained
manner of exploration in this study. Estimation of lengths across
curved surfaces was distorted also in the visual case. Particularly,
lengths along the curved dimension of a convex cylinder were gen-
erally overestimated, although there was a dependency on the cyl-
inder’s orientation and distance to the cylinder (Norman et al.,
2000). Apparently, perception of length across curved surfaces is
distorted, no matter whether the surfaces are defined visually or
haptically.

An interesting implication of the reported curvature effects is
that local shape apparently interacts with length perception. This
means that distance estimates are not informative unless the
geometry of the path is specified. Since movement of the hand or
fingers across the surface of an object is a common exploration
procedure for perceiving an object’s shape (Klatzky & Lederman,
2003), the question is whether or how the effects reported here
influence perception of an object’s overall shape. Perhaps distance
information is used for making the transition from local to global
shape. For example, this type of information might be important
for arranging the local surface patches in order to construct the
overall shape of an object. Consequently, one might expect distor-
tions in perception of global shape to co-occur. Another interesting
research direction might be to take a more ecological approach and
investigate how haptic length perception is affected when other
object properties, such as compliance (cf. Song, Flanders, & Soech-
ting, 2004) or texture (Corsini & Pick, 1969), come into play.
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