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In order to grasp and manipulate ob-
jects with our hands, we need accurate
and constantly updated information
about the shape and changes in the
shape of objects that we employ. The
sensitivity of the fingers for shape is
indispensable in providing this infor-
mation. In this thesis, the ability to use
the hand in the perception of object
shape is investigated.

1.1 Haptic exploration

Haptics refers to the perceptual aspect
of human hand functioning. The hap-
tic sense is characterized by the variety
of ways in which the hand can be used
to acquire information from an object.
One distinction that can be made is
between active and passive touch. Ac-
tive touch means that the contact is
controlled by the observer; passive
touch is equivalent to being touched,
which does not require control
(Loomis and Lederman 1986; Chap-
man 1993). Another distinction that
can be made is between dynamic and
static touch. Dynamic touch is charac-
terized by movement contact between
the observer and the object. In general,
the movement is executed by the ob-
server on the object, but the reverse
scenario is also possible. In static
touch, the contact between observer
and object is motionless. A special as-
pect of the haptic sense is the variety
of body parts that are involved.
Touching can be done with the tip of a
single finger, with the whole finger, or
with the complete hand; either the

palmar or dorsal side can be used; fin-
gers within the hands can be com-
bined, or both hands can be used.
Lederman and Klatzky (1987) pro-
posed that the manner of exploration
depends on the class of information
that the observer attempts to achieve.

1.2 Haptic perception of object
shape

Klatzky et al. (1985) and Lederman
and Klatzky (2004) have studied the
ability to identify common objects, like
kitchen supplies, when only the hands
are used. They showed that humans
are fast and accurate when they are
free in their manner of exploration, but
performance decreases when the ex-
ploration is constrained.

Recognition of objects can be based
on combining information about sev-
eral properties, such as size, shape,
temperature, compressibility, rough-
ness, and weight. The role of shape
information in object recognition can
be studied by creating objects that dif-
fer in shape but are made from the
same material. Newell et al. (2001) cre-
ated non-familiar objects from LEGO
bricks; Norman et al. (2004) made
solid copies of bell peppers; Cooke et
al. (2007) produced a set of non-
familiar 3D objects that not only var-
ied systematically in shape but also in
texture. These objects were especially
designed to compare performance in
haptic object recognition to visual or
cross-modal object recognition. They
are less sufficient for studying haptic
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shape perception in a systematic way,
since the objects that are used have
quite complex shapes.

A more systematic manner in
which to study the haptic perception
of object shape is by using stimuli that
can easily be described by geometry.
Lakatos and Marks (1999) used poly-
hedrons and polyhedrons with local
deformations to study similarity
judgments. They found that these
judgments were primarily based on
local object features, but the global
shape was weighted more heavily
with an increase in exploration time.
Roland and Mortensen (1987) studied
the discrimination performance of ob-
jects like ellipsoids, spheres, and par-
allelepipeda that slightly differed in
size. They found a high performance
for the ellipsoids, which are charac-
terized by differences in local curva-
ture.

Instead of concentrating on the
shape perception of complete objects,
the perception of local shape can be
investigated. At a local level, the shape
of a smooth object can be described by
the curvature, which is defined as the
reciprocal of the radius of either a cir-
cle or a sphere. One way to investigate
the perception of curvature informa-
tion is by using a range of stimuli with
well-defined curvature profiles that
differ only slightly. Discrimination
experiments can be performed to es-
tablish how much the shapes should
differ in order to be distinguishable.

As mentioned, many exploration
modes can be used to acquire object

information by touch. The manner of
exploration might determine how sen-
sitive humans are in perceiving shape
information. Moreover, the conversion
from physical shape to mental percept
might depend on the means by which
the information is obtained. For exam-
ple, two object surfaces with an identi-
cal shape profile might be judged dif-
ferently when compared with the left
and right hand. Or, to give another
example, the perception of the curva-
ture of a surface might depend on
what we have touched before.

The studies that are presented in
this thesis report the findings of sev-
eral psychophysical experiments on
the haptic perception of shape infor-
mation. These experiments were con-
ducted to establish how the haptic
perception of shape depends on the
exploration mode. The purpose was to
obtain a better understanding of the
capabilities of humans in using their
haptic sense and to provide greater
insight into the representations un-
derlying haptic perception. In the fol-
lowing sections, the topics of the dif-
ferent chapters are introduced by pro-
viding a synopsis of the literature on
haptic shape perception.

1.3 Haptic curvature discrimina-
tion

Several studies have been conducted
to investigate the human ability to
perceive curvature by touch. Davidson
(1972) let subjects judge whether
weakly curved strokes felt convex, flat,
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or concave. The exploratory proce-
dures that the subjects applied were
then analysed. In most cases, the sur-
faces were touched by sweeping one,
two, or several fingers along the con-
tour. In some cases, the stimulus was
touched by a static contact with sev-
eral fingers. Performance was best
when back and forth movements with
several fingers were made. Gordon
and Morison (1982) measured dis-
crimination thresholds when curved
surfaces were touched dynamically
with the tip of the index finger. Their
findings indicated that the slope dif-
ference over the stimulus surface was
the effective parameter on which the
judgment of curvature was based.

Curvature perception in static
touch was investigated by Goodwin et
al. (1991). They applied spherically
curved stimuli on a single fingerpad
and found that a shape with a curva-
ture of about 5 m-1 could be distin-
guished from a flat surface at a 75%
correct level. Pont et al. (1997) estab-
lished the ability to perceive the shape
of curved strips that were statically
touched with different parts of the
hand. They found that performance
increased with contact length. Their
findings suggest that the magnitude of
the threshold was primarily deter-
mined by the total slope difference
over the stimulus surface, which is in
accordance with the results of Gordon
and Morison (1982). However, their
supposition was based on dynamic
touch. Extensive experiments on dy-
namic touch were performed in later

studies by Pont et al. (1998, 1999).
These studies confirmed that the slope
difference is the main geometrical pa-
rameter on which curvature percep-
tion is based in static as well as in dy-
namic touch. Further validation was
provided by Louw et al. (2000, 2002a),
who studied detection and discrimi-
nation of Gaussian-shaped stimuli.
They found that thresholds increased
with a power of 1.3 with the width of
the shape, which indicates that the
threshold is mainly determined by the
slope but also in part by the curvature
of the shape.

In most of these studies, only a sin-
gle finger was used to touch the stim-
uli. Moreover, the stimuli that had to
be compared were touched sequen-
tially by the same finger. Other studies
have been performed in which the
whole hand was used to perceive cur-
vature. Discrimination performance
was better when the stimuli were
touched by successive unimanual ex-
ploration than by simultaneous bi-
manual exploration (Kappers et al.
1994; Kappers and Koenderink 1996).
Moreover, idiosyncratic biases were
found in dynamic bimanual curvature
discrimination tasks (Kappers et al.
1994; Kappers and Koenderink 1996;
Sanders and Kappers 2006). A bias
represents a systematic curvature dif-
ference between two shapes that are
touched with different hands but are
perceived to be similar.

The preceding overview shows
that several studies have been con-
ducted on dynamic curvature dis-
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crimination with the single finger of
the preferred hand, but neither the
ability to perceive curvature with
other fingers nor the ability to com-
pare curvature when different fingers
are applied on different shapes have
been investigated. Curvature dis-
crimination studies in which the
whole hand was used suggest that
performance may depend on the fin-
ger that is used and the manner in
which the finger is employed.

In Chapter 2, we investigate how
the ability to perceive curvature by
dynamic touch with the fingers de-
pends on several exploration vari-
ables. One way of comparing the cur-
vature of two surfaces is by subse-
quently touching both surfaces with
the same finger, as in previous studies.
We tested whether sensitivity de-
pended on the finger that was used for
this task. Another manner to compare
the curvature of two surfaces is by
using different fingers for each sur-
face. In that case, sensitivity to per-
form this task may deviate from the
situations in which only a single finger
is used, and biases may occur. In both
the one- and two-finger conditions, the
stimuli were explored sequentially.
However, in the bimanual conditions
of the previously discussed whole-
hand discrimination experiments, the
stimuli were generally touched si-
multaneously (Kappers et al. 1994;
Kappers and Koenderink 1996; Sand-
ers and Kappers 2006), which seems a
natural way for comparing two enti-
ties. We wondered whether the ability

to discriminate curvature was affected
by sequential or simultaneous explo-
ration and tested this for the bimanual
discrimination with the index fingers.

The experiments that are described
in Chapter 2 were all performed on
convex shapes. Convex is defined as
outward pointing, whereas concave is
defined as inward pointing. Several
studies have shown that shape dis-
crimination performance is similar for
convex and concave shapes (Goodwin
et al. 1991; Kappers and Koenderink
1996; Pont et al. 1997; Louw et al. 2000,
2002a). In all these studies, a compari-
son between congruent shapes had to
be made; that is, a convex shape had to
be discriminated from another convex
shape, or a concave shape had to be
distinguished from another concave
shape. However, no comparison be-
tween the curvature of a convex shape
and the curvature of its concave
counterpart was made. In Chapter 3,
we investigate the performance for the
discrimination of these opponent
shapes and compare the results to the
performance for congruent shapes, as
were studied in chapter 2. Experi-
ments were conducted for both uni-
manual one-finger conditions and bi-
manual two-finger conditions.

In the experiments described in
Chapters 2 and 3, the stimuli that were
used are surface parts with a constant
curvature. In Chapter 4, we transition
to using complete objects as our stim-
uli. We wondered how the ability to
perceive curvature could be used
when subjects had to distinguish be-
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tween the shapes of full objects. An
experiment was performed in which
elliptical cylinders had to be distin-
guished from circular cylinders. For
comparison, rectangular cuboids had
to be distinguished from square
cuboids. The finding of a better per-
formance for the elliptical stimuli
would indicate that curvature infor-
mation could be used in an appropri-
ate manner.

1.4 Haptic curvature representa-
tion

All studies referred to in the previous
section used a psychophysical ap-
proach to establish the ability to per-
ceive curvature. A different way to
study the perception of shape infor-
mation is by using a neurophysiologi-
cal approach. Neurophysiological
studies attempt to correlate activation
in the nervous system to the impres-
sion of the shape of an object on the
skin. Four types of mechanoreceptive
afferents innervate the human skin.
These cutaneous receptor units are
classified on basis of adaptation prop-
erties and on basis of receptive-field
properties. Slowly adapting units re-
spond with a sustained discharge to
stimulus information; fast adapting
units respond only at the onset and
removal of a stimulus. Type I units
have small receptive fields, while type
II units have large receptive fields (see
e.g., Johansson and Vallbo 1983; John-
son 2001).

Goodwin et al. (1997) and Jenmalm

et al. (2003) have investigated how
these different afferents respond to
curvature information. They applied
spherically curved stimuli to a single
fingerpad and measured the responses
of several units. It was found that the
responses of slowly adapting type I
receptors (SAI) and fast adapting type
I receptors (FAI) were correlated with
the curvature of the stimuli. However,
as Goodwin and Wheat (2004) argued,
shape information cannot be deduced
from the response of an individual
mechanoreceptor, only from the re-
sponse profile of a whole population
of receptors. Technically, it is impossi-
ble to measure the response of a whole
population at the same time, although
it remains possible to build models of
the population on the basis of individ-
ual responses.

Neurophysiological methods are
useful for obtaining detailed informa-
tion about the processing of shape in-
formation but are limited in providing
a complete picture of the representa-
tion of shape information. A psycho-
physical approach that can be used to
achieve more insight into the repre-
sentation underlying shape perception
is studying curvature aftereffects. A
curvature aftereffect is the phenome-
non whereby a flat surface feels con-
cave (convex) following the prolonged
adaptation to a convex (concave) sur-
face. In general, aftereffects occur for
several properties that are perceived
by the senses. The study of aftereffects
is attractive, because it enables a con-
nection between perceptual phenom-
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ena and neural processes.
The existence of a curvature after-

effect in dynamic touch was reported
by Gibson (1933). Vogels et al. (1996,
1997, 2001) demonstrated the occur-
rence of an aftereffect in static touch,
when the whole hand was applied on
spherically curved surfaces. In Chap-
ters 5 and 6, we study the aftereffect
for single-finger static and dynamic
touch to investigate how the repre-
sentation of curvature information
depends on the exploration mode.
Pont et al. (1999) showed that similar
curvature discrimination thresholds
were found for static and dynamic

touch. However, a finding of similar
thresholds does not entail that similar
processes are involved in the repre-
sentation of curvature by static or dy-
namic touch.

In chapter 5, we establish the oc-
currence of an aftereffect when spheri-
cally curved surfaces are touched by a
single finger and investigate whether
this effect transfers between fingers of
the same or different hands. Transfer
means that adaptation with one finger
induces an aftereffect in another fin-
ger. In Chapter 6, we study the occur-
rence and intermanual transfer of a
curvature aftereffect in dynamic touch.





2 Curvature discrimination in various
finger conditions

Van der Horst BJ, Kappers AML (2007) Exp Brain Res 177:304-311

Abstract The ability of humans to discriminate curvature was investigated for
different finger conditions. The experiments were conducted in which subjects
explored cylindrically curved stimuli by touch. Using a 2-alternative
forced–choice procedure, discrimination thresholds and biases were measured
for several conditions. In 1-finger conditions, reference and test stimulus were
explored with the same finger, whereas in 2-finger conditions these stimuli
were felt with different fingers. Similar thresholds were obtained for the 1-
finger conditions, in which either the preferred or the non-preferred index fin-
ger or the thumb was employed. However, significantly higher thresholds
were found for the conditions in which subjects used two fingers, either of the
same hand or of different hands. Interestingly, even higher thresholds were
obtained for a 2-finger condition in which subjects explored the stimuli si-
multaneously instead of sequentially. In addition, subject-dependent biases
were found in the 2-finger conditions. We conclude that the number of fingers
and the mode of exploration have a considerable effect on performance in a
haptic task such as curvature discrimination.
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2.1 Introduction

Humans can use their haptic sense in
various manners to gather information
about objects in the world around
them. Generally the hands, and more
specifically the fingers, are very im-
portant for obtaining information
about properties, such as the texture
and temperature, and the size and
shape of an object. Depending on the
substance, structure, or function of an
object, humans use their hands and
fingers in different fashions to obtain
the information they want (see, for
example, Lederman and Klatzky
1987). Quite some research has been
done to study humans’ abilities to
haptically perceive object properties
like edges, angles and curvature. Most
studies have concentrated on how
subjects perceive these properties
when only a single finger is used
(unimanual conditions). In natural
situations, however, often different
fingers and combinations of fingers
are used when object properties are
discriminated. To obtain an improved
understanding of the haptic system, it
is required to study how the perform-
ance of humans depends on the fash-
ion in which the haptic sense is used
in exploring shapes or shape proper-
ties like curvature.

Discrimination experiments in
unimanual conditions have demon-
strated that the effective stimulus for
discriminating curvature is the atti-
tude difference, the total change of
local surface attitude (slope) over the

stimulus surface (Gordon and Morison
1982; Pont et al. 1997, 1999). Moreover,
Louw et al. (2000, 2002a) showed that,
over a range of three decades, the dis-
crimination threshold of Gaussian-
shaped stimuli increased with a power
of 1.3 with increasing stimulus width,
confirming the earlier results that the
attitude difference over a curved sur-
face is an important parameter. Based
on previous research, we expected that
the curvature discrimination with the
index finger would be based on differ-
ences in local attitude. It was of par-
ticular interest to see whether dis-
crimination with only the thumb
would give similar results.

Jansson and Monaci (2004) showed
that using more fingers, instead of a
single finger, improves performance in
object identification tasks. However,
discrimination experiments in which
different fingers of the same hand
were used (intramanual conditions)
were only performed by Nefs et al.
(2005), who studied grating discrimi-
nation. In the present study, we in-
cluded a condition in which a subject
had to discriminate a curved stimulus,
explored with the index finger, from a
curved stimulus, explored with the
thumb.

It seems to depend on the nature of
the task whether humans perform
better in a unimanual (Kappers et al.
1994; Kappers and Koenderink 1996;
Nefs et al. 2005) or in a bimanual con-
dition (Ballesteros et al. 1997; Russier
1999). Besides, in the discrimination
experiments on bimanual hand-sized
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curved surfaces, subject-dependent
(idiosyncratic) biases were found
(Kappers et al. 1994; Kappers and
Koenderink 1996; Sanders and Kap-
pers 2006). Although it seems more
natural to use fingers of both hands to
compare curvature, we cannot predict
in advance whether subjects perform
better when they use either one or two
index fingers in discriminating cur-
vature. With regard to the bimanual
conditions, an interesting issue arises.
In the experiments mentioned earlier,
subjects explored the stimuli either
sequentially or simultaneously. Al-
though Weber (1834) already found
that temperature and weight are easier
discriminated when the hands are
used sequentially instead of simulta-
neously, there has not been any fur-
ther systematic inquiry into the differ-
ences between these modes of explo-
ration in haptic tasks. Therefore, we
designed an experiment in which se-
quential and simultaneous exploration
was compared directly.

The aim of the present study was to
examine how the ability to discrimi-
nate the object property curvature de-
pends on the fingers and the combi-
nations of fingers which are employed
and the mode in which these fingers
explore. More specifically, we investi-
gated whether the discrimination per-
formance depends on hand preference
or on which finger is used (index fin-
ger or thumb). Furthermore, these
unimanual conditions were compared
to conditions in which two of those
fingers were employed in the same

condition, i.e. an intramanual and a
bimanual condition. Finally, we de-
termined whether performance is dif-
ferent when curvature is explored si-
multaneously or sequentially.

2.2 Experiment 1

2.2.1 Method
Subjects
Eight subjects (five male and three
female, mean age 23 years) partici-
pated in both experiments. They were
paid for their efforts and were naive
with respect to the purpose of the ex-
periment. A standard questionnaire
established that six subjects were
strongly right-handed, one was mod-
erately right-handed and one was
strongly left-handed (Coren 1993).

Stimuli
The stimuli were produced from small
rectangular blocks made of a synthetic
material, a compound of polyurethane
foam and artificial resin (Cibatool BM
5460). A computer-controlled milling
machine was used to make well-
defined cylindrically curved surfaces
on two opposite sides of a block. One
curved side of each block, the refer-
ence stimulus, had a curvature equal
to 33 m-1 (curvature is defined as the
reciprocal of the radius of a cylinder).
The curvature of the opposite side, the
test stimulus, differed for each block
and varied from 20 to 46 m-1 in steps of
1 m-1. In addition, eight test stimuli
were made with curvatures differing
by ±0.3, 0.7, 1.3, and 1.7 m-1 from the
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reference stimulus. So a total number
of 35 test stimuli were obtained. Fig.
2.1a illustrates a block that was shaped
to present a reference stimulus and a
test stimulus. The curvatures of the
stimuli were consistently oriented as
depicted in Fig. 2.1b.

Conditions
Five conditions were studied. In the 2-
finger conditions, subjects used either
the index finger and thumb of the pre-
ferred hand (A) or both the index fin-
gers (B). In the 1-finger conditions,
either the index finger of the preferred
hand (C), the thumb of the preferred
hand (D), or the index finger of the
non-preferred hand (E) was used.

Setup
Subjects sat behind a table while their
arms rested freely on the table. A cur-
tain prevented them from seeing the
stimuli. A block was placed on a stand
(as depicted in Fig. 2.1a), which stood
about 50 cm in front of the subject. In
conditions B, C and E, the length di-
rection of the block was perpendicular
to the midsagittal plane. In conditions
A and D, the blocks were slightly ro-
tated (between 0 and 45°) to guarantee
that subjects were able to explore the
stimuli comfortably.

Subjects felt the stimulus, by pass-
ing the distal phalanx of a finger up
and down over the stimulus surface.
The axis of the finger was oriented
perpendicular to the curvature, as
done previously (Pont et al. 1999;
Louw et al. 2000). They were asked to
avoid systematic exploration of the
edges of the stimulus surface, and the
experimenter verified this. Subjects
were instructed to explore the stimuli
sequentially, although no delay was
specified. The block remained in the
same position in the 2-finger condi-
tions, whereas it was turned 180°,

Fig. 2.1 a) Photograph of a block containing a
reference and a test stimulus. A block was
placed on a stand, which was placed on a table
in front of the subject. The curved surfaces were
always oriented with respect to the table as
shown in the picture. A stimulus was explored
as indicated. b) Schematic drawing of a block,
for which the sizes are given. For each block, the
curvature of the reference stimulus (the stimulus
on the right of the drawing) was 33 m-1. The
illustrated test stimulus has a curvature of 46 m-

1, the highest curvature in the range from 20 to
46 m-1.

l=4.8 cm

w=3.0 cm

h=3.0 cm

a)

b)
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between succeeding explorations of
the 1-finger conditions.

Procedure
The discrimination experiments were
conducted by means of a two-
alternative forced-choice (2AFC) pro-
cedure: in each trial, a subject had to
indicate which of the two presented
stimuli felt more curved. No restric-
tions were imposed on the exploration
time, the inter-stimulus interval, or the
number of explorations of each
stimulus. The subjects were not told
that the reference stimulus occurred in
all trials. They did not receive feed-
back on their performance.

Prior to the real experiments, we
conducted some test trials in different
conditions to obtain a rough estimate
of a subject’s threshold and possible
bias. On the basis of these tests, an
optimal stimulus set was chosen per
subject-condition combination. In each
condition, ten values of curvature dif-
ference were used, consisting of test
stimuli with curvature values above
and below the estimated threshold
value (see Fig. 2.2 for some represen-
tative examples of stimulus sets). The
order of presenting the reference
stimulus and the test stimulus was
counterbalanced for all conditions.

The experiment was performed in
a pseudo random order. Each of the
conditions consisted of 140 trials,
which were divided into seven blocks
of 20 trials. Each block contained ten
values of curvature difference for both
positions of the reference stimulus in

random order. The first blocks of each
condition were measured in a random
order, followed by the second blocks
of each condition, and so on. A num-
ber of complete blocks were measured
in sessions of 1 h a day. It took a total
number of 5–7 h per subject to com-
plete the whole experiment.

Analysis
For each subject and condition, we
calculated for all ten values of curva-
ture difference the percentage of times
the subject had responded that the
stimulus on the index finger of the
preferred hand (in the case of the 2-
finger conditions) or first explored
stimulus (in the case of the 1-finger
conditions) felt more curved. A cu-
mulative Gaussian distribution g as
function of the curvature difference x
was fitted to the data, using:

g(x) = 1
2
1+ erf

x µ

2

 

 
 

 

 
 

 

 
 

 

 
 100% .

Examples of these fits for the 2- and 1-
finger conditions are given in Fig. 2.2.
We used  as a measure of the dis-
crimination threshold. It is an impor-
tant parameter because it indicates
how sensitive subjects are in perceiv-
ing curvature differences in a certain
condition. The µ is the shift or bias in
the psychometric curve. It represents
the curvature difference between two
stimuli which were on an average
judged equal. Such a bias could occur
in a 2-finger condition, when a subject
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systematically underestimated the
curvature on one finger with respect to
the curvature on the other finger. A
bias could not arise in a 1-finger con-
dition.

The effect of condition on threshold
was analysed by an ANOVA using a

repeated measures design. Subse-
quently, conditions were pairwise
compared. To correct for multiple
comparisons, the p values were multi-
plied by the total number of possible
comparisons (Bonferroni adjustment).
In order to obtain an estimate of the
confidence interval of the biases, a pa-
rametric bootstrap was used (see
Wichmann and Hill 2001b for a gen-
eral background on this technique).
The level of significance was set at 0.05
for all statistical tests.

2.2.2 Results
Fig. 2.3a shows the mean values ob-
tained for the threshold . The error
bars indicate the standard errors of the
mean for each condition without any
correction for the variability in the
mean thresholds for subjects. The
ANOVA revealed a significant main
effect of condition (F 4,28 = 8.7, p <
0.001). Significantly higher thresholds
were found for the 2-finger conditions
compared to the related 1-finger con-
ditions: A versus C and D (p = 0.010
and p = 0.028, respectively); B versus C
and E (p = 0.015 and p = 0.029, respec-
tively). No significant differences were
obtained for comparisons of the vari-
ous 1-finger conditions (C, D and E)
and for a comparison of the 2-finger
conditions (A and B).

Bias values µ were either positive
or negative. In the 2-finger conditions,
high values were found (significant in
9 out of 16 cases), which varied from
subject to subject. Only low values
were obtained in the 1-finger condi-

Fig. 2.2 a) Example of a psychometric function,
fitted to a data set in a 2-finger condition. A data
point represents, for a certain curvature differ-
ence, the percentage of times the subject judged
the stimulus on his preferred index finger to be
more curved than the stimulus on his other
finger. The 50% point on the psychometric curve
is indicated by a curvature difference µ. The
discrimination threshold is represented by . b)
Example of a psychometric curve in a 1-finger
condition. Curvature difference is defined as the
difference in curvature between the first and
second explored stimulus. Again  and µ  are
used as fit parameters, although the value of the
latter is generally close to zero.
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tion (with one exception, not signifi-
cant). The means and the standard
errors of the mean for the absolute
values of the biases are: 2.3 ± 0.6 m-1,
1.5 ± 0.7 m-1, 0.33 ± 0.05 m-1, 0.32 ± 0.07
m-1, 0.44 ± 0.16 m-1, for conditions A–E,
respectively.

2.2.3 Control experiment
As aforementioned in the Method sec-
tion, the block containing the stimuli
remained in the same position in the 2-
finger conditions, whereas it had to be
rotated between consecutive explora-
tions of the 1-finger conditions. As a
consequence, subjects could transfer
faster from the reference stimulus to
the test stimulus in the former condi-
tions in comparison to the latter. This

difference in delay might have caused
the difference in threshold between
the 2-finger conditions and the 1-
finger conditions. To exclude this pos-
sibility, an additional experiment was
conducted without systematic differ-
ences in time lag.

The discrimination experiments
were performed in a 1-finger condition
(index finger of the preferred hand)
and a 2-finger condition (two index
fingers). Test and reference stimulus
were on different blocks, so the ex-
perimenter had to substitute the
stimulus between each exploration.
The resulting inter-stimulus interval
was about 3 s for both conditions. Five
subjects (three male and two female;
mean age 23 years; all strongly right-

Fig. 2.3 a) Mean threshold for eight subjects in five different conditions. Condition A: index finger
and thumb of the preferred hand; B: index fingers of both hands; C: index finger of the preferred
hand; D: thumb of the preferred hand; E: index finger of the non-preferred hand. The indicated error
bars are the standard error in the mean for each condition. N.B. In the error bars, no correction for
general differences in sensitivity between subjects is taken into account. b) Mean thresholds for the
same eight subjects in two different conditions. In both conditions subjects used two index fingers.
In F the stimuli were explored sequentially and in G they were felt simultaneously.
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handed) participated in this experi-
ment. Blocks of each condition were
measured alternately. The experiment
took 2–3 h per subject.

The resulting mean values for the
threshold  are 4.2 ± 0.5 m-1 for the 2-
finger condition and 3.3 ± 0.8 m-1 for
the 1-finger condition. This difference
was significant, according to a one-
tailed paired t test (t = 2.2, p = 0.045).
In conclusion, we can reject the hy-
pothesis that a difference in time lag
had caused the difference in perform-
ance between the 2-finger conditions
and the 1-finger conditions.

2.2.4 Quantitative comparison with
the literature

Previously, curvature discrimination
experiments have been conducted in
which a single finger was used. How-
ever, a direct comparison of the
threshold values we found with those
reported in the literature is not possi-
ble, because the range of curvatures
that were used lies outside the range
of our experiment. Nevertheless,
Louw et al. (2000, 2002a) demon-
strated that the curved surfaces can
consistently be discriminated over a
large stimulus range. Furthermore,
Pont et al. (1997, 1998, 1999) showed
that subjects mainly compare the slope
differences over the stimuli they per-
ceive. Thresholds expressed in slope
differences were 3.4° and 4.1° for the
results reported by Gordon and Mori-
son (1982) and were between 3.3° and
5.3° for their own results (Pont et al.
1999). For the different 1-finger condi-

tions (C–E), we converted the mean
thresholds to slope differences, ob-
taining 4.5°, 5.0° and 4.6°, respectively.
These values are rather similar to the
earlier found slope differences.

The slope difference appears to be
useful in comparing results of curva-
ture discrimination experiments. Un-
fortunately, no comparison could be
made with the results of Provancher et
al. (2005), who conducted discrimina-
tion experiments in a similar range of
curvatures as we did, but did not re-
port the contact length that subjects
made with the stimuli. A rather differ-
ent experiment was performed by
Henriques and Soechting (2003), who
let subjects discriminate curvature by
moving the handle of a robot arm
along a virtual wall. A conversion of
their thresholds to slope difference
values gives 12° and 15°. This suggests
that discrimination performance of
real, curved surfaces with a single fin-
ger may be better than that of virtual,
curved walls by manipulating the
handle of a robot arm.

2.3 Experiment 2

In each condition of the first experi-
ment, subjects explored the stimuli
sequentially. The second experiment
was developed to investigate whether
there is a difference in discrimination
performance between sequentially and
simultaneously explored stimuli.

2.3.1 Method
The eight subjects of the first experi-
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ment also participated in the second
experiment. The second experiment
was conducted after completing the
first. Condition F was identical to con-
dition B of the first experiment. In
condition G, subjects also used both
index fingers, but they were instructed
to pass their fingers simultaneously
instead of sequentially over both the
test and the reference stimulus. Dis-
crimination experiments were per-
formed, in which the same procedure
was used as in the 2-finger conditions
of the first experiment. Blocks of 20
trials of conditions G and F were
measured alternately. Each subject
took 1–2 h to complete the experiment.

2.3.2 Results
Mean threshold values are shown in
Fig. 2.3b. The difference between the
condition in which subjects used their
index finger sequentially (F) and the
condition in which they used them
simultaneously (G) was significant (t =
–4.5, p = 0.003). Subject-dependent bi-
ases were found in both conditions. In
11 out of 16 cases, these biases were
significant.

2.3.3 Control experiment
Condition B of the first experiment
and condition F of the second experi-
ment were identical with respect to the
task subjects had to perform. How-
ever, the mean thresholds were lower
for F than for B: 2.5 ± 0.3 m-1 and 3.5 ±
0.3 m-1, respectively (t = 5.1, p = 0.001).
The difference we found in the second
experiment between sequential explo-

ration and simultaneous exploration
might be due to the experience of
subjects with the sequential condition.
To discount this possibility, we repli-
cated the second experiment with five
new subjects (three male and two fe-
male; mean age 22 years; all strongly
right-handed). The resulting mean
values for the threshold are 4.1 ± 0.4
m-1 for the sequential condition and 8.7
± 1.6 m-1 for the simultaneous condi-
tion, which is significant (t = 3.5, p =
0.013). Although experience might
have influenced the results of the sec-
ond experiment, it has not caused the
difference in performance between
sequential and simultaneous explora-
tion. Although experience might have
influenced the results of the second
experiment (lower thresholds with
repetition), the difference in perform-
ance between sequential and simulta-
neous exploration is, itself, an inde-
pendent and robust finding.

2.4 Discussion

The discrimination experiments re-
ported in this study revealed clear re-
sults. Similar thresholds were found
for the various 1-finger conditions; the
thresholds in both 2-finger conditions
were also comparable. However, the
thresholds obtained when two fingers
were employed were significantly
higher than those measured in the 1-
finger conditions. Even higher thresh-
olds were obtained when curvature
was discriminated simultaneously in-
stead of sequentially. In addition,
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subject-dependent biases were found
in the 2-finger conditions. These biases
strengthen the conclusion that the
ability of humans to distinguish two
physically different curvatures is bet-
ter when one finger is used instead of
two.

How can we understand the simi-
lar results for the 1-finger conditions?
The similar ability of the two index
fingers is in agreement with other
haptic tasks in which one hand or a
single finger was used (Kappers et al.
1994; Kappers and Koenderink 1996;
Ballesteros et al. 1997; Russier 1999;
Nefs et al. 2005). Perhaps more sur-
prising is the similarity of the dis-
crimination threshold for the index
finger and the thumb, because they
differ, for example, in number and size
of the phalanges. On the other hand,
similar results for both fingers were
also found in the classical two-point
threshold measurement (Weinstein
1968) and in grating orientation dis-
crimination (Sathian and Zangaladze
1996). The latter results indicate a
comparability in spatial acuity and
thus of SAI afferents (Van Boven and
Johnson 1994; Johnson et al. 2000;
Johnson 2001), the afferents that are
also important in the perception of
curvature (Goodwin et al. 1991, 1995,
1997; Wheat et al. 1995). The similar
performances with the thumb and the
index finger are consistent with simi-
lar densities of innervation in the two
digits, as indicated by Sathian and
Zangaladze (1996).

While the index finger and thumb,

separately, were equally good at dis-
criminating curvature, significantly
higher thresholds were obtained when
subjects had to compare a curved sur-
face presented to the index finger with
one presented to the thumb. The
higher thresholds obtained in the 2-
finger condition of the curvature dis-
crimination experiment may perhaps
be due to the inability of subjects to
spread their attention effectively
across two stimuli explored with dif-
ferent fingers of the same hand. Ex-
periments by Evans and Craig (1991)
and Evans et al. (1992) showed that
subjects have difficulty in focusing
their attention on a stimulated finger,
while another finger is being stimu-
lated at the same time or is stimulated
a short time later (response-
competition). While in these experi-
ments it did not matter whether the
other finger was adjacent or not, other
studies have shown that specifically
neighbouring fingers influenced each
other (Schweizer et al. 2000; Harris et
al. 2001). Concerning the intramanual
condition we studied, we can imagine
that the representations of the stimuli
presented to the index finger and the
thumb interfered with each other in
some way. Possibly, the obtained sub-
ject-dependent biases are also related
to this interference.

Discriminating curvature is harder
in a bimanual condition than in a
unimanual condition, and in the bi-
manual condition it matters whether
stimuli are explored simultaneously or
sequentially. As mentioned in the In-
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troduction, the nature of the task
might determine whether subjects per-
form better in a unimanual or in a bi-
manual condition; no research has
been done into the difference between
sequential and simultaneous explora-
tion. Decreased performance in a bi-
manual condition may stem from a
degradation of the neural signal dur-
ing interhemispheric relay (Charron et
al. 1996; Bradshaw et al. 1998), al-
though it cannot be ruled out that the
interhemispheric processes are also
involved in tasks in which only one
hand is used (Schnitzler et al. 1995;
Nefs et al. 2005). Just as in the intra-
manual case, interference between the
percept of different fingers has been
reported for bimanual conditions: A
response-competition effect was found
(Evans et al. 1992), and fingers of op-
posite hands influenced each other, in
the same manner as occurred to
neighbouring fingers of a single hand
(Braun et al. 2005; Harris et al. 2001).
Interestingly, the effects reported by
Evans et al. (1992) and Braun et al.
(2005) diminished when the time be-

tween the stimulation of both fingers
increased. A change of result in time
has also been shown in other haptic
tasks (Vogels et al. 1996; Zuidhoek et
al. 2003; Voisin et al. 2005). The time
factor might perhaps explain why the
performance of subjects improved
when they had to discriminate two
curvatures sequentially instead of si-
multaneously. The difference in
threshold between the 2-finger condi-
tions and the 1-finger conditions, on
the other hand, cannot be explained by
the factor of time because the differ-
ence persisted when the delay be-
tween explorations was controlled.

In conclusion, this study showed
that the performance of humans in a
haptic task like curvature discrimina-
tion clearly depends on the number of
fingers and the mode of exploration.
This kind of information should be
taken into account in, for example, the
design of haptic devices. It might also
be relevant to surgeons who have to
palpate the human or animal body but
are deprived of visual information.





3 Haptic curvature comparison of
convex and concave shapes

Van der Horst BJ, Kappers AML (2008) Perception (in press)

Abstract A sculpture and the mould in which it was formed are typical exam-
ples of objects with an identical, but opponent surface shape: each convex (i.e.
outward pointing) surface part of a sculpture has a concave counterpart in the
mould. The question arises whether the object features of opponent shapes can
be compared by touch. Therefore, we investigated whether human observers
were able to discriminate the curvatures of convex and concave shapes, irre-
spective of whether the shape was convex or concave. Using a 2-AFC proce-
dure, subjects had to compare the curvature of a convex shape to the curva-
ture of a concave shape. In addition, results were also obtained for congruent
shapes, when the curvature of either only convex shapes or only concave
shapes had to be compared. Psychometric curves were fitted to the data to
obtain threshold and bias results. When subjects explored the stimuli with a
single index finger, significantly higher thresholds were obtained for the op-
ponent shapes than for the congruent shapes. However, when the stimuli
were touched by two index fingers, one finger per surface, we found similar
thresholds. Systematic biases were found when the curvature of opponent
shapes was compared: the curvature of a more curved convex surface was
judged equal to the curvature of a less curved concave surface. We conclude
that human observers had the ability to compare the curvature of shapes with
an opposite direction, but that their performance decreased when they sensed
the opponent surfaces with the same finger. Moreover, they systematically
underestimated the curvature of convex shapes compared to the curvature of
concave shapes.
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3.1 Introduction

A sculpture and the mould from
which it was produced are typical ex-
amples of objects with an identical, but
opposite shape. In contrast to the hap-
tic system, the visual system is not
always able to distinguish between
identical shapes with an opposite di-
rection (for example, the hollow face
illusion). The special property of the
haptic system is that it has direct ac-
cess to objects. Obviously, subjects are
able to discriminate a convex shape
from its concave counterpart by touch.
However, it is not yet known whether
subjects are able to compare the prop-
erties of opposite shapes. Until now,
studies in haptic shape perception
have concentrated on the ability of
human observers to compare the
properties of similar objects, orien-
tated in the same direction. Inspired
by what is known from these studies,
we wondered whether human observ-
ers are also able to compare the prop-
erties of object surfaces with an oppo-
site shape.

The surface of a sculpture, or any
smooth object, can be described locally
by a single parameter, the curvature.
The stimuli we used in this study were
circularly curved cylinder parts, each
part having a constant curvature value
over the stimulus surface. Convex as
well as concave shapes were used. By
definition, a convex shape curves
outwards, whereas a concave shape
curves inwards. A convex and a con-
cave surface with an identical curva-

ture fit into each other like a sculpture
and its mould (see Fig 3.1). In the ex-
periments we performed in this study,
a distinction was made between con-
gruent modes and opponent modes. In
a congruent mode, either two convex
stimuli, or two concave stimuli were
presented to a subject, whereas in an
opponent mode, both a convex and a
concave shape were presented.

The haptic perception of convex
and concave shapes has been the sub-
ject of several studies. Experiments in
which subjects had to distinguish a
curved surface from a flat one (detec-
tion experiments) revealed no differ-
ence in detection threshold for convex
and concave shapes, either when
spherically curved surfaces were ap-
plied to the finger pad (Goodwin et al.
1991), or when subjects had to move
their finger over zeroth or second or-
der Gaussian shaped surfaces (Louw
et al. 2000, 2002a). Similar thresholds
for convex and concave stimuli were
also found in experiments in which
subjects had to indicate which of the
two stimuli presented felt more
curved (discrimination experiments).
This was found both in conditions
where cylindrically curved, hand-
sized surfaces were actively explored
(Kappers and Koenderink 1996), as in
conditions where circularly curved
strips were felt passively (Pont et al.
1997). The curvatures used in these
experiments were between –5.7 m-1

and +5.7 m-1 and between –1.8 m-1 and
+1.8 m-1, respectively.

The finding that thresholds were
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similar for convex and concave shapes
might be understood by the fact that
the slope difference over the stimulus
is a good first approximation for the
effective stimulus for the discrimina-
tion of curvature (Gordon and Mori-
son 1982; Pont et al. 1997, 1999). This
concept is supported by a neurophysi-
ological study by LaMotte and Srini-
vasan (1996). Extensive studies on
curved surfaces by Louw et al. (2002a,
2002b) confirmed that subjects were
particularly sensitive to the slope dif-
ference of the stimulus, but that the
curvature of the stimulus was also of
significant importance. Since a convex
shape and its concave counterpart can
be characterised by an identical slope
difference and an identical curvature,
it follows that their discrimination
thresholds are the same. In the results
reviewed so far, subjects had to com-
pare the properties of convex surfaces
to those of other convex surfaces, or
the properties of concave surfaces to
those of other concave surfaces. Ask-
ing subjects to compare the properties
of a convex surface to the properties of
a concave surface is quite a different
matter. Specifically, subjects can be
asked which of two surfaces presented
feels the more curved. When subjects

are able to perform this task by com-
paring the absolute values of the slope
differences and curvatures of the
stimuli directly, they will encounter
thresholds similar to those they en-
counter when they have to compare
convex (concave) shapes to other con-
vex (concave) shapes. However, if the
direction of the surface with respect to
the external space or with respect to
the finger influences their sensation,
subjects might not be able to perform
the task with the same facility. An ad-
ditional research question is how sub-
jects perform in this task when they
use two hands. Van der Horst and
Kappers (2007) studied the discrimi-
nation performance of convex shapes
in a unimanual and in a bimanual
mode, and found a higher threshold in
the latter case. As can be seen in Fig.
3.2, in unimanual modes, congruent
shapes are orientated in the same di-
rection with respect to the external
space, whereas opponent shapes are
orientated oppositely. In contrast, in
bimanual modes, congruent shapes
can be oriented oppositely, whereas
opponent shapes have the same direc-
tion with respect to the external space.

The aim of this paper is to explore
how human observers haptically

Fig. 3.1 a) Illustrations of a convex and a concave shape. b) A convex and a concave shape with the
same curvature fit into each other like a sculpture and its mould.

Convex Concave

a) b)
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discriminate object surfaces that are
described by the same physical cur-
vature but vary in the orientation with
respect to the fingers and with respect
to external space. We investigated this
in a series of experiments. We were
interested in what respect the percep-
tion of opponent shapes differs from
the perception of congruent shapes
and why this difference occurs. We
studied the influence of factors such as
the degree of the curvature of the sur-

faces, the orientation of the stimuli
with respect to the finger and to the
external space, and the use of one
hand or two hands. An overview of
the experiments is given in Fig. 3.2.

3.2 Experiment 1

In the first experiment, we studied
whether subjects can discriminate the
curvature of opponent shapes with the
same precision as they can discrimi-
nate the curvature of congruent
shapes. Two parameters can be distin-
guished: the sensitivity of a subject
(discrimination thresholds) and the
point of subjective equality (bias). One
would expect similar thresholds for
the opponent mode and the congruent
modes, since the slope difference and
the curvature are the important cues in
the curvature discrimination of con-
gruent shapes. However, were a
higher threshold to be found in the
opponent mode this would indicate
that not only the slope difference and
curvature, but also the direction of the
curved surface are important in shape
perception. The second parameter, the
bias, represents the curvature differ-
ence between two stimuli which were
on average judged to be equal.

The experiments in this study were
primarily performed with strongly
curved surfaces (the curvatures used
are similar to the curvature of a coffee
cup). However, we decided to meas-
ure in addition the performance for
weakly curved stimuli (the curvature
of weakly curved stimuli are similar to

Fig. 3.2 Scheme of the experiments conducted in
this study. The numbers refer to the experi-
ments. 1. Curvature discrimination performance
was studied for congruent modes and opponent
modes in a unimanual condition. The experi-
ment was conducted for strongly curved stimuli
and for weakly curved stimuli. 2. Curvature
discrimination performance was compared for a
unimanual mode and bimanual modes. Oppo-
nently curved shapes were used. A similar ex-
periment has already been conducted by Van
der Horst and Kappers (2007) for congruent
shapes (P). 3. Comparison of curvature dis-
crimination performance for congruent shapes
and opponent shapes in a bimanual condition.

Unimanual Bimanual

Congruent

Opponent

1 3

P

2
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the curvature of a water butt). For
weakly curved stimuli, we know al-
ready that the discrimination per-
formance is similar for convex and
concave stimuli (Goodwin et al. 1991;
Kappers and Koenderink 1996; Pont et
al. 1997, Louw et al. 2000). When the
slope difference and curvature are the
only cues that subjects use, no differ-
ences between the congruent modes of
the strongly curved stimuli are to be
expected. However, since the index
finger itself has a convex shape, the
contact area of the finger with a con-
cave surface is larger than the contact
area of the finger with a convex sur-
face, and, what is more, a shorter
movement suffices to explore the
whole stimulus surface. These differ-
ences in contact area and scanning
length are probably negligible for
long, weakly curved stimuli, but not
for short, strongly curved stimuli. We
hypothesize that, when strongly
curved stimuli are used, a concave
stimulus induces a stronger sense of
curvature than a convex stimulus, al-
though their physical curvature is
identical. As a first consequence, lower
thresholds might be obtained in the
concave-concave mode than in the
convex-convex mode, whereas similar
thresholds are obtained for the weakly
curved stimuli. Secondly, a systematic
bias should occur when subjects have
to compare the curvature of two
strongly curved opponent shapes, but
no systematic bias should occur when
the weakly curved stimuli are used.

3.2.1 Method
Subjects
Six subjects participated (three female
and three male, mean age 25 years).
They were paid for their efforts and
they were naive with respect to the
design of the experiment. A standard
questionnaire established that all sub-
jects were strongly right-handed
(Coren 1993).

Stimuli
Convex and concave stimuli with a
constant curvature were used. A dis-
tinction was made between strongly
curved stimuli and weakly curved
stimuli. The strongly curved stimuli
were made of a compound of polyu-
rethane foam and artificial resin (Ci-
batool BM 5460). The curvature of the
test stimuli varied from ±20 to ±46 m-1,
in steps of 1 m-1. The curvature values
of the reference stimuli were ±33 m-1.
The convex stimuli were already used
by Van der Horst and Kappers (2007).
The weakly curved stimuli were made
of PVC. The curvature of these test
stimuli varied from ±0.2 to ±3.8 m-1, in
steps of 0.2 m-1. The curvatures of the
reference stimuli were ±2.0 m-1. This
stimulus set was already used by Pont
et al. (1998, 1999). Schematic illustra-
tions of the stimuli are given in Fig.
3.3a-d. Although the materials of the
weakly and strongly curved stimuli
were different, their surfaces were
both very smooth. We presented the
stimuli in the same orientation as in
the previous studies.
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Design and procedure
Six conditions were studied in a three
(mode) x two (curvature) repeated
measures design. In the opponent
mode, convex shapes were compared
to concave shapes; in the congruent
modes, either convex or concave stim-
uli were used. All three modes were
tested for both strongly curved stimuli

and weakly curved stimuli.
Subjects were seated behind a cur-

tain. Their forearm rested on a table.
They put their right hand under the
curtain to touch the stimuli without
seeing them. The stimuli were pre-
sented in front of the subjects, 40 cm
from the edge of the table. The
strongly curved stimuli were placed

Fig. 3.3 Schematic drawings of the stimuli used in this study. First experiment: a) strongly curved
convex stimulus, b) strongly curved concave stimulus, c) weakly curved convex stimulus, d) weakly
curved concave stimulus. The sizes of the stimuli are given. Notice the difference in scale between
the strongly curved stimuli and the weakly curved stimuli. The curvature of the strongly curved
stimuli was 33 m-1. The curvature of the weakly curved stimuli was 2.0 m-1. The strongly curved
stimuli were placed on a stand, 5 cm above the tabletop. The weakly curved stimuli were placed in a
holder, directly on the table top. Subjects moved the tip of the index finger either upwards and
downwards (strongly curved stimuli) or leftwards and rightwards (weakly curved stimuli) over the
stimulus surface. Second experiment: e) example of a stimulus combination used for a bimanual
condition. The surfaces were similar to the strongly curved surfaces of the first experiment. One
index finger explored the convex surface, the other index finger explored the concave surface. Third
experiment: f) example of a stimulus combination of two opponent shapes. The surfaces were simi-
lar to the strongly curved surfaces of the preceding experiments. The angle between the orientations
of the stimuli is 90°. The horizontal distance between the middle parts of the two surfaces is 10 cm.
Notice that the drawing depicts the backs of the stimuli. In this example, the convex surface was
explored by the right index finger and the concave surface was explored by the left index finger.
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on a stand; the weakly curved stimuli
were placed in a holder on the table.
Subjects explored the stimuli by pass-
ing the distal phalanx of their index
finger to and fro over the stimulus sur-
face. The axis of the finger was orien-
tated perpendicular to the curvature.

Discrimination experiments were
conducted by means of a two-
alternative forced-choice (2AFC) pro-
cedure. In each trial, subjects had to
indicate which of the two sequentially
presented stimuli felt the more curved.
No restrictions were imposed on the
number of movements over the
stimulus or on the number of alterna-
tions between the stimuli.1 No feed-
back was provided to subjects re-
garding their performance.

In each condition, stimulus combi-
nations of ten values of curvature dif-
ference were chosen, as specified be-
low. Curvature difference is defined as
the difference in the absolute curva-
ture between either the convex and the
concave stimulus (opponent mode) or
the first and the second stimulus pre-
sented (congruent modes). In the op-
ponent mode, we did not know in ad-
vance whether biases would occur,
and, if they occurred we did not know
whether they would differ between
subjects. Hence, before beginning the
actual experiment, we obtained an
estimate of the bias level. We did this
by performing a staircase experiment,

                                                            
1 Extensive pilot experiments showed that the
enforcement of restrictions resulted in a wider
variance between subjects.

with a simple up-down method
(Treutwein 1995). Each trial in a se-
quence was determined by the out-
come of the preceding trial in that se-
quence. Starting at two different cur-
vature difference values, two se-
quences each consisting of 15 trials
were randomly interleaved. The mean
curvature difference value in the out-
come of the last eight trials of both
sequences was taken as the estimated
bias level. The stimuli were chosen
around this estimated bias level. This
level was restricted to ±4 m-1 for the
strongly curved stimuli and to ±0.4 m-1

for the weakly curved stimuli. In con-
trast to our expectations for the oppo-
nent mode, we did not expect biases to
occur in the congruent modes. There-
fore, the stimuli were chosen symmet-
rically around a zero level of curvature
difference. The curvature difference of
the stimuli with respect to the esti-
mated bias level was ± 1, 3, 5, 7, 9 m-1,
for the strongly curved stimuli, and ±
0.2, 0.4, 0.6, 1.0, 1.4 m-1, for the weakly
curved stimuli, respectively.

Each condition consisted of 120 tri-
als (10 curvature difference values x 12
repetitions), which were presented in a
pseudorandom order: groups of all
possible stimulus combinations were
each randomised and presented suc-
cessively. In one session, only a single
condition was measured. Half of the
subjects first performed the conditions
with the strongly curved stimuli,
whereas the other subjects started with
the weakly curved stimuli. The order
in which the modes were executed
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was counterbalanced among subjects.
It took about six hours per subject to
complete the whole experiment.

Analysis
For each subject-condition combina-
tion, the fraction of responses was ex-
pressed versus the curvature differ-
ence. Psychometric functions (cumu-
lative Gaussians) were fitted to these
data using a maximum-likelihood
procedure. Examples of data sets and
the accompanying psychometric func-
tions are given in Fig. 3.4. The psy-
chometric function is characterised by
the threshold  and the bias µ. The
bias is the point of subjective equality.
A positive bias value in the opponent
mode means that the curvature of a
more convex surface is on average
judged to be equal to the curvature of
a less concave surface. The threshold is
defined as the curvature difference
between the 84%-point and the bias
level (50%-point). In order to establish
the goodness of fit for each individual
fitted curve, we used the method de-
scribed by Wichmann and Hill (2001a).
The deviance of the measured data set
from the fitted curve is determined
and compared to a distribution of de-
viances of 10,000 simulated datasets,
obtained by a parametric bootstrap
technique. The goodness of fit is poor
when the deviance of the measured
data set is higher than the 0.975 point
of the percentile confidence interval of
the distribution of deviances. The pa-
rametric bootstrap method was also
used to obtain an estimate of the con-

fidence level of each individual
threshold and bias level (see Wich-
mann and Hill 2001b).

Results
Fig. 3.5a and 3.5b show the mean
threshold values, for all conditions.

Fig. 3.4 Examples of psychometric curves for
strongly curved stimuli in the opponent mode
(convex-concave conditions) and the congruent
mode (concave-concave conditions). Curvature
difference is defined as the difference in the
absolute curvature of either the convex and the
concave stimulus (opponent mode) or the first
and the second stimulus presented (congruent
mode). The discrimination threshold is repre-
sented by ; it is a measure of the sensitivity of
subjects. The bias is represented by µ; it is the
difference in the curvature of two stimuli that
were judged to the equally curved. Biases oc-
curred in the opponent modes, but were near
zero in the congruent modes.
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The error bars indicate the standard
error for each condition without any
correction for the variability in the
mean thresholds for subjects. The
thresholds were higher for the oppo-
nent modes than for the correspond-
ing congruent modes; the thresholds
for the congruent modes were compa-
rable. The significance of the results
was tested by a three (mode) x two
(curvature) ANOVA with a repeated
measures design. First, a significant
main effect was found for mode (F2,10 =
20.3, p < 0.001). As a further analysis
we performed a planned comparison
between, on the one hand, the oppo-
nent mode, and, on the other hand, the
congruent modes. The contrast of the
opponent mode versus the congruent

modes was significant (F1,5 = 27.6, p =
0.003), but the contrast between the
congruent modes (convex-convex ver-
sus concave-concave) was not signifi-
cant (F1,5 = 3.2, p = 0.1). When repeated
measures ANOVAs were performed
for the two curvature regimes sepa-
rately, the results were in accordance
with the former analysis: the main ef-
fect was significant for the strongly
curved stimuli (F2,10 = 21.5, p < 0.001)
and the weakly curved stimuli (F2,10 =
5.2, p = 0.028); the contrasts between
the opponent mode and the congruent
modes were also significant (F1,5 = 30.0,
p = 0.003 and F1,5 = 7.2, p  = 0.043, re-
spectively), but no significant differ-
ence was found between the congru-
ent modes (F1,5 = 3.5, p = 0.1, F1,5 = 0.09,

Fig. 3.5 Results of experiment 1. Each bar represents the mean value for six subjects in the specific
condition. Note the difference in scale between the strongly curved stimuli (a and c) and the weakly
curved stimuli (b and d). The error bars indicated are the standard error in the mean for each condi-
tion.
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p = 0.8, respectively). Second, a main
effect of curvature was found (F1,5 =
99.8, p < 0.001). This reflects the fact
that the thresholds were higher for the
strongly curved stimuli than for the
weakly curved stimuli. Third, the in-
teraction of mode and curvature ap-
peared to be significant (F2,10 = 22.4, p <
0.001). This might, however, be as-
cribed to the effect of curvature, since
no interaction effect was found when
the ANOVA was performed on nor-
malised data (F2,10 = 2.9, p = 0.1).

The results for the biases are shown
in Fig. 3.5c and 3.5d. The biases were
on average positive for the opponent
modes and near zero for the congruent
modes. In the opponent modes, strong
differences were found between sub-
jects, as the error bars manifest. A t-
test performed on each separate con-
dition showed only a significant dif-
ference from zero for the convex-
concave mode of the weakly curved
stimuli (t5 = 3.5, p  = 0.017). We also
looked at the significance of individual
biases for all subjects in each condi-
tion, by comparing a bias value to an
estimate of the confidence level. In the
opponent mode, the bias was signifi-
cant for four out of six subjects when
the strongly curved stimuli were used
and for five subjects when the weakly
curved stimuli were used. For the
congruent stimuli, only one significant
bias was found in each condition.

The goodness of fit was tested for
all 36 curves. With only one exception,
all fitted curves were judged to be
good. So we can be confident that our

data are well described by the fits of
the psychometric curves.

3.2.2 Discussion
This experiment revealed that dis-
criminating the curvature of a convex
from a concave shape is more difficult
than discriminating the curvature of
either a convex from a convex or a
concave from a concave shape. No
differences were found between the
convex-convex mode and the concave-
concave mode.

The threshold results for the con-
vex-convex conditions can quantita-
tively be compared with the results of
previous studies. First, the results for
the weakly curved stimuli reproduced
those of Pont et al. (1999), who found
threshold values of 0.4 m-1. Second, the
results for the strongly curved stimuli
were comparable to those of Van der
Horst and Kappers (2007), who ob-
tained 2.3±0.4 m-1 and 3.3±0.8 m-1, in
different experiments. Finally, when
the stimuli and thresholds are recal-
culated in stimulus widths and height
differences, they were consistent with
Louw et al. (2002b).

The similarity in the thresholds for
the congruent modes was found not
only for the weakly curved stimuli,
but also for the strongly curved stim-
uli. The former is in agreement with
previous research (Goodwin et al.
1991; Kappers and Koenderink 1996;
Pont et al. 1997; Louw et al. 2000). For
the latter, we had suggested that sub-
jects would obtain a stronger sense of
curvature from a concave surface than
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from a convex surface, but we did not
find this effect in our data. The results
for the congruent conditions confirm
that the curvature discrimination of
convex from convex and concave from
concave shapes is based on the same
cues, which we suppose to be mainly
the slope difference between the stim-
uli, and, to a lesser extent, the curva-
ture (Pont et al. 1997, 1999; Louw et al.
2002a, 2002b).

The higher thresholds obtained in
the opponent mode compared to the
congruent modes rule out the possi-
bility that the discrimination of two
opponent surfaces can simply be re-
duced to the cues important for the
congruent modes, namely, the slope
difference and the curvature. Moreo-
ver, strong biases were found, which
were on average positive. A positive
bias means that subjects systematically
underestimated the curvature of a
convex stimulus compared to the cur-
vature of a concave stimulus. This is
consistent with the hypothesis that
subjects might have obtained a
stronger sensation from a concave
stimulus than from a convex stimulus,
due to a difference in contact area of
the finger with the stimuli and a dif-
ference in scanning length of the finger
over the stimulus surface. Although
this hypothesis was originally formu-
lated for the strongly curved stimuli
and not for the weakly curved stimuli,
we found only a significant effect for
the weakly curved stimuli. However,
the size of the biases we found dif-
fered to a great extent between sub-

jects. Still, differences in contact area
and scanning length might have
played a role, but are certainly not the
only factors that contributed to the
biases we found.

One might wonder whether the
difference in orientation between the
strongly curved stimuli and the
weakly curved stimuli might have in-
fluenced our results. However, the
striking similarity in the results of the
strongly curved stimuli and the
weakly curved stimuli is a strong indi-
cation that this is not the case. Moreo-
ver, Pont et al. (1998) already showed
that the size of the threshold was not
affected by the orientation of the stim-
uli with respect to the external space.
Therefore, we have no reason to ex-
pect that the results depend on the
horizontal or vertical orientation of the
stimuli.

The higher thresholds obtained in
the opponent mode compared to the
congruent mode and the occurrence of
biases in the opponent mode might be
related to the fact that, in the opponent
mode, subjects had to compare the
curvature of surfaces with an opposite
direction with respect to the finger and
with respect to the external space. Old-
field and Philips (1983) observed that
the perceived orientation of a raised
letter that indented the skin of the fin-
ger depended on the orientation of the
finger and the body with respect to the
external space. They suggested that
subjects do not process skin indenta-
tion directly, but map tactile impres-
sions onto a system of external refer-
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ences. When subjects had to discrimi-
nate same-shaped and mirror-shaped
stimuli, they achieved faster reaction
times and higher accuracy with the
former, irrespective of whether mental
rotation was required (Dellantonio
and Spagnolo 1990; Prather and
Sathian 2002). We can imagine that the
mental process of curvature compari-
son is more complex for opponent
shapes than for congruent shapes. In a
congruent condition, subjects might be
able to reduce their sensation directly
to a slope difference and a curvature
difference, whereas, in an opponent
condition, they have to perform men-
tal alignment operations, such as
mental rotation or mirroring, before
they are able to compare the slope dif-
ference and the curvature difference.
However, another possibility is that
subjects have difficulty in distin-
guishing signals from opposite shapes,
obtained with one and the same fin-
ger. The second and third experiment
were developed to address these is-
sues.

3.3 Experiment 2

In all conditions of the first experi-
ment, subjects used a single finger to
explore each stimulus pair. In the sec-
ond experiment, we compared the
mode in which subjects used a single
finger (unimanual mode) to the mode
in which subjects used two index fin-
gers, one finger per stimulus (biman-
ual mode). Previously, Van der Horst
and Kappers (2007) conducted a simi-

lar experiment involving congruent
(convex) surfaces. They found higher
thresholds in the bimanual condition
than in the unimanual condition, the
difference being attributed to the fact
that in a bimanual condition, signals
have to be assembled from different
fingers.

In the current experiment, only op-
ponent stimulus combinations were
used. The results of Van der Horst and
Kappers (2007) supported the expec-
tation that higher thresholds might be
found in the bimanual mode. How-
ever, an advantage in this mode might
be that the opponent surfaces are not
sensed by the same finger. Subjects
might also benefit from the fact that, in
the bimanual mode, the surfaces are
parallel in the external space, as can be
seen in Fig. 3.3e.

3.3.1 Method
Twelve, right-handed subjects (five
female and seven male, mean age 23
years), who were not involved in the
first experiment, participated. They
were paid for their efforts and they
were naive with respect to the design
of the study. The strongly curved
stimuli of the first experiment were
used. Three conditions were studied:
one unimanual condition and two bi-
manual conditions. The unimanual
condition was identical to the oppo-
nent condition of the first experiment:
a convex and a concave stimulus were
presented successively to the right
index finger. In the bimanual condi-
tions, the convex surface was pre-
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sented to the index finger of the right
hand and the concave surface was
presented to the index finger of the left
hand, or vice versa. Fig. 3.3e shows a
stimulus in a bimanual condition. The
distance between the middle points of
the left and right surfaces was 4.8 cm.
The procedure was similar to that of
the first experiment. No restrictions
were imposed on the exploration time
or on the number of explorations of
each stimulus, but they were not al-
lowed to explore two stimuli simulta-
neously. The number of trials and the
stimulus choice procedure were iden-
tical to the opponent condition of the
strongly curved stimuli in the first ex-
periment. For each subject, the first
session was devoted to obtaining an
estimate of the bias level in each con-
dition. In the subsequent three ses-
sions, the actual experiment was per-
formed in which the data for the psy-
chometric curves were obtained. The
order in which subjects completed the
experiment was counterbalanced.
Each subject took three to four hours
to complete the whole experiment.

3.3.2 Results
The results are shown in Fig. 3.6. On
average, a slightly higher threshold
value was found in the unimanual
condition compared to the bimanual
conditions. However, the ANOVA
with a repeated measures design
showed no significant main effect
(F1.3,13.7 = 3.4, p = 0.08,  = 0.625). The
degrees of freedom were corrected by
a Greenhouse-Geiser -correction.

The biases were on average posi-
tive. In each condition, a significant
deviation from zero was found, as t-
tests confirmed (t11 = 2.7, p = 0.019 for
the unimanual condition and t11 = 4.5,
p = 0.001 and t11 = 3.6, p = 0.004 for the
two bimanual conditions, respec-
tively).

Each individual psychometric
curve was judged to be good, accord-
ing to the goodness of fit test.

3.3.3 Discussion
Unlike the results of Van der Horst
and Kappers (2007), who found an
increase in threshold from the uni-
manual condition to the bimanual
condition, the current experiment
showed no increase in threshold from

Fig. 3.6 Results of experiment 2. Each bar repre-
sents the mean value for 12 subjects in the spe-
cific condition.
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the unimanual to the bimanual mode.
Nevertheless, in the previous study
congruent stimuli were used, whereas
in this experiment we used opponent
stimuli. Apparently, the disadvantage
of a bimanual comparison (assemblage
of signals from different fingers) com-
pared to a unimanual comparison,
was countered by some advantageous
factors, such as the parallelity of the
surfaces in the external space, or the
fact that the fingers did not have to
alternate between a convex and a con-
cave surface. To study this more thor-
oughly, a third experiment was per-
formed.

No differences in threshold were
found between the two bimanual con-
ditions. This is in agreement with pre-
vious results, i.e., no differences were
found in the ability to discriminate the
curvature of only convex surfaces or
concave surfaces (first experiment) or
the ability to discriminate curvature
with only the right index finger or the
left index finger (Van der Horst and
Kappers 2007).

Significant, positive biases were
found in each condition. Although the
size of the bias varied again from sub-
ject to subject, the mean bias was
clearly positive.

3.4 Experiment 3

In the third experiment, subjects bi-
manually discriminated the curvature
in two modes, one with opponent
shapes, the other with congruent
shapes. To rule out any advantage of

the orientation of the stimuli in exter-
nal space, we placed the stimuli at
perpendicular orientations (see Fig.
3.3f). If the orientation of the surfaces
is important and subjects have more
difficulty in comparing the curvature
of opponent shapes than that of con-
gruent shapes, a higher threshold
might be expected for the former
comparison. Otherwise, results might
be similar.

3.4.1 Method
Six, paid, right-handed subjects (five
female and one male, mean age 23
years) participated.2 They were naive
with respect to the design of the ex-
periment and were not involved in the
previous experiments. The strongly
curved stimuli were used. Two bi-
manual conditions were studied. In
one condition, a convex surface was
explored by the right index finger and
a concave surface was explored by the
left index finger. In the other condi-
tion, only convex surfaces were used
for both index fingers. The stimuli
were placed 40 cm from the edge of
the table. The distance between the
middle points of the left and right sur-
faces was 10 cm. The angle between
the imaginary normals at the middle
points was 90°. Fig. 3.3f shows an ex-
ample of the stimuli for the opponent

                                                            
2 We had to exclude another subject (male, 59 yr)
from the experiment. For this subject, the pre-
liminary experiment conducted to obtain an
estimate of the bias revealed a bias that was far
outside our measurement range.
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mode. The procedure, the number of
trials, and the stimulus choice were
similar to the procedure followed in
previous experiments. The measure-
ment of a single condition (estimate of
the bias and the actual experiment)
was performed in a single session. The
order in which subjects completed the
experiment was counterbalanced.
Each subject took about two hours to
complete the whole experiment.

3.4.2 Results
Fig. 3.7 shows the results. The results
for the thresholds were similar. A two-
tailed t-test confirmed that there was
no significant effect (t5 = 0.28, p = 0.8).
The biases were on average positive,
but, for each condition, did not differ
significantly from zero (t5 = 2.2, p =
0.084 for the opponent condition and t5

= 2.3, p = 0.068 for the congruent con-
dition). However, significant biases
were found for individual subject-
condition combinations (five for the
opponent condition and three for the
congruent condition). The assessment
of the goodness of fit test showed that
each individual psychometric curve
was judged to be good.

As an additional analysis, we per-
formed a comparison between, on the
one hand, the threshold results of this
experiment and, on the other hand, the
results of two conditions of the first
experiment, namely, the opponent
condition and the convex-convex con-
dition of the strongly curved stimuli.
A 2*2 ANOVA was conducted with
shape (opponent vs. congruent) as a

within-subjects factor and hands
(unimanual vs. bimanual) as a be-
tween-subjects factor. A significant
main effect was found for shape (F1,10 =
8.7, p = 0.015) and for the interaction
between shape and hands (F1,10 = 21.3,
p = 0.007), but not for hands (F1,10 = 1.5,
p = 0.3).

3.4.3 Discussion
This experiment showed clearly that
the curvature discrimination perform-
ance in a bimanual situation did not
depend on whether congruent shapes
or opponent shapes were used. The
significant interaction between shape
and hands confirmed that this result is
in contrast to the unimanual results of
the first experiment, where we found

Fig. 3.7 Results of experiment 3. Each bar repre-
sents the mean value for six subjects in the spe-
cific condition.
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higher thresholds for the opponent
shapes than for the congruent shapes.

The results for the biases in the op-
ponent condition are in accordance
with the previous experiments. Sub-
ject-dependent biases were obtained in
the congruent condition, as Van der
Horst and Kappers (2007) already
showed, when they measured this
condition.

3.5 General discussion

3.5.1 Threshold
We studied human performance of
haptic curvature discrimination using
opponent shapes and congruent
shapes. When subjects used only a
single index finger, a clearly higher
threshold was found for the opponent
mode than for the congruent mode
(first experiment). However, similar
thresholds for the opponent mode and
the congruent mode were obtained
when subjects used two index fingers,
one finger per stimulus surface (third
experiment). When the unimanual
mode and the bimanual mode for the
opponent shapes were directly com-
pared, a slightly higher threshold was
found in the unimanual mode, al-
though this was not significant. How-
ever, significant or not, the important
message is that this finding is different
from previous research on the curva-
ture discrimination of congruent
shapes, where higher thresholds were
found in the bimanual mode (Van der
Horst and Kappers 2007).

Previous research has demon-

strated that the slope difference and
the curvature are the important cues in
curvature discrimination in a congru-
ent, unimanual mode (Pont et al. 1997,
1999; Louw et al. 2002a, 2002b). The
results of the congruent conditions we
measured in the first experiment were
in agreement with this concept, since
we observed similar thresholds for the
convex-convex mode and the concave-
concave mode. The fact that we found
significantly higher thresholds in the
opponent mode of the first experiment
does not necessarily mean that the
slope difference and the curvature are
not important cues in this mode, but
probably indicates that subjects were
not able to use these cues directly. In
section 2.3, we hypothesized that
mental alignment processes such as
rotation or mirroring, or the orienta-
tion of the stimuli with respect to the
fingers and the external space made
the curvature discrimination task
more difficult with opponent shapes
than with congruent shapes. However,
the third experiment showed that the
curvature discrimination performance
did not depend on whether opponent
or congruent shapes were used, when
these surfaces were presented bi-
manually. This excluded a contribut-
ing factor of the orientation of the
stimuli in the external space and made
the assumption that mental alignment
processes were involved in the com-
parison of opponent stimuli superflu-
ous for the bimanual case. This leaves
the question whether the unimanual
curvature discrimination of opponent



Comparison of convex and concave shapes 43

stimuli was performed by these proc-
esses. A clear difference between the
unimanual opponent mode and the
other modes we have studied is that in
the unimanual opponent mode, oppo-
nent surfaces were sensed by the same
finger, whereas in the unimanual con-
gruent conditions and the bimanual
opponent conditions this was not the
case. We can imagine that the mental
processing of opposite signals from a
single finger is more complex to per-
form than the processing of congruent
signals from a single finger. Probably,
this processing of opposite signals was
performed bilaterally, just like the bi-
manually obtained signals. Recently
performed brain imaging studies have
shown that, dependent on the task,
unimanual tasks are processed unilat-
erally (Roland et al. 1998), bilaterally
(Zhang et al. 2005), or dominantly in
one hemisphere (Van Boven et al.
2005). A disadvantage of bilateral
processing is that the information de-
grades by interhemispheric transmis-
sion, but an advantage is that the task
load is shared between both hemi-
spheres (Bradshaw et al. 1998). Of
course, we cannot prove that the uni-
manual opponent signals have been
processed bilaterally, but it is a possi-
ble explanation for the obtained re-
sults and makes the mental alignment
hypothesis redundant.

3.5.2 Bias
Biases were found in all modes in
which either opponent shapes or two
hands were involved. Concerning the

opponent shapes, significant, positive
biases were found for the weakly
curved condition of the first experi-
ment and for all three conditions of the
second experiment. A nearly signifi-
cant, positive bias was obtained in the
third experiment. Remind, a positive
bias means that the curvature of a
convex shape is systematically under-
estimated compared to the curvature
of a concave shape. A further observa-
tion with respect to the biases is that
the size of the bias differed strongly
among subjects and conditions, which
is in accordance with previous biman-
ual curvature discrimination studies
(Kappers and Koenderink 1996; Sand-
ers and Kappers 2006; Van der Horst
and Kappers 2007). We suggest that
the cause of the bias is twofold. The
idiosyncratic part of the bias might
result from the rather complex mental
process of comparing bimanual or op-
ponent signals. We suppose that the
positive part of the bias originates
from the manner in which the surfaces
of the stimuli are explored. As the fin-
ger itself has a convex shape, a larger
part of the finger is at each time in
contact with a concave stimulus than
with a convex stimulus of the same
curvature, assuming that the stimulus
is touched with an equal amount of
force. However, in the experiments we
performed, the finger is not in static
contact with the stimulus surface, but
moves over the stimulus surface. Due
to the shape of the finger itself, a
shorter exploration distance and time
suffices to explore the whole stimulus
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surface of a concave stimulus
compared to a convex stimulus. Fi-
nally, the finger can be rotated when it
is moved over the stimulus surface.
The question that arises is how the
way of exploration might have caused
the biases we found.

Recently, Hayward (2008) de-
scribed how the contact point between
the finger and the stimulus surface
shifts when the finger makes a right-
ward movement over the stimulus
surface, by either rolling or sliding.
For a convex surface, rolling shifts the
contact point rightwards and sliding
shifts the contact point leftwards; for a
concave surface, both rolling and
sliding shift the contact point right-
wards (Fig. 3.8a-d). Now the question
is: did the subjects in our experiments
perform rolling or sliding movements,
or was the movement pattern differ-

ent? Informal observations of the ex-
ploration strategy of our subjects
showed that subjects tended to keep
the finger in such a way that the nail
was parallel to the tangent plane of the
contact surface. On convex surfaces,
this was achieved by a combination of
rolling and sliding (Fig. 3.8e). How-
ever, on a concave surface, this could
not be realized by a combination of
rolling and sliding, but was achieved
by a combination of sliding and rota-
tion, but, importantly, a rotation in the
opposite directing of rolling (Fig. 3.8f).
This type of movement differs from
that described by Hayward for con-
cave surfaces.

What might this difference in ex-
ploration mean for the ways in which
the curvature of the convex and con-
cave surface are perceived? From me-
chanics, it is known that the friction

a)

b)

c)

d)

e)

f)

Fig. 3.8 Movement profiles of different finger explorations of a rightward movement on a convex (a,
c, e) and a concave (b, d , f) surface. Inspiration for a-d has been derived from Fig. 3 in Hayward
(2008). When the finger rolls over the surface (a, b), the contact point of the finger with the surface
shifts rightwards. When the finger slides over the surface, the contact point shifts either leftwards on
a convex surface (c) or rightwards on a concave surface (d). As subjects tended to keep their finger in
such a way that the contact point did not shift, the movement of the finger on a convex surface re-
sulted from a combination of rolling and sliding (e). However, on a concave surface, the movement
resulted from a combination of rotation and sliding, but the rotation was in the opposite direction of
rolling (f).
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force that a surface exerts on a circular
object like a wheel is lower when this
object rolls than when it slides over
the surface. Applied to our setup, the
friction force that a convex surface
exerts on the finger consists of a roll
friction component and a slide friction
component. This total friction force is
lower than when the finger would
only slide over the surface. The force
that a concave surface exerts on the
finger consists of a slide friction com-
ponent of the translation with, in ad-
dition, a slide friction component of
the rotation. For this case, the total
friction force is higher than when the
finger would slide over the surface,
without rotation. This means that the
friction exerted by a concave surface is
higher than the friction exerted by a
convex surface. This might explain
why the curvature of the convex sur-
face is underestimated compared to
the curvature of a concave surface, as
it has been shown that the sensation of
a larger force can be interpreted as a
higher perceived curvature (Robles-
de-la-Torre and Hayward 2001;
Drewing and Ernst 2006). Future
studies might test the validity of this
explanation by further disentangling
how exploration differences in scan-
ning length and time, in rolling and
rotational movement, and in exerted

force and pressure, contribute to this
interesting finding.

3.6 Conclusion

When the ability to discriminate the
curvature of opponent shapes was
compared to the ability to discriminate
the curvature of congruent shapes, a
significant decrease in performance
was found when a single finger was
used to explore both surfaces, but
similar results were obtained when
different fingers touched each surface.
The result for the bimanual mode
shows that a congruent or incongruent
orientation of the surfaces with respect
to the fingers or with respect to the
external space does not necessarily
influence the sensitivity to perform the
task. The decrease in performance in
the unimanual mode might be due to
the difficulty of processing opposite
signals from a single finger.

Humans are systematically biased
when they have to compare the cur-
vature of opponent shapes, either
unimanually or bimanually. This
means that the curvature of convex
shapes is generally underestimated
compared to the curvature of concave
shapes. We suggest that these biases
result from the manner in which con-
vex and concave shapes are explored.





4 Using curvature information in hap-
tic shape perception of 3D objects

Van der Horst BJ, Kappers AML (2008) Exp Brain Res (in press)

Abstract Are humans able to perceive the circularity of a cylinder that is
grasped by the hand? This study presents the findings of an experiment in
which cylinders with a circular cross-section had to be distinguished from
cylinders with an elliptical cross-section. For comparison, the ability to distin-
guish a square cuboid from a rectangular cuboid was also investigated. Both
elliptical and rectangular shapes can be characterized by the aspect ratio, but
elliptical shapes also contain curvature information. We found that an ellipti-
cal shape with an aspect ratio of only 1.03 could be distinguished from a cir-
cular shape both in static and dynamic touch. However, for a rectangular
shape, the aspect ratio needed to be about 1.11 for dynamic touch and 1.15 for
static touch in order to be discernible from a square shape. We conclude that
curvature information can be employed in a reliable and efficient manner in
the perception of 3D shapes by touch.
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4.1 Introduction

The shape of a standard drinking glass
is a cylinder with a round contour, but
is the contour really a circle? One way
to check is by measuring the diameter
at several places with a ruler, or a
vernier caliper. Alternatively, you may
grasp the glass and judge whether the
shape feels circular or not. However,
does your haptic sense provide you
with accurate and reliable information
about the shape of the drinking glass?
If you grasp another object, like a
square glass vase, are you able to dis-
tinguish whether the contour of the
vase is a square or a rectangle? Are
you better in judging the regularity of
circles or squares?

Klatzky et al. (1985) showed that
humans are accurate and fast in rec-
ognizing daily life objects by touch.
However, daily life objects are char-
acterized by a multitude of properties,
like shape, weight, temperature, and
compressibility. To study the role of
shape information in object perception
and recognition, objects that are made
from the same material but differ in
shape should be used as stimuli.
Studies that focused on shape recog-
nition performance used stimuli like
polyhedrons (Lakatos and Marks
1999), unfamiliar objects created from
LEGO bricks (Newell et al. 2001), or
solid copies of bell peppers (Norman
et al. 2004). Using stimuli like these
provide insight into the global and
local aspects that are characteristic for
objects that are explored by touch;

however, an inconvenience is that
many aspects of the stimuli that are
compared change concurrently.

A more systematic approach to
shape perception uses a stimulus set in
which the elements are from the same,
geometrically well-defined class; suc-
cessive stimuli vary only slightly in
the magnitude of a single stimulus
parameter. Roland and Mortensen
(1987) investigated discrimination per-
formance of 3D objects like ellipsoids
and parallelepipeds. The task was to
discriminate the more oblong object
from the less oblong object, for objects
of equal volume. They found a high
performance for the ellipsoids, shapes
that are characterized by differences in
local curvature. Ellipsoids are geomet-
rically well-defined shapes but rather
complex, since, in terms of size, they
are described by three independent
parameters; the curvature is defined
locally by two independent parame-
ters. The complexity of the stimulus
makes it difficult to relate the per-
formance of the subject to the shape of
the stimulus.

In order to obtain a more direct re-
lationship between shape and percep-
tion, several discrimination studies
have been conducted that used stimuli
with a constant curvature. Using this
kind of stimuli allowed systematic
variations in the stimulus size and the
exploration mode. One group of
studies concentrated on shape percep-
tion by static touch, either with a sin-
gle fingertip (Goodwin et al. 1991,
1997; Jenmalm et al. 2003), with a part
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of the hand (Pont et al. 1997, 1999), or
with the whole hand (Vogels et al.
1999). Other studies focussed on cur-
vature perception by dynamic touch,
which was performed with a single
finger (Gordon and Morison 1982;
Pont et al. 1998, 1999; Van der Horst
and Kappers 2007), with various
amount of fingers (Davidson 1972) or
with the whole hand (Kappers et al.
1994; Kappers and Koenderink 1996).
Analogous experiments have been
conducted on shapes that were created
in a virtual environment (Henriques
and Soechting 2003; Provancher et al.
2005; Drewing and Ernst 2006). This
overview is far from complete but il-
lustrates the variety of studies that
have been performed on constant cur-
vature shape perception. These studies
have shown that human subjects are
able to perceive small differences in
curvature but can be biased by differ-
ences in the orientation of the stimulus
(Pont et al. 1998; Henriques and So-
echting 2003), the length of explora-
tion (Pont et al. 1999), or the finger
that is employed (Van der Horst and
Kappers 2007).

The stimuli that were used in these
studies were not whole objects, only
surface parts. In general, the task for a
subject was to compare the curvature
of one surface to the curvature of an-
other surface. The question arises
whether this ability to discriminate
curvature differences can be used
when judgments are made about the
shape of complete 3D objects, like
drinking glasses. Therefore, we de-

signed stimuli that contained curva-
ture differences in one direction
within a stimulus and, for comparison,
stimuli without curvature information.
The first category of stimuli is cylin-
ders with an elliptical cross-section;
the other category is cuboids, which
have a rectangular cross-section (see
Fig. 4.1). Since the cross-sections are
the determining aspects, we refer to
these stimuli as ellipses and rectan-
gles, respectively.

In the experiment that we con-
ducted, subjects had to distinguish
either an ellipse from a circle or a rec-
tangle from a square. For the rectan-
gles, only the ratio between the
lengths of the perpendicular main axes
is informative about the shape. For the
ellipses, differences in local curvature
may provide additional information to
this aspect ratio information. How-
ever, this theoretical advantage for
ellipses does not necessarily result in a

Fig. 4.1 Illustrations of the stimuli, a right ellipti-
cal cylinder (a) and a cuboid (b). The horizontal
cross-sections of these stimuli are an ellipse and
a rectangle, respectively. The height of a stimu-
lus was 150 mm. Details about the dimensions of
the cross-sections are provided in Fig. 4.2.

a) b)
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higher performance since the per-
formance depends on the ability and
accuracy to extract information from
the stimulus. When the orientation of
the stimulus is unknown in advance, it
is evident in which directions the two
main axes of a rectangle are oriented;
thus, it is obvious which lengths
should be compared, but this is not
true for an ellipse. This suggests that,
if the judgement is only based on as-
pect ratio information, performance
should be better for rectangles than for
ellipses.

This disadvantage in obtaining as-
pect ratio information from ellipses
might be compensated or overcome
when curvature information can be
used. The local curvature varies over
the surface of an ellipse, whereas it is
constant for a circle. Hence, an ellipse
can be distinguished from a circle
when differences or changes in cur-
vature can be perceived. However, the
ability to extract shape information
from an object may be biased by spa-
tial factors and exploratory proce-
dures. When elliptical contours were
traced in the horizontal plane with a
finger in a thimble, an ellipse that was
elongated in the tangential direction
(aspect ratio of 1.06) was perceived as
a circle (Hammerschmidt 1934; Von
Skramlik 1937). Henriques and So-
echting (2003) found similar biases for
ellipses that were traced in a virtual
environment. Experiments on length
perception have also shown that ra-
dially explored lengths were overes-
timated compared to tangentially ex-

plored lengths; the magnitude of the
effect depended on the exploration
mode (e.g., Armstrong and Marks
1999; McFarland and Soechting 2007).
Depending on the spatial orientation
of the stimulus or the manner of ex-
ploration, a square may be perceived
as a rectangle and a circle may be per-
ceived as an ellipse, or vice versa.

The manner of exploration might
determine how accurate and efficient
shape information can be obtained
from the stimulus. As mentioned, sev-
eral factors may bias the result. In the
current experiment we made a dis-
tinction between static touch and dy-
namic touch. In static touch, the
stimulus is touched by a single grasp
with the hand; in dynamic touch, free
explorations around the stimulus sur-
face are allowed. Manipulation of the
stimulus is not allowed in order to
exclude inertia differences that could
influence shape perception (see e.g.,
Turvey 1996). Judging the shape of an
ellipse by static touch might be diffi-
cult, since the local curvature impres-
sion at one place of the hand should be
compared to the local curvature im-
pression at another place of the hand.
Dynamic touch seems advantageous,
since touching a circle gives a constant
impression over time, whereas an el-
lipse provides a changing profile. For
the rectangles, dynamic touch may
also be more informative than static
touch. In static touch, the side lengths
of the stimulus should be compared
with different parts of the hand. In
dynamic touch, a combination of dif-
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ferent grasping postures and move-
ments along the stimulus surface may
provide more information. For both
ellipses and rectangles, dynamic touch
may provide more but possibly con-
flicting information, due to explora-
tory dependent biases. This may im-
pair the performance in dynamic
touch.

4.2 Methods

Stimuli
The stimuli were made of a compound
of polyurethane foam and artificial
resin (Cibatool BM 5460) and manu-
factured on a computer controlled
milling machine. The stimuli are right
cylinders, which means that all hori-
zontal cross-sections lie directly on top
of each other. The height was 150 mm.
The stimuli are defined in terms of the
aspect ratio of the horizontal cross-
section ( ), which is defined as the
quotient of the semi major axis (a) and
the semi minor axis (b). The product of
a and b is equal for all ellipses, which
means that the areas of the cross-
sections are equal and thus the vol-
umes of the elliptical stimuli are equal.
A circle is a special case of an ellipse,
in which the length of a and b are
equal and coincide with the radius (r)
of the circle. The length of r is 35 mm.
The areas of the cross-sections of the
rectangles are also equal but differ
from the areas of the cross-sections of
the ellipses. The dimensions of the
rectangles are chosen in such a way
that the perimeter of the square equals

the perimeter of the circle. Fig. 4.2 il-
lustrates the cross-sections of the
stimuli.

In each condition, a reference
stimulus was combined with seven
test stimuli. For the conditions with
the ellipses, test stimuli with aspect
ratios of 1.006, 1.010, 1.016, 1.020, 1.04,
1.06, and 1.08 were used; the reference
stimulus was a circle. For the condi-
tions with the rectangles, aspect ratios
of 1.06, 1.08, 1.10, 1.12, 1.17, 1.22, and
1.27 were used; the reference stimulus
was a square. The ranges of the test
stimuli were based on pilot experi-
ments.

Fig. 4.2 Schematic illustrations of the cross-
sections of the stimuli. a) Cross-section of a cir-
cular cylinder with radius r of 35 mm. b) Cross-
section of a noncircular, elliptical cylinder, with
semi major axis a and semi minor axis b. The
aspect ratio is the quotient of a and b. The prod-
uct of a  and b is equal to r  squared. c) Cross-
section of a square cuboid. The perimeter of this
square equals the perimeter of the circle in (a).
d) Cross-section of a rectangular cuboid. The
product of a' and b' is equal to r' squared.

r a
b

rʼ aʼ
bʼ
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Procedure
Subjects were seated behind a table. A
blindfold prevented them from seeing
the stimuli. A stimulus was placed in
front of the subject at 40 cm from the
edge of the table. The experimenter
held the stimulus at the upper part to
prevent translation or rotation of the
stimulus. The orientation of the stim-
uli, i.e., the direction of the semi major
axis in the plane of the table, was ran-
dom, but for the rectangle conditions,
similar for both stimuli within a trial.
During a trial, a subject touched a test
stimulus and subsequently a reference
stimulus, or vice versa. The task was
to indicate which of the two stimuli
was the circle (square).

In the dynamic conditions, subjects
explored the stimuli with their right
hand. They were free to explore the
surface of the stimuli in the way that
they liked but were not allowed to
explore the surfaces and edges at the
upper and lower parts of the stimuli.
In practice, they performed a combi-
nation of grasping and sliding move-
ments. In the static conditions, subjects
were instructed to grasp the stimuli
with the whole hand without making
further sliding contact with the surface
of the stimuli.

Each condition consisted of 98 tri-
als, which were presented in a pseu-
dorandom order: groups of all possi-
ble combinations of test and reference
stimuli were randomized and pre-
sented successively. Four conditions
(two shapes  two exploration modes)
were included. The order in which the

conditions were measured was differ-
ent for each subject; either two condi-
tion with the same exploration mode
or two conditions with the same shape
were presented in a single session. A
single session lasted about 60-90 min-
utes. For one subject, we had to repeat
the experiment in the rectangle  static
condition with an adjusted stimulus
range.

Subjects
The results for eight paid subjects
(four male and four female, mean age
20 years) are reported. The result of
another subject was not included,
since no psychometric curve could be
fitted to the data of two conditions. All
subjects were right-handed, as estab-
lished by a standard questionnaire
(Coren 1993).

Analysis
For each subject and condition, the
fraction of correct responses was cal-
culated for each test stimulus value.
The data were plotted against the
relative aspect ratio (  – 1), which is a
Weber fraction, on a logarithmic scale.
The logarithmic scale enables an
analysis that assumes that perform-
ance is at a chance level when the
relative aspect ratio reaches zero.

The detection threshold was de-
termined by fitting a psychometric
function (cumulative Gaussian) to the
data. Fig. 4.3 shows an example of two
psychometric curves for one subject in
an ellipse condition and in a rectangle
condition.
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4.3 Results

Fig. 4.4 shows the mean detection
thresholds for eight subjects in all
conditions. The error bars represent
the standard errors. Note that the re-
sults are plotted on a logarithmic scale.

The significance of the results was
tested by performing a two (shape) by
two (exploration) ANOVA. Both main
factors were significant (F1,7 = 55, p  <
0.001 for shape; F1,7 = 6.4, p = 0.04 for
exploration), but there was no signifi-
cant interaction between shape and
exploration (F1,7 = 0.6, p = 0.5).

4.4 Discussion

The experiment reveals a considerable
difference in performance to distin-
guish an ellipse from a circle and a
rectangle from a square. The mean
threshold for the ellipses is about four
times lower than for the rectangles. In
addition, the experiment shows that
allowing dynamic touch improves the
performance in comparison to static
touch, although this effect is rather
modest. The large difference in per-
formance between ellipses and rectan-
gles indicates that curvature informa-
tion can be used in a reliable manner.

Roland and Mortensen (1987)
showed previously that curvature dif-
ferences could be used in the detection
of 3D shapes that varied in three di-
mensions. The stimuli that we used
were also 3D objects, but the informa-
tive shape varied only in two dimen-
sions, which allows a comparison with
several studies that have been con-
ducted previously.

4.4.1 Comparison with 2D tasks
A visual analogue of our experiment
was conducted by Zanker and Quen-
zer (1999), who used 2D ellipses and

Fig. 4.3 Examples of psychometric curves for an
ellipse condition (a) and for a rectangle condi-
tion (b). The response is plotted against the
relative aspect ratio, which is defined as the
aspect ratio minus 1. Note that a logarithmic
scale is used. The ellipses (rectangles) that are
drawn above the horizontal axis illustrate the
shape of the ellipse (rectangle) for the values that
are indicated on the horizontal axis. A psycho-
metric function was fitted to the data. The de-
tection threshold is defined as the relative aspect
ratio value for which the psychometric function
equals 0.75.

F
ra

ct
io

n
 ju

d
g

e
d

 “
ci

rc
le

”

0.005 0.01 0.02 0.04 0.08 0.16 0.32

0

0.5

0.75

1

0.005 0.01 0.02 0.04 0.08 0.16 0.32

0

0.5

0.75

1

a)
F

ra
ct

io
n

 ju
d

g
e

d
 “

sq
u

a
re

”

b)

Relative aspect ratio

Relative aspect ratio



Chapter 454

rectangles that were presented on a
computer screen. They found similar
thresholds for distinguishing an el-
lipse from a circle and a rectangle from
a square (on average 0.04 and 0.05,
respectively). Obviously, task and per-
formance in the visual experiment
were different from those in our ex-
periment; we found a slightly better
performance for the ellipse conditions
and a much worse performance for the
rectangle conditions (on average 0.03
and 0.13, respectively).

Helbig and Ernst (2007) compared
visual and haptic performance for el-
lipse discrimination of small, elliptical
ridges (circle radius of 5 mm). In the
haptic condition, the top of a ridge
was explored with a single index fin-
ger; subjects had to judge whether the
stimulus was elongated in the hori-

zontal or vertical direction. The
thresholds75 were 0.03 in the visual
condition and 0.07 in the haptic con-
dition.3 We should be careful in com-
paring the findings of Helbig and
Ernst to our results, since the dimen-
sions of the stimuli differed between
the studies and the designs of the ex-
periments were different (discrimina-
tion experiment versus detection, re-
spectively). However, the thresholds
differ by more than a factor of two,
which indicates that extracting the 2D
shape from the surface of a 3D object
is more efficient than when only the
top surface and edges are used.
                                                            
3 Threshold75 means that the magnitude of the
threshold was determined originally in a dis-
crimination experiment at a 84% level, but con-
verted by us to a 75% level. The conversion
factor is 0.67.

Fig. 4 Mean detection
threshold results of eight
subjects in all conditions.
The error bars represent
standard errors. Note
that the scale is loga-
rithmic.
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In the introduction, we referred to
studies in which orientation depend-
ent biases were found when elliptical
contours were traced (Hammer-
schmidt 1934; Von Skramlik 1937;
Henriques and Soechting 2003). In ad-
dition, the thresholds that Henriques
and Soechting (2003) reported were on
average 0.17, which is much higher
than the threshold of 0.03 that we
found. We cannot exclude the possi-
bility that the thresholds found in our
experiment were influenced by orien-
tation dependent biases, since we did
not measure this. However, a large
effect would have resulted in higher
detection thresholds. Our findings
confirm a previous observation (Van
der Horst and Kappers 2007) that
shape perception with bare fingers is
much more reliable than perceiving
shapes in a virtual environment, as in
the study by Henriques and Soechting
(2003).

4.4.2 Comparison with curvature
discrimination

It would be interesting to make a
quantitative comparison between the
results of the ellipses and the results of
previous studies on curvature dis-
crimination. The curvature range of
the stimuli that Van der Horst and
Kappers (2007, 2008) used coincides
with the range of local curvature of the
ellipses. In their curvature discrimina-
tion experiment, two curved surfaces
were presented subsequently in the
same orientation and were explored
by dynamic touch. The task was to

indicate which of the two stimuli felt
more curved. The mean threshold75

expressed in terms of a Weber fraction
is 0.06.

An ellipse might be distinguished
from a circle by perceiving the differ-
ence between the maximum and
minimum curvature within the ellipse.
A difficulty might be that these points
of curvature extrema are at perpen-
dicular orientations with respect to
each other and, in addition, that the
ellipses were positioned randomly
with respect to the external space.
However, to perform the detection
task, it is not necessary to know the
positions of the curvature extrema and
to discriminate the maximum from the
minimum curvature, but it is sufficient
to detect that there are curvature dif-
ferences within the stimulus, which
seems to be an easier task to perform.

The detection thresholds that we
measured are expressed in terms of
relative aspect ratio. How can we con-
vert these values into relative curva-
ture differences? An obvious way is to
take the difference between the maxi-
mum and minimum curvature and to
divide this value by the curvature of
the circle, which results in 0.09. How-
ever, it has been shown that curvature
discrimination is not based on the
comparison of local curvatures but on
a comparison of the differences in
slope over the contact length (Gordon
and Morison 1982; Pont et al. (1997,
1999). Applied to the ellipses, it is
probably more realistic to assume that
curvature differences are perceived by
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comparing the mean curvature at one
place of the ellipse to the mean cur-
vature at another place on the ellipse.

The mean curvature of a part of an
ellipse with arc length s is defined as
the change in turning angle  di-
vided by the arc length s. In the limit
that s approaches zero, the mean
curvature is equal to the local curva-
ture (d /ds). Fig. 4.5 illustrates the
magnitude of  for equal lengths of

s, positioned symmetrically around
the points of maximum and minimum
curvature, Cmax and C min, respectively.
For this situation, a new value for the
relative curvature difference at the
mean threshold75 level can be calcu-
lated by dividing the difference be-

tween 1/ se and 2/ se by the cur-
vature of the circle. This results in a
value of 0.06, which is clearly lower
than the value previously calculated
but similar to the value obtained by
Van der Horst and Kappers (2007,
2008).

This analysis indicates that the per-
formance to distinguish an ellipse
from a circle is similar to the discrimi-
nation of curved surfaces. However,
the finding of a quantitative similarity
does not necessarily mean that the
detection task is performed as in a dis-
crimination task, by comparing the
mean curvature at one part of the el-
lipse to the mean curvature at another
part of the ellipse. Alternatively, hu-
mans might be sensitive to the change
in curvature within the ellipse, infor-
mation that is not available in the cur-
vature discrimination tasks that we
discussed.

4.4.3 Comparison with length dis-
crimination

Curvature information is not available
when a rectangle has to be distin-
guished from a square. Only the ratio
between the perpendicular lengths
provides information about the shape.
Gepshtein and Banks (2003) investi-
gated the ability to discriminate the
distance that is perceived when two
parallel surfaces are grasped between
the thumb and index finger. They
found a threshold75 of 0.07; this value
is lower than the values that we found
for the rectangles (on average 0.11 in
dynamic touch and 0.15 in static

Fig. 4.5 Illustration of the ellipse parameters
curvature (C), arc length ( s) and turning angle
( ). Cmax and C min represent points of local
maximum and minimum curvature. The arc
length between two of these local extrema is se.
The dashed lines mark the points halfway the
local extrema, hence the arc length between
these points is also se. Tangent lines are drawn
at these places. The turning angles between two
subsequent tangent lines are represented by 1

and 2, respectively.
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touch). However, in the experiment of
Gepshtein and Banks, the lengths that
had to be compared were at the same
place and in the same direction. Ori-
entation and exploration dependent
anisotropies might have caused an
increase of the detection thresholds, as
we previously suggested.

4.4.4 Dynamic versus static touch
The experiment showed that the de-
tection performance was higher in dy-
namic touch than in static touch. This
difference was especially clear for the
detection of rectangles from squares.
In dynamic touch, subjects grasped the
stimulus from different directions,
which provided more information
than they could obtain from the single
grasp in static touch. For the detection
of circles from ellipses, the difference
in performance in surprisingly small.
We expected to find a better perform-
ance for dynamic touch than for static
touch. In static touch, only the instan-
taneous curvature profile on the hand
is available. In dynamic touch, addi-
tional temporal information might be
obtained when the stimulus is ex-
plored; the temporal profile of a circle
is constant, whereas the profile of an
ellipse changes in time. Performance

was slightly better for dynamic touch,
but the low performance for static
touch shows that humans are able to
judge whether the curvature profile on
the hand is constant or not by only
applying static contact.

4.5 Conclusions

This study demonstrates that humans
are proficient in extracting available
curvature information from the sur-
face of objects that are perceived by
touch. In contrast, performance was
much poorer when curvature infor-
mation was lacking. It suggests that
the haptic sense is suitable to perceive
shape aspects from an object, like cur-
vature information, but is less appro-
priate to obtain veridical information
about spatial aspects, like lengths and
orientations.

Finally, we return to our original
questions about the ability to judge the
circularity of a drinking glass and the
squareness of a square vase. By only
using the haptic sense, we can confi-
dently judge that our drinking glass is
circular, otherwise we should be able
to feel this. However, for the judg-
ments about a square vase, it might be
better to rely on our eyes.





5 Intramanual and intermanual trans-
fer of the curvature aftereffect

Van der Horst BJ, Duijndam MJA, Ketels MFM, Wilbers MTJM, Zwijsen SA,
Kappers AML (2008) Exp Brain Res 187:491-496

Abstract The existence and transfer of a haptic curvature aftereffect was in-
vestigated to obtain a greater insight into neural representation of shape. The
haptic curvature aftereffect is the phenomenon whereby a flat surface is
judged concave if the preceding touched stimulus was convex and vice versa.
Single fingers were used to touch the subsequently presented stimuli. A sub-
stantial aftereffect was found when the adaptation surface and the test surface
were touched by the same finger. Furthermore, a partial, but significant trans-
fer of the aftereffect was demonstrated between fingers of the same hand and
between fingers of both hands. These results provide evidence that curvature
information is not only represented at a level that is directly connected to the
mechanoreceptors of individual fingers but is also represented at a stage in the
somatosensory cortex shared by the fingers of both hands.
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5.1 Introduction

The neural representation of haptic
information can be investigated using
different approaches. The representa-
tion of object shape perceived with the
fingers has mainly been studied using
neurophysiological tools. It has been
found that especially slowly adapting
type I (SAI) mechanoreceptors in the
finger but also fast-adapting type I
(FAI) receptors are sensitive to curva-
ture (Goodwin et al. 1997; Jenmalm et
al. 2003). In order to perceive curva-
ture, a combination of responses from
a population of receptors is required
(Goodwin and Wheat 2004). This
processing occurs along several stages
up to at least the somatosensory cortex
(SI) (Gardner and Kandel 2000). Tak-
ing a neurophysiological approach is
useful to uncover the pathways un-
derlying curvature processing, but is
less appropriate to establish the levels
at which perceived curvature is essen-
tially represented.

A psychophysical approach that
has been successful in providing
greater insight into the neural repre-
sentation of perceived properties is the
study of the aftereffect, and especially,
the transfer of the aftereffect. In vision,
for example, the finding of partial, in-
terocular transfer of the motion after-
effect has been explained by the in-
volvement of both monocular and
binocular cells in the processing of
motion information from the stimulus
(Moulden 1980; Wade et al. 1993; Tao
et al. 2003). In a similar way, estab-

lishing the transfer characteristics of a
haptic curvature aftereffect would
provide insight into the representation
of shape information. Finding afteref-
fect transfer between different fingers
would indicate that curvature is repre-
sented at a level shared by these fin-
gers, whereas no transfer would imply
that each finger has a separate repre-
sentation of curvature.

A curvature aftereffect is the phe-
nomenon whereby a flat test surface
feels concave following prolonged
contact with a convex adaptation sur-
face (see Fig. 5.1a). Curvature afteref-
fects have been found for different
shapes and exploration modes. Gibson
(1933) reported that a flat cardboard
edge felt concave after the prolonged
dynamic exploration of a convex card-
board edge. Vogels et al. (1996) dem-
onstrated the existence of an aftereffect
when the whole hand was placed on
spherically curved shapes. They per-
formed extensive experiments to ex-
amine the characteristics of this static
curvature aftereffect. They found a
linear relationship between the mag-
nitude of the aftereffect and the cur-
vature of the adaptation stimulus.
Furthermore, they showed that the
magnitude of the aftereffect increased
with the adaptation time up to about
10 s. Finally, they found a decrease of
the aftereffect with an increase of the
interstimulus interval. In a follow-up
study, they showed that the aftereffect
also existed for alternative exploration
modes, like touching a stimulus with
only the five fingertips of the hand or
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performing small movements of the
hand over the stimulus surface (Vo-
gels et al. 1997). Given the strength
and consistency of these findings, we
supposed that curvature aftereffects
should also occur for alternative ways
of touching, such as the situation in
which curved surfaces are statically
being touched with only a single fin-
gertip. However, this phenomenon
has not yet been investigated, and
consequently, any curvature afteref-
fect transfer between the fingers also
remains unexplored.

The purpose of the present study
was to obtain a better understanding
of the representation of haptically per-
ceived shape information, by probing
the transfer of the curvature afteref-
fect. In the first experiment, we estab-
lished the existence of an aftereffect
when a curved surface is touched by a
single finger and measured whether
this aftereffect transferred to other fin-
gers of the same hand. The second ex-
periment was set up to determine
whether the aftereffect depended on
the finger used. Finally, in the third
and fourth experiments, we investi-
gated the transfer of the aftereffect
between fingers of both hands.

5.2 Materials and methods

Subjects
A total number of 40 subjects partici-
pated [n = 8 for experiments 1, 2 and 4,
n = 16 for experiment 3; 18 were male
and 22 were female; the mean age was
22 years; 37 were right-handed, 3 were

left-handed, according to a standard
questionnaire (Coren 1993)]. Subjects
in experiments 1 and 2 received course
credit for their participation. Subjects
in the third and fourth experiments
received monetary compensation.

Stimuli
The stimuli comprised of a compound
of polyurethane foam and artificial
resin (Cibatool BM 5460). A computer-
controlled milling machine was used
to produce cylinders with a flat bot-
tom and a spherically curved top. The
top was either pointing outward (con-
vex) or inward (concave). Both convex
and concave adaptation stimuli were
used, with curvature values of +36 m-1

and –36 m-1, respectively; the curva-
ture of the nine test stimuli ranged
from –16 to +16 m-1, in steps of 4 m-1.
Illustrations of the stimuli and their
cross-sections are given in Fig. 5.1a, b,
respectively.

Procedure
A subject was seated behind a table.
The preferred arm rested on a plat-
form, which was 30 mm above the ta-
bletop. In the third and fourth experi-
ments, both arms rested on the plat-
form. Only the fingertips projected
over the platform. The experimenter
placed the stimulus underneath a fin-
gertip. A curtain prevented the sub-
jects from seeing the stimulus. During
a trial, the tip of one finger was placed
on an adaptation stimulus for 10 s.
Subsequently, the subject placed a fin-
ger on a test stimulus and had to judge
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whether this test stimulus felt convex
or concave. Subjects were not allowed
to move the finger over the stimulus
surface, and the experimenter checked
for this. No instructions were given on
the force to contact the stimulus, nor
was it measured. No feedback was
provided on the response.

Three conditions were measured in
the first experiment. In all conditions,
the adaptation stimulus was touched
with the index finger. In one condi-
tion, the test stimulus was also
touched with the index finger. In the
other two conditions, the test stimulus
was touched with the middle finger or
the little finger of the same hand, re-

spectively. Each condition consisted of
10 repetitions of a group of 18 trials
(two adaptation stimuli  nine test
stimuli) with trials randomized within
a group. One complete condition was
measured in a single session of about
one and a half hours. The separate ses-
sions were spread over different days.
The order in which the conditions
were conducted was counterbalanced
for the first six subjects and randomly
chosen for the last two subjects.

In the second experiment, both the
adaptation and the test stimuli were
touched by the middle finger. In the
third and fourth experiments, the ad-
aptation stimulus was contacted by

Fig. 5.1a Schematic overview of a haptic curva-
ture aftereffect: when you first touch a convex
(concave) surface for some time, say 10 s, and
subsequently touch a flat surface, this latter
surface feels concave (convex). b Schematic
drawings of the cross-sections of a convex and a
concave stimulus. The stimuli had a cylindrical
shape with a spherical top (see illustration a).
The distance from the bottom to the centre of the
top (h) was consistently 30 mm. The diameter of
the cylinders (d) was also 30 mm. c Examples of
two psychometric curves. The circular data
points and the fit through these points results
from adaptation to the convex adaptation
stimulus. The PSE is represented by PV. The
square data points and the fit through these
points result from adaptation to the concave
adaptation stimulus. In this case, the PSE is
represented by PC. The magnitude of the afteref-
fect (AE) is defined as the difference between PV

and PC.

d d

h

Adaptation Test Perceptiona)

b)

c)

Curvature test stimulus (m-1)
PC PV

F
ra

ct
io

n 
ju

dg
ed

 “
co

nv
ex

”

AE

-16 -12 -8 -4 0 4 8 12 16

0

0.5

1



Aftereffect transfer in static touch 63

the index finger of the preferred hand;
the test stimuli were touched with the
index finger (third experiment) or
middle finger (fourth experiment) of
the non-preferred hand.

Analysis
The data for each subject and each
condition were analyzed separately
for the convex and the concave adap-
tation stimuli. The percentage of “con-
vex” responses was plotted against the
curvature of the test stimulus. The
point of subjective equality (PSE) was
determined by fitting a psychometric
function (cumulative Gaussian) to the
data. The PSE represents the curvature
value that in 50% of the test cases was
judged “convex” and in 50% of the
cases was judged “concave”. The
magnitude of the aftereffect is defined
as the difference between the PSE re-
sulting from the adaptation to a con-
vex surface and the PSE resulting from
the adaptation to a concave surface.
Examples of psychometric curves for a
convex and a concave adaptation are
given in Fig. 5.1c.

5.3 Results

The mean results for the aftereffect
values are shown in Fig. 5.2. The error
bars indicate the standard errors of the
mean.

5.3.1 Experiment 1
We tested the occurrence of an afteref-
fect in each condition by performing
separate one-tailed t tests. A signifi-

cant result was obtained in all condi-
tions (t7 = 6.3, p < 0.001 for the index
finger; t7 = 9.8, p < 0.001 for the middle
finger; t7 = 3.4, p = 0.006 for the little
finger). Subsequently, an ANOVA
with a repeated measures design was
performed to determine any differ-
ences between conditions. A signifi-
cant main effect was found (F2,14 = 22.5,
p < 0.001). Pairwise comparisons
showed a significant difference be-
tween the index finger and the middle
finger (p = 0.007) and between the in-
dex finger and the little finger (p =
0.004), but not between the middle
finger and the little finger (p = 1.0).
The p-values were adjusted with a
Bonferroni correction.

5.3.2 Experiment 2
A one-tailed t test showed that there
was a significant aftereffect (t7 = 8.0, p
< 0.001). Inspection of Fig. 5.2 shows
that the aftereffect of the middle finger
condition of the second experiment
was comparable to the index finger
condition of the first experiment and
was much higher than the middle fin-
ger condition of the first experiment.
Independent samples t test confirmed
that there was no significant difference
in the first case (t14 = 0.6, p = 0.6), but
that there was a significant difference
in the second case (t7.4 = 6.1, p < 0.001).

5.3.3 Experiment 3
A one-tailed t test highlighted a sig-
nificant aftereffect (t15 = 2.7, p = 0.009).
The magnitude of this aftereffect was
much lower than for the index finger
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condition of the first experiment. This
was confirmed by an independent
sample t test (t22 = 5.0, p < 0.001).

5.3.4 Experiment 4
A significant aftereffect was obtained,
as was confirmed by a one-tailed t test
(t7 = 7.4, p < 0.001).

5.4 Discussion

The first novel observation of this pa-
per is that the perception of surface
curvature by a single fingertip is influ-
enced by preceding contact of this fin-
ger with another curved surface. The
magnitude of this curvature aftereffect

did not depend on the finger em-
ployed, as shown by a comparison
between the results of the first and the
second experiment. Previously, Vogels
et al. (1996, 1997) reported the exis-
tence of a static curvature aftereffect,
when the whole hand was used. We
suppose that our finding of a one-
finger aftereffect falls in the same class
of phenomena. A quantitative com-
parison between the results of Vogels
et al. (1996) and our finding can be
made by calculating the relative mag-
nitude of the aftereffect, i.e. the afteref-
fect divided by the difference between
the adaptation stimuli. This value
equals 0.17 ± 0.02 for the results of Vo-

Fig. 5.2 Mean results of the aftereffect. The indicated error bars are the standard error in the mean
for each condition. Experiment 1: eight subjects participated. Adaptation was performed by the in-
dex finger of the preferred hand. Testing was done using the index finger, middle finger, or little
finger of the same hand. Experiment 2: eight subjects participated. Adaptation and testing was per-
formed by the middle finger of the preferred hand. Experiment 3: sixteen subjects participated. Ad-
aptation was performed by the index finger of the preferred hand; testing was done by the opposite
index finger. Experiment 4: eight subjects participated. Adaptation was performed by the index
finger of the preferred hand; testing was done by the middle finger of the non-preferred hand.
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gels et al., whereas it was 0.15 ± 0.07
for the index finger condition of the
first experiment and 0.17 ± 0.06 for the
middle finger condition of the second
experiment, respectively. These values
are in the same order of magnitude,
irrespective of the differences in man-
ner of touching and curvature range of
the stimuli.

The second important finding of
our study is that the aftereffect par-
tially transfers between fingers of the
same hand. This means that the sensa-
tion of shape with a certain finger in-
fluences the perception of a shape
touched by another finger. This sug-
gests that the sensations obtained by
the different fingers share a common
representation. However, the transfer
is far from complete, indicating that
curvature perception by each finger
also yields a substantial, individual
part in the representation. Interest-
ingly, the aftereffect does not only
transfer from the index finger to the
neighboring middle finger, but also to
the distant little finger. This result is
unlike recently performed localization
(Schweizer et al. 2000) and learning
studies (Sathian and Zangaladze 1997;
Harris et al. 2001), in which the re-
ported transfer effects were obtained
in the neighboring finger, but not in
the distant fingers. This indicates that
the processes involved in detecting the
finger that is stimulated or increasing
the skills to discriminate punctate
pressure or roughness are quite differ-
ent from those concerned in shape
perception of an object.

The third interesting result of this
study is that there was a small, but
significant transfer of the aftereffect
between fingers of both hands, irre-
spective of whether opposite fingers
(experiment 3) or different fingers (ex-
periment 4) were employed. This re-
sult is different from the result re-
ported by Vogels et al. (1997), who did
not find intermanual transfer. How-
ever, in their experiments, whole
hands were involved, whereas only
single fingertips were used in our ex-
periment. Moreover, their conclusion
was based on the performance of only
2 subjects, whereas 24 participants
provided the data for our study. The
results of the third and fourth experi-
ments suggest that the representation
of shape information obtained with
one hand is not completely distinct
from the representation of shape in-
formation received by the other hand,
but shares a common, bilateral com-
ponent.

How can our findings be inter-
preted in the context of neurophysi-
ological literature? Firstly, our finding
that the aftereffect only transfers par-
tially between fingers of the same
hand shows that a substantial part of
the processing occurs at a stage where
each finger is individually repre-
sented. On this stage, which spreads
from the mechanoreceptors in the fin-
gers up to area 3b in SI, no overlap
occurs in signals from the slowly
adapting receptors and the fast-
adapting receptors (Gardner and Kan-
del 2000). Slowly adapting receptors
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respond with a sustained discharge
when the finger is in contact with a
surface, whereas fast-adapting recep-
tors only respond at the onset and re-
moval phase of the finger (Johansson
and Vallbo 1983). Vogels et al. (1996)
showed that the magnitude of their
curvature aftereffect increased with an
increase in adaptation time. These
findings point to an important role for
the slowly adapting receptors in the
curvature aftereffect. Therefore, we
suggest that the aftereffect at the stage
related to an individual finger mainly
originates from the processing of the
slowly adapting receptors. Secondly,
the fact that we found a transfer be-
tween the fingers of the same hand
implies that a significant part of the
processing of curvature information
occurs at a level shared by the differ-
ent fingers. In physiological terms, this
indicates that at least area 1 or 2 of SI
are involved, as receptive fields in
these areas cover several fingers of a
single hand (Gardner and Kandel
2000), but processing may also occur
at an even higher stage. Thirdly, our
finding of an intermanual transfer
shows that the processing of curvature
information also takes place on a
higher, bilateral level. We can only
speculate on the neural correlates of
this bilateral processing. Possible can-
didates include area 2 of SI, areas 5
and 7 of the posterior parietal cortex,
and the secondary somatosensory
cortex (Iwamura 2000; Gardner and
Kandel 2000).

It is interesting to mention that the

aftereffects in the intramanual transfer
conditions (experiment 1) and the in-
termanual transfer conditions (ex-
periment 3 and 4) are similar in mag-
nitude. This suggests that no impor-
tant curvature processing occurs at a
level that is devoted to a single hand,
but that all processing takes place at a
higher stage. The similar results for
experiments 3 and 4 provide further
support that the hands and fingers are
not somatotopically represented at this
stage. From a previous study, it is
known that subjects also performed
similarly in intramanual and inter-
manual curvature discrimination
tasks, but that higher performance was
obtained when only a single finger
was employed (Van der Horst and
Kappers 2007). The analogy between
that study and the current study is
that curvature information is mainly
represented at the level of the individ-
ual finger, but partly available at a
higher, finger- and hand-independent
level. We should be careful in ascrib-
ing a specific function to the involve-
ment of the higher level areas in the
processing of curvature information.
The role of more cognitive aspects
should not be excluded, since it is
known that processes like tactile at-
tention (Burton and Sinclair 2000;
Spence and Gallace 2007), working
memory (Burton and Sinclair 2000),
and object recognition (Reed et al.
2004) also engage the somatosensory
areas.

The aftereffect that we found in the
present study is a similar phenomenon
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as the aftereffect that was previously
reported by Vogels et al. (1996, 1997).
However, this does not entail that the
representation of curvature is identical
for touching with a single finger or
with the whole hand. Vogels et al.
(1997) already showed that, although
similar aftereffects were found when
either the whole hand or only the five
fingertips were used, only a small
transfer between these exploration
modes was obtained, which points to a
limited overlap in representation.
Similarly, we suppose that there is a
difference in representation between
curvature that is perceived by a single
finger and curvature that is perceived
by the whole hand. In the single finger

case, the representation is mainly at
the level of the individual finger,
whereas in the whole hand case, the
representation is spread over all fin-
gers and the palm of the hand.

This study shows that establishing
the intramanual and intermanual
transfer of the aftereffect is a useful
tool in obtaining more insight into the
representation of object properties as
perceived by the fingers. In general,
studying aftereffect transfer is attrac-
tive, because it enables a connection
between psychophysics and neuro-
physiology. The convergence of these
approaches leads to a better under-
standing of human perception.





6 Transfer of the curvature aftereffect
in dynamic touch

Van der Horst BJ, Willebrands WP, Kappers AML (2008) Neuropsychologia (in
press)

Abstract A haptic curvature aftereffect is a phenomenon in which the percep-
tion of a curved shape is systematically altered by previous contact to curva-
ture. In the present study, the existence and intermanual transfer of curvature
aftereffects for dynamic touch were investigated. Dynamic touch is character-
ized by motion contact between a finger and a stimulus. A distinction was
made between active and passive contact of the finger on the stimulus surface.
We demonstrated the occurrence of a dynamic curvature aftereffect and found
a complete intermanual transfer of this aftereffect, which suggests that dy-
namically obtained curvature information is represented at a high level. In
contrast, statically perceived curvature information is mainly processed at a
level that is connected to a single hand, as previous studies indicated. Similar
transfer effects were found for active and passive dynamic touch, but a
stronger aftereffect was obtained when the test surface was actively touched.
We conclude that the representation of object information depends on the ex-
ploration mode that is used to acquire information.
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6.1 Introduction

A haptic curvature aftereffect is a phe-
nomenon in which a flat surface feels
concave after the prolonged touching
of a convex surface, and vice versa.
The occurrence of this phenomenon
has been demonstrated for different
exploration modes. Gibson (1933) re-
ported that when subjects ran their
fingers along the edge of a convexly
curved cardboard for three minutes,
the subsequently explored flat edge
felt concave. Recent studies have fo-
cused on the properties of static rather
than dynamic curvature aftereffects.

Vogels et al. (1996) studied the
characteristics of an aftereffect when
curved surfaces were touched by static
contact with the entire hand. They
found a linear dependence of the
magnitude of the aftereffect on the
curvature of the adaptation stimulus.
In addition, they showed that the
magnitude of the aftereffect increased
with adaptation time (up to about 10
seconds) but decreased with increas-
ing interstimulus intervals. Later, they
showed that the aftereffect also oc-
curred when small variations in the
exploration manner were applied, but
no aftereffect was found when the ad-
aptation and test stimuli were touched
by different hands (Vogels et al. 1997).
Finally, they demonstrated that two
consecutively presented adaptation
surfaces together contributed to the
magnitude of the aftereffect (Vogels et
al. 2001). Recently, we presented the
existence of an aftereffect when curved

surfaces were statically touched by
only a single fingertip (Van der Horst
et al. 2008). Furthermore, we found a
significant effect when the adaptation
and test stimuli were touched by dif-
ferent fingers, but the magnitude of
this transferred aftereffect was only
about 20 to 25% of the original effect.

In the present study, we investi-
gated the existence and transfer of an
aftereffect when curved surfaces were
explored dynamically by a single fin-
ger. Studying the aftereffect and its
transfer can provide more insight into
the representation of perceived cur-
vature information.

6.1.1 Exploration modes to perceive
curvature

The haptic perception and representa-
tion of curvature has been investigated
for several manners of exploration. In
this section, we consider a number of
studies on static and dynamic curva-
ture perception.

One way to perceive the shape of
an object is through static contact of a
single fingertip on a curved stimulus.
This exploration manner is appropri-
ate to obtain information from highly
curved surfaces. Neurophysiological
studies have provided evidence that
curvature information is processed on
the basis of the response profile of the
population of mechanoreceptors in the
fingerpad. This response profile cor-
relates to the contact shape and the
force that is applied to the finger
(LaMotte and Srinivasan 1993; Good-
win et al. 1995, 1997; Jenmalm et al.
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2003). However, psychophysical
studies have shown that this explora-
tion manner is unsuitable to perceive
the shape of weakly curved surfaces,
i.e., when the curvature is below the
84% threshold of about 7 m-1 (Good-
win et al. 1991; Pont et al. 1999).

Nevertheless, the shape of weakly
curved stimuli can be perceived by
static touch when the contact length
with the stimulus is increased by
placing the whole finger or several
fingers together on the stimulus sur-
face (Pont et al. 1997, 1999). The
thresholds decreased with increasing
contact length, up to about 0.5 m-1 for
a contact length of 15 cm.

A different way to perceive the
shape of an object is by dynamic con-
tact between a single fingertip and the
object surface. In a number of psycho-
physical studies, the curvature of the
stimuli was below the threshold for
static touch with a single fingertip
(Davidson 1972; Gordon and Morison
1982; Pont et al. 1999). Hence, move-
ment was required to perceive the
shape of the surface. Also in this case,
the discrimination threshold de-
creased with the increasing contact
length. For a contact length of 20 cm, a
discrimination threshold of 0.4 m-1 was
found. Similar thresholds were found
for static and dynamic touch, when
the same contact length was used
(Pont et al. 1999).

Several other studies have investi-
gated curvature perception by dy-
namic touch, but the curvature of the
stimuli that were used varied from 19

to 120 m-1, which is above the thresh-
old for static touch with a single finger
(Bodegård et al.  2000, 2001;
Provancher et al. 2005; Van der Horst
and Kappers 2007, 2008). In such cases,
dynamic contact was not required to
perceive the shape of the stimulus, but
it might have improved the accuracy.

6.1.2 Representation of curvature
information

Static and dynamic touch provide dif-
ferent ways to acquire shape informa-
tion from an object. Higher perform-
ance can be achieved for dynamic
touch than for static touch, in which
only a single finger is used. Dynamic
contact between the finger and the
stimulus provides additional informa-
tion about the shape of the stimulus.
This suggests that curvature informa-
tion is processed in a different way for
dynamic touch. Consequently, the
representation level of the curvature
information may depend on the explo-
ration mode.

More insight into the representa-
tion of curvature information can be
obtained by studying the aftereffect
and its transfer. In vision, establishing
aftereffect transfer has successfully
uncovered the representation of per-
ceived phenomena like motion (see
e.g., Moulden 1980; Wade et al. 1993;
Mather et al. 1998; Tao et al. 2003). In
haptics, the aftereffect transfer para-
digm has only scarcely been em-
ployed. Our recent study on the static
curvature aftereffect demonstrated a
partial transfer of this effect. We sug-
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gested that an important part of the
representation is situated at a neural
level that is directly connected to the
processing of the responses of the
mechanoreceptors in the individual
finger; a small part of the representa-
tion is located at a higher, bimanual
stage (Van der Horst et al. 2008).

Analogous to the static aftereffect,
establishing the existence and transfer
characteristics of a dynamic curvature
aftereffect could provide information
about the representation of dynami-
cally perceived curvature. If similar
results are obtained for dynamic touch
as were found for static touch, this
would suggest that, irrespective of the
differences in exploration mode, cur-
vature is represented at similar levels.
In contrast, finding different patterns
would indicate that curvature repre-
sentation occurs in different ways, de-
pending on the mode of exploration.

6.1.3 Active and passive dynamic
touch

A distinction is made between active
and passive dynamic touch. In active
dynamic touch, the subject moves the
finger over the surface of a fixed
stimulus; in passive dynamic touch,
the stimulus moves underneath a fin-
ger that the subject keeps at a fixed
position. Passive dynamic touch
shares with active dynamic touch that
there is an analogous moving contact
between the finger and the stimulus.
Therefore, similar results might be
expected for active and passive dy-
namic touch. However, passive dy-

namic touch has in common with
static touch that the finger stays in the
same location. If self-induced move-
ment is an important factor, then the
results for passive touch should devi-
ate from the results for active touch.

6.2 Experiment 1

In the first experiment, we studied the
existence and transfer of a dynamic
aftereffect in active and passive dy-
namic touch.

The first goal was to demonstrate
the existence of a curvature aftereffect
in dynamic touch. Gibson (1933) re-
ported the occurrence of an aftereffect
after three minutes of adaptation.
However, in the current study, we
used a shorter adaptation time (11
seconds), comparable to the adapta-
tion times that have been used in
studies on the static aftereffect.

The second purpose of this experi-
ment was to establish whether, and to
what extent, the dynamic aftereffect
transfers between both hands. The
transfer characteristics might be simi-
lar to those of the static aftereffect,
since the ability to perceive curvature
is comparable for static and dynamic
touch, when there is controlled for
contact length. However, having the
same ability to acquire shape informa-
tion does not necessarily imply that
this information is represented at the
same level. Moreover, no comparable
results were found for static and dy-
namic touch when only a single finger
was used. Thus, the transfer pattern
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might deviate from the transfer char-
acteristics of static aftereffects, as pre-
viously reported (Vogels et al. 1997;
Van der Horst et al. 2008). In order to
make a proper distinction between
static curvature representation and
dynamic curvature representation, we
used stimuli in the curvature range
below the threshold for single-finger
static touch. Consequently, the shape
could not be deduced from the imme-
diate contact between the finger and
the stimulus, but movement was re-
quired.

The third goal was to determine
whether active and passive dynamic
touch demonstrate similar aftereffects.
The same results might be obtained,
since there is a comparable moving
contact between the finger and the
stimulus. However, there might be
differences in the magnitude of the
aftereffect and the extent of transfer,
since there is self-induced movement
in the active but not in the passive
case.

6.2.1 Methods

Design
Four conditions were studied in a two
(exploration) x two (finger) design.
The exploration mode was either ac-
tive or passive dynamic touch. In the
active mode, the stimuli were explored
by a self-induced movement with the
index finger over the surface of a sta-
tionary stimulus. In the passive mode,
the stimuli moved underneath a stati-
cally sustained finger. A further dis-

tinction was made between the em-
ployment of either a single finger or
different fingers. In the same-finger
mode, the same index finger was used
to touch both the adaptation and the
test stimulus; in the opposite-finger
mode, the right index finger touched
the adaptation stimulus, and the left
index finger touched the test stimulus.

Setup
Subjects were seated behind a table,
with their arms resting on a support.
The stimuli could be placed in two
slits on a platform in front of the sup-
port. Only the right slit was used in
the same-finger mode. In the opposite-
finger mode, the adaptation stimulus
was placed in the right slit, and the
test stimulus was placed in the left slit.
In the passive conditions, the platform
moved back and forth at a constant
speed of 0.11 m/s, driven by a com-
puter controlled stepping motor. The
platform remained in position in the
active conditions. Fig. 6.1 illustrates
the setup of the experiment.

Stimuli
The stimuli were produced from PVC.
The top surface was a circular cylinder
part, which curved either outward
(convex) or inward (concave). One
convex adaptation stimulus and one
concave adaptation stimulus were
used, with curvature values of +3.8 m-1

and –3.8 m-1, respectively. The curva-
ture of the 10 test stimuli varied from
–1.8 m-1 to +1.8 m-1, in steps of 0.4 m-1.
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Procedure
During a trial, the adaptation stimulus
was touched by the index finger of the
right hand for 11 seconds. Three back-
and-forth movements were made
during the adaptation phase. After
four seconds, the test stimulus was
touched with an index finger for a sin-
gle side-to-side movement. The task of
the subject was to indicate whether
this test stimulus felt convex or con-
cave. Practice trials were conducted to
accustom the subjects to the proper
exploration time. No feedback was
provided.

Each condition consisted of 10

repetitions of a group of 20 trials (2
adaptation stimuli x 10 test stimuli).
The presentation order of the trials
within a group was randomized. A
complete condition was measured in a
single session, which took about 90
minutes. The order in which the ex-
perimental conditions were conducted
was partly counterbalanced. One half
of the subjects first performed the ac-
tive conditions followed by the pas-
sive conditions; the other half of the
subjects started with the passive con-
ditions. The order in which the same-
finger conditions and the opposite-
finger conditions were conducted was
counterbalanced among the subjects.

Subjects
Eight, paid subjects participated (four
male and four female, mean age 21
years). All subjects were right-handed,
as established by a standard question-
naire (Coren 1993).

Analysis
For each subject and condition, the
responses in the convex adaptation
trials were separated from the re-
sponses in the concave adaptation tri-
als. The fraction of “convex” responses
was calculated for each curvature
value of the test stimuli. A psychomet-
ric function (cumulative Gaussian)
was fitted to the data to determine the
point of subjective equality (PSE). The
PSE is the curvature value that is
judged as convex in 50% of the cases
and as concave in 50% of the cases. In
other words, on average, this curva-

Fig. 6.1 Experimental setup. The arms rested on
a support that was 19 cm above the tabletop.
The stimuli were placed in slits on a platform,
which was 14 cm above the tabletop. The dis-
tance between the centres of the slits was 40 cm.
In this example, the subject explores the concave
adaptation stimulus with the right index finger
before touching the test stimulus with the oppo-
site index finger. In the active conditions, the
stimuli remained in a fixed position; in the pas-
sive conditions, a computer controlled stepping
motor moved the platform. The surface of the
stimuli was circularly curved. The length of the
stimuli was 200 mm, and the width was 20 mm.
The height at the side of the stimuli was 40 mm.
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ture value is judged as flat. The mag-
nitude of the aftereffect is defined as
the difference between the PSE re-
sulting from convex adaptation (PV)
and from concave adaptation (PC). Fig.
6.2 shows an example of the psycho-
metric curves for one subject and one
condition. The PSEs and the magni-
tude of the aftereffect are indicated.

6.2.2 Results
The mean results for each condition
are given in Fig. 6.3a. The error bars
represent the standard errors. Visual
inspection of this graph shows that an
aftereffect was obtained in all condi-

tions. Most importantly, similar mag-
nitudes of the aftereffect were found in
the same-finger conditions and in the
opposite-finger conditions, which
points to a complete transfer of the
aftereffect. In addition, the magnitude
of the aftereffect was higher in the ac-
tive conditions compared to the pas-
sive conditions. Statistical analyses
confirmed these observations. For each
condition, a one-tailed, one-sample t-
test was conducted to determine
whether the aftereffect deviated from
zero. Significant aftereffects were
found in all conditions (t7 = 5.4, p <
0.001 for the active same-finger condi-
tion; t7 = 4.2, p = 0.002 for the active
opposite-finger condition; t7 = 2.9, p =
0.012 for the passive same-finger con-
dition; t7 = 9.0, p < 0.001 for the passive
opposite-finger condition). A 2x2
ANOVA with a repeated measures
design showed a significant main ef-
fect for the factor exploration (F1,7 =
27.5, p = 0.001) but no significant ef-
fects for the factor finger or for the
interaction between exploration and
finger (F1,7 = 0.1, p = 0.7 and F1,7 = 0.2, p
= 0.7, respectively).

6.2.3 Discussion
This experiment shows the existence
of a dynamic curvature aftereffect and,
most surprisingly, a full transfer of
this effect. This result differs from the
partial transfer of the static curvature
aftereffect, as obtained in our previous
study (Van der Horst et al. 2008). To
place the finding in a broader per-
spective, only some specific visual

Fig. 6.2 Examples of two psychometric curves of
one subject in an active, same-finger condition.
The response is plotted against the curvature of
the test stimulus. The psychometric curves were
obtained by fitting cumulative Gaussians to the
data. The circular data points represent the re-
sponse when adaptation was performed with
the convex adaptation stimulus; the square data
points result from adaptation with the concave
adaptation stimulus. The points of subjective
equalities are given by PV and PC, respectively.
The magnitude of the aftereffect (AE) is defined
as the difference between PV and PC.
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motion aftereffects show a full intero-
cular transfer. In general, there is only
partial transfer of the effect, the
strength of which depends on several
stimulus and measurement parame-
ters (Wade et al. 1993; Tao et al. 2003).
Our finding of a complete transfer
suggests that curvature perception by
dynamic touch is a complex process
that is represented at a high level in
the brain. A further account of this
finding will be provided in the general
discussion.

Complete intermanual transfer was
found for both active and passive
touch, but the magnitude of the after-

effect was higher in the active condi-
tions than in the passive conditions.
The fact that we found a complete
transfer of the aftereffect in both active
and passive dynamic touch suggests
that curvature information is repre-
sented similarly in both exploration
modes; however, analogous phenom-
ena do not necessarily share a com-
mon representation. Furthermore, the
difference in magnitude of the afteref-
fect indicates that there are differences
in curvature representation of active
and passive dynamic touch. Therefore,
we performed a second experiment to
determine whether adaptation by ac-

Fig. 6.3a Mean results of the aftereffect for eight subjects. The error bars represent the standard er-
rors. In the active conditions, the adaptation and test stimuli were explored by self-induced explora-
tion with the index finger. In the passive conditions, the stimuli moved underneath the index finger.
The dark bars represent the results for the conditions in which the adaptation and test stimuli were
touched by the same index finger. The light bars represent the results for the conditions in which the
adaptation stimulus was touched by the right index finger and the test stimulus was touched by the
opposite index finger. b Mean results of the aftereffect for eight subjects. In the active-passive condi-
tion, the adaptation stimulus was explored actively, while the test stimulus was touched passively.
In the passive-active condition, passive contact with the adaptation stimulus was followed by active
exploration of the test stimulus.
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tive dynamic touch induces an afteref-
fect in passive dynamic touch, and
vice versa.

6.3 Experiment 2

In the second experiment, the transfer
between active and passive dynamic
touch was investigated. Two condi-
tions were considered. In the active-
passive condition, adaptation was per-
formed by active dynamic touch, and
testing was performed by passive dy-
namic touch. In the passive-active
condition, the order was reversed. In
both conditions, subjects used only
their right hands for adaptation and
testing.

Before the experiment, we formu-
lated two main hypotheses. One hy-
pothesis was that there would not be a
transfer between active and passive
touch. This would imply that the ex-
istence and intermanual transfer of the
aftereffect for active and passive touch
are analogous phenomena but do not
share a common representation. The
other hypothesis predicted that there
would be a transfer between active
and passive touch, which would sug-
gest that both exploration modes share
a common representation. In this case,
several results were possible. First, a
similar aftereffect could be found in
both conditions; only the representa-
tion shared by active and passive
touch would be reflected by the after-
effect. Second, a higher aftereffect
could be obtained in the active-passive
condition; this would suggest that ac-

tive and passive touch share the same
representation, but adaptation is
stronger for active touch. Third, a
stronger aftereffect could be found in
the passive-active condition. In this
case, the manner of touch during the
test phase, not the exploration mode in
the adaptation phase, determines the
magnitude of the aftereffect.

6.3.1 Methods
The same setup was used for this ex-
periment as in the previous experi-
ment. We did not use the ± 1.8 m-1

stimuli but increased the number of
repetitions per stimulus. As a result,
each condition consisted of 192 trials
in total (12 repetitions of a group of 2 x
8 trials). The order in which the ex-
periment was performed was counter-
balanced among subjects. There were
eight, right-handed subjects (four male
and four female, mean age 21 years),
none of whom were involved in the
first experiment.

6.3.2 Results
The mean results for each condition
are presented in Fig. 6.3b. Significant
aftereffects were found in both condi-
tions, as one-tailed t-tests demon-
strated (t7 = 4.8, p = 0.001 for the ac-
tive-passive condition; t7 = 7.8, p <
0.001 for the passive-active condition).
A dependent-samples t-test showed
that the magnitude of the aftereffect
was significantly higher in the passive-
active condition than in the active-
passive condition (t7 = 2.8, p = 0.025).

Independent samples t-tests were
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performed in order to compare the
results of the second experiment to the
same-finger results of the first experi-
ment. The magnitude of the aftereffect
for the active-passive condition did
not differ significantly from the active
and passive conditions of the first ex-
periment (t14 = –1.4, p = 0.18, t14 = 1.5, p
= 0.16, respectively). The result for the
passive-active condition was not sig-
nificantly different from that of the
active condition but was significantly
higher than that of the passive condi-
tion (t14 = 0.7, p = 0.5 and t14 = 3.9, p =
0.001, respectively).

6.3.3 Discussion
This experiment reveals an aftereffect
transfer from active to passive dy-
namic touch, and vice versa. The mag-
nitude of the effect was higher in the
passive-active condition than in the
active-passive condition. The corre-
spondence between the first and the
second experiment is that a stronger
aftereffect is obtained when the test
stimulus is actively explored, irre-
spective of the manner of touching the
adaptation stimulus.

6.4 General discussion

6.4.1 The existence of a dynamic
curvature aftereffect

We demonstrated the occurrence of an
aftereffect when curved surfaces are
dynamically touched with a single
index finger. This finding is a consid-
erable extension of the original dis-
covery of Gibson (1933), since we em-

ployed a quantitative approach and
displayed the existence of the effect for
a relatively short adaptation time. In
this respect, the dynamic curvature
aftereffect is similar to previously re-
ported static curvature aftereffects
(Vogels et al. 1996; Van der Horst et al.
2008).

6.4.2 Dynamic touch versus static
touch

One of the most important findings of
this study is the complete intermanual
transfer of the dynamic curvature af-
tereffect. The magnitude of the afteref-
fects in the opposite-finger and same-
finger conditions was the same. In
contrast, no intermanual transfer has
been demonstrated for the static
whole-hand aftereffect (Vogels et al.
1997); only partial transfer has been
found for the static single-finger after-
effect (Van der Horst et al. 2008). This
dissimilarity between the transfer of
the dynamic curvature aftereffect and
transfer of the static curvature afteref-
fect indicates that the representation of
curvature perceived by dynamic touch
deviates considerably from the repre-
sentation of curvature perceived by
static touch. The origin of this differ-
ence might be found at the basis of
curvature perception, namely, the way
in which curvature information is
achieved by the finger(s). In the sub-
sequent paragraphs, we consider how
curvature information can be derived
from static and dynamic contact with a
stimulus surface.

When a single finger is in static
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contact with a stimulus surface, the
indentation profile of the stimulus on
the finger is directly related to the
shape of the surface (Fig. 6.4a). The
curvature of the surface can be derived
by assembling the responses of the
cutaneous mechanoreceptor popula-
tion in the finger pad (Goodwin et al.
2004; Van der Horst et al. 2008). For
weakly curved stimuli, the local, im-
mediate contact of the finger on the
stimulus does not provide sufficient
information about the shape of the
stimulus, since the curvature of the
stimulus is below the threshold for
single-finger static touch (Goodwin et
al. 1991; Pont et al. 1999). However,
the shape can be perceived by static
touch when the whole hand or differ-
ent parts of the hand are in contact
with the stimulus surface. In this case,
the shape may be derived from com-
bining the local slant at each contact
point with knowledge about the posi-
tion of the fingers (see Fig. 6.4a). Note
that for single-finger static touch as
well as multi-finger static touch, the
available information remains con-
stant in time.

The situation is different for dy-
namic touch. Since the immediate
contact of a single finger is insuffi-
cient, curvature information must be
derived from the dynamic contact
between the finger and the stimulus
surface. Several events occur simulta-
neously and change over time when
the finger makes a horizontal move-
ment over the stimulus surface: the
finger skin slips and stretches; the fin-

ger is displaced in the vertical direc-
tion; the orientation of the finger with
respect to the external space (rotation
around the finger axis) and to the
stimulus surface (change in contact
point) may be altered (Fig. 6.4b).

The question is how the shape of
the stimulus can be deduced from
various information sources. Theoreti-
cally, knowing the starting position,
the vertical displacement is the only
information source that is directly re-
lated to the shape of the stimulus.
However, for weakly curved stimuli,
the height differences are too small to
provide sufficient information about
the shape of the stimuli (Pont et al.
1999). The remaining sources cannot
individually provide information
about the shape of the stimulus, since
they are indistinguishable for convex
and concave shapes. Therefore, they
must be combined: a change in contact
point only provides information about
the shape when it is combined with
knowledge about the rotation of the
finger and the direction of movement.
The latter can be derived from the self-
induced movement of the finger or
from the stretch and slip of the finger
skin.

Information sources like rotation
and change in contact point cannot
provide instantaneous information,
only information over time. Our find-
ing of a complete transfer of the dy-
namic curvature aftereffect is in
agreement with this analysis. Adapta-
tion cannot occur at a low level, since
information from individual sources is
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similar for convex and concave stimuli
and non-informative at an instantane-

ous moment. Adaptation can only
arise at a stage in which these different

Fig. 6.4 a1) Illustration of convex and concave stimuli in contact with a single finger by static touch.
There is a direct relationship between the shape of the stimulus and its indentation profile on the
finger. a2) Static touch with different parts of the hand that contact the stimulus surface (in this case,
three fingers). Local slant information from each contact point must be combined with information
about the position of the finger in order to obtain curvature information from the stimulus surface.
b) Illustrations of information sources when there is dynamic contact between the finger and a
stimulus. b1) The finger slips and stretches due to friction between the finger and the stimulus. The
deformation depends on the direction of movement contact, as indicated by an arrow. b2) The ori-
entation of the finger with respect to the external space can change (rotation), when the finger moves
over the stimulus surface. In the example, the finger remains parallel to the stimulus surface. In this
specific situation, the point of contact on the finger does not change. Besides, the finger displaces in
the vertical direction, but this displacement is too small to provide sufficient information. b3) The
orientation of the finger with respect to the stimulus surface can change when the finger moves over
the surface. As a consequence, the contact point can change. In the example, the finger does not
rotate.

a1)
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b2)

a2)

b3)



Aftereffect transfer in dynamic touch 81

sources are integrated into a concept
of curvature.

Pont et al. (1999) demonstrated a
similar performance to discriminate
curvature by static and dynamic
touch. Nevertheless, the current study
shows that a similar performance does
not require the same representation
but can be reached through different
ways of processing information. Our
finding of a high level of representa-
tion for dynamic touch deviates from
the brain imaging study by Bodegård
et al. (2001), which indicated that cur-
vature was represented at a level that
was connected to a single hand. How-
ever, the curvatures of the spheres that
were rolled on the finger pad were
clearly above the static single-finger
threshold; thus, the dynamic compo-
nent may not have contributed to the
representation in this case. In contrast,
dynamic contact was required in the
current study, since the curvatures of
the stimuli were too low to be per-
ceived by static contact.

6.4.3 Active dynamic touch versus
passive dynamic touch

Intermanual transfer of the aftereffect
was found for both active and passive
dynamic touch. This suggests that self-
induced movement of the finger is not
essential for perceiving curvature. In
the previous section, we argued that
information about the direction of
movement is essential to distinguish a
weakly curved shape. To be more pre-
cise, information about the direction of
the relative movement between the

finger and the stimulus is required.
Since this information can be deduced
from the stretch of the finger skin, in-
formation from the movement of the
finger itself is redundant. This means
that the same sources provide infor-
mation about shape in both active and
passive dynamic touch. Accordingly,
curvature is similarly represented, as
reflected by the existence and transfer
of the aftereffect in both exploration
modes and by the transfer from active
to passive touch (and vice versa).

Despite the similarities between
active and passive touch, significant
differences in the magnitude of the
aftereffect were found. In the first ex-
periment, the aftereffect was stronger
in the active mode than in the passive
mode. In the second experiment, the
effect was stronger in the passive-
active condition than in the active-
passive condition. The correspondence
between these findings is that a
smaller aftereffect was obtained when
the test stimulus was touched pas-
sively instead of explored actively. It
appears that self-induced exploration
of the test stimulus enhances the after-
effect. This might be related to small
differences in the exploration mode
and information pickup between ac-
tive and passive testing. Although the
same sources provide information
about shape, there may be differences
in the contribution of the individual
sources. For example, the amount of
rotation and change in contact point
might be different, or the amount of
stretch may vary, depending on the
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force that the finger exerts on the
stimulus and vice versa. Moreover, the
weight given to individual informa-
tion sources may depend on the explo-
ration mode, similar to material prop-
erties that influence the weight given
to individual sources in shape percep-
tion (Drewing et al. 2008).

A related aspect is that active and
passive dynamic touch require differ-
ent sensorimotor involvement. In ac-
tive touch, the subject controls the
movement of the finger on the stimu-
lus surface. An accurate movement
can be made when the efferent copy of
the outgoing motor command is inte-
grated with afferent sensory informa-
tion (Wolpert et al. 1995; Flanagan et
al. 2006; Gritsenko et al. 2007). In pas-
sive dynamic touch, the movement is
supplied by an external agent. How-
ever, there might be a role for the sen-
sorimotor system, since the subject
himself controls that the finger stays in
position.4 Nevertheless, the contribu-
tion of the sensorimotor system to the
perception of curvature might be more
important in active dynamic touch,
which could result in an amplification
of the aftereffect. Easton and Falzett
(1978) showed that the pressure pro-
file produced in active exploration of a
surface is inversely related to the cur-
vature of that surface. Suppose that
the exerted pressure profile alters
                                                            
4 The definition of passive dynamic touch as
used in the current study differs from the more
strict definitions of passive touch, in which there
is no role for the efferent commands (Loomis
and Lederman 1986; Chapman 1993).

systematically due to adaptation to
previously acquired curvature infor-
mation. Following adaptation to a
convex shape to convex curvature in-
formation, the pressure profile of ex-
ploring a flat surface corresponds to
that of a slightly concave surface
without adaptation. Accordingly, this
flat surface will be judged as concave,
which is consistent with the direction
of an aftereffect. The enhancement of
the aftereffect during active testing
does not occur for passive testing,
since the dynamic contact of the finger
on the stimulus is not controlled by
the subject. Concerning the adaptation
phase, it is not unlikely that both ac-
tively and passively acquired curva-
ture information can cause a change in
the movement planning during active
testing, since information from differ-
ent perceptual inputs can influence
motor planning (see e.g., Gordon et al.
1991; Goodwin et al. 2004; Flanagan et
al. 2006). Therefore, similar aftereffects
could be obtained in the active-active
condition of the first experiment and
the passive-active condition of the sec-
ond experiment. Future studies might
measure in detail the movement and
pressure profiles for active and pas-
sive touch as function of the curvature
of the stimuli and the manner of ad-
aptation.

6.4.4 Conclusion
The current study demonstrates the
existence of a haptic dynamic curva-
ture aftereffect and a complete inter-
manual transfer of this effect, which
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suggests that dynamically obtained
curvature information is represented
at a high level in the brain. In contrast
to statically obtained curvature infor-
mation, we argue that curvature can
only be perceived by dynamic touch
when information from several
sources is combined and integrated in
time. A comparison between active
and passive dynamic touch shows a

larger aftereffect for actively tested
curvature. This finding raises inter-
esting questions about the importance
of self-induced movement in dynamic
touch, which might be the subject of
future studies. In conclusion, this
study provides evidence that the rep-
resentation of object information de-
pends on the exploration mode that is
used to obtain that information.





7 Conclusion
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This thesis reports the findings of sev-
eral experiments on haptic shape per-
ception. In this concluding chapter, the
findings of the different studies are
summarized and discussed briefly.

In Chapter 2, we investigated how
the ability to discriminate between
two curved surfaces depends on the
way in which the fingers are em-
ployed in order to execute the task.
Performance did not depend on the
finger that was used but decreased
when two fingers were employed. In
addition, the two-finger conditions
revealed biases, which differed
strongly among subjects. Performance
decreased even further when the sur-
faces of the stimuli were explored si-
multaneously instead of sequentially.

In Chapter 3, we studied the ability
to compare the curvature of two op-
ponent shapes. The findings were
contrasted against the ability to com-
pare congruent shapes investigated in
Chapter 2. When only a single finger
was used, higher thresholds were
found for the discrimination of oppo-
nent shapes than for the discrimina-
tion of congruent shapes. However,
similar thresholds were found when
the bimanual discrimination of oppo-
nent shapes was compared to that of
congruent shapes. Furthermore, simi-
lar thresholds were found for the uni-
manual and bimanual discrimination
of opponent shapes. This finding was
unexpected, since higher thresholds
were found in the bimanual than in
the unimanual condition for the com-
parison of congruent shapes in Chap-

ter 2. In addition to the results for the
thresholds, systematic biases were
found: the curvature of concave
shapes was overestimated systemati-
cally, compared to the curvature of
convex shapes. We suggest that these
biases originate from differences in the
exploration of convex or concave
shapes. Taken together, the second
and third chapters show that human
ability to discriminate curvature is
best when two congruent shapes are
explored sequentially with a single
finger. The performance to achieve
curvature information decreases either
when the information is acquired by
different fingers or when the polarity
of the curvature of the stimulus alters.
The findings suggest that both the
manner of exploration and the way in
which curvature information is proc-
essed influence the ability to perceive
curvature accurately and veridically.

In Chapters 2 and 3, we used sur-
face parts as our stimuli. In Chapter 4,
we used objects with complete sur-
faces to investigate whether curvature
information could be used in the per-
ception of 3D objects. We found that
the ability to distinguish elliptical
shapes from circular shapes was about
four times better than the ability to
distinguish rectangular shapes from
square shapes. Performance in dy-
namic touch was only slightly better
than performance in static touch.
These findings show that humans are
able to perceive and employ curvature
information within 3D objects. It
would be interesting to further exam-
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ine the ability to perceive the shape of
3D objects, for example, by investi-
gating systematically how the percep-
tion of shape depends on the orienta-
tion of the stimulus with respect to the
external space or with respect to the
position of the hand.

The studies that are described in
Chapters 5 and 6 were developed to
obtain more insight into how the rep-
resentation of curvature information
depends on the manner of exploration.
Therefore we investigated the proper-
ties of curvature aftereffects in static
and dynamic touch. Chapter 5 shows
the existence of a curvature aftereffect
when stimuli are touched statically
with a single finger. Only a partial
transfer of this aftereffect was found,
either between fingers of the same
hand or of opposite hands. These
findings suggest that curvature infor-
mation is mainly represented at the
level that is directly connected to the
individual finger but partially repre-
sented at a level that the fingers of
both hands share in common. In
Chapter 6, we studied the occurrence
and intermanual transfer of a curva-
ture aftereffect in dynamic touch on
surfaces with a low curvature. Sur-
prisingly, we found a complete inter-
manual transfer of this aftereffect,
which suggests that curvature infor-
mation is represented at a high, bilat-
eral level in the brain.

Chapters 5 and 6 show that the
level on which curvature is repre-
sented depends on the manner in
which curvature information is

achieved. In static touch, shape infor-
mation can be deduced from the in-
dentation profile on the finger, which
is constant in time. In dynamic touch,
the instantaneous contact does not
provide sufficient information about
the shape; hence, shape can only be
perceived when information from sev-
eral sources are combined and inte-
grated over time.

All experiments that are described
in Chapters 2 and 3 were conducted in
dynamic touch. However, Chapters 5
and 6 show that the processing of
shape information obtained by dy-
namic touch is different from that ac-
quired by static touch. Suppose that
experiments are conducted that are
similar to those that are described in
Chapters 2 and 3, but static touch is
employed. Results might be obtained
that differ from the findings that were
obtained with dynamic touch. For ex-
ample, although Chapter 2 showed
that performance for simultaneous
discrimination was worse than for se-
quential discrimination, performance
in static touch might be similar for
both manners of comparison.

The studies that are reported in this
thesis show that shape information
can be perceived in several manners.
However, variations in the exploration
mode can bias the perception and re-
sult in large differences in the repre-
sentation of curvature information.
Nevertheless, humans are surprisingly
capable of using curvature informa-
tion in the perception of 3D objects.
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In het dagelijks leven zijn mensen
voortdurend bezig om voorwerpen
met de handen vast te pakken en te
gebruiken. Om deze taken goed uit te
kunnen voeren is het belangrijk om
over nauwkeurige informatie over de
vorm van objecten te kunnen beschik-
ken. De gevoeligheid van de vingers
voor vorm is onmisbaar in het verkrij-
gen van deze informatie. In dit proef-
schrift wordt onderzoek gepresenteerd
naar het vermogen om met de hand en
de vingers de vorm van objecten te
kunnen waarnemen.

In dit onderzoek wordt de term
haptisch gebruikt om het perceptuele
aspect van het gebruik van de hand
aan te duiden. Een vijftal psychofysi-
sche studies zijn gedaan waarin is on-
derzocht hoe de haptische waarne-
ming van vorm afhangt van de manier
waarop deze vorminformatie verkre-
gen is. Het doel van deze studies is om
een beter begrip te krijgen van de ca-
paciteiten van het haptische zintuig en
meer inzicht te krijgen in de onderlig-
gende representaties.

In hoofdstuk 2 hebben we onder-
zoek gedaan naar het vermogen om
gekromde oppervlakken van elkaar te
kunnen onderscheiden. De vraag
waarin we geïnteresseerd waren was
of dit discriminatievermogen afhangt
van de manier waarop de oppervlak-
ken geëxploreerd worden. De taak van
de proefpersoon was om te beoordelen
welke van de twee aangeboden op-
pervlakken de sterkste kromming had.
Een oppervlak kon bevoeld worden
door er met de vingertop over te be-

wegen (dynamische tast). Het experi-
ment dat we uitvoerden liet zien dat
het niet uitmaakte welke vinger voor
deze taak gebruikt werd. Het discri-
minatievermogen verminderde echter
wanneer verschillende vingers werden
gebruikt voor de te vergelijken opper-
vlakken. Het vermogen om kromming
te discrimineren werd zelfs nog
slechter wanneer de stimuli gelijktijdig
in plaats van na elkaar geëxploreerd
werden. In de condities waarin twee
verschillende vingers gebruikt werden
vonden we bovendien proefpersoon-
afhankelijke biases, hetgeen betekent
dat de kromming die met de ene vin-
ger werd waargenomen systematisch
werd overschat ten opzichte van de
kromming die met een andere vinger
werd waargenomen.

De stimuli die in hoofdstuk 2 ge-
bruikt werden hadden een convexe
vorm. Concave vormen kunnen echter
door dezelfde kromming gekarakteri-
seerd worden. In hoofdstuk 3 vroegen
we ons af hoe goed mensen in staat
zijn om de kromming van een convexe
vorm te onderscheiden van de krom-
ming van de concave pendant. Als
slechts één vinger gebruikt werd,
werden er hogere drempels gevonden
voor de discriminatie van tegenover-
gestelde vormen dan voor de discri-
minatie van congruente vormen. Ver-
gelijkbare drempels werden echter
verkregen wanneer twee verschillende
vingers werden gebruikt om de con-
gruente en tegenovergestelde vormen
te vergelijken. Wanneer tegenoverge-
stelde vormen werden gebruikt bleek
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het voor het discriminatievermogen
niet uit te maken of één of twee vin-
gers gebruikt werden. Naast de resul-
taten voor de drempels werden er bia-
ses gevonden: de kromming van con-
cave vormen werd systematisch over-
schat ten opzichte van de kromming
van convexe vormen.

De hoofdstukken 2 en 3 laten zien
dat het vermogen om kromming te
discrimineren het grootst is als twee
congruente vormen na elkaar met de-
zelfde vinger worden geëxploreerd.
Minder goede resultaten worden ver-
kregen als twee vingers worden ge-
bruikt of als de polariteit van de
kromming verandert. De bevindingen
in de hoofdstukken 2 en 3 suggereren
dat zowel de manier van exploreren
als ook de manier waarop informatie
verwerkt wordt van invloed is op het
vermogen om krommingsinformatie te
kunnen onderscheiden.

In de hoofdstukken 2 en 3 werden
gedeeltes van oppervlakken als sti-
muli gebruikt. In hoofdstuk 4 maakten
we de stap naar complete objecten als
stimuli. Het doel hiervan was om te
onderzoeken of krommingsinformatie
gebruikt kon worden in het waarne-
men van de vorm van 3D objecten. In
het experiment dat we uitvoerden
vroegen we aan proefpersonen of ze
cilinders met een elliptische doorsnede
konden onderscheiden van cilinders
met een cirkelvormige doorsnede. Ter
vergelijking lieten we ze ook recht-
hoekige parallellepipeda van vier-
kante parallellepipeda onderscheiden.
Zowel elliptische als rechthoekige

vormen kunnen worden gekarakteri-
seerd door de aspectratio, maar ellipti-
sche vormen bevatten bovendien
krommingsinformatie. We vonden dat
een ellips met een aspectratio van
slechts 1.03 onderscheiden kon wor-
den van een cirkel, zowel in statische
als dynamische tast. Voor de recht-
hoeken werd er een aspectratio geme-
ten van 1.11 in dynamische tast en 1.15
in statische tast als drempel om een
rechthoek te kunnen onderscheiden
van een vierkant. Deze studie laat zien
dat mensen in staat zijn om krom-
mingsinformatie in 3D objecten te
kunnen waarnemen en gebruiken.

In de hoofdstukken 5 en 6 presen-
teren we onderzoek naar het na-effect
van kromming. Het na-effect is het
verschijnsel dat een plat oppervlak als
concaaf (convex) wordt waargenomen
als voorafgaand geadapteerd is aan
een convex (concaaf) oppervlak. Het
na-effect is interessant om te bestude-
ren omdat het meer inzicht kan geven
in hoe krommingsinformatie gerepre-
senteerd wordt. In hoofdstuk 5 laten
we zien dat een na-effect optreedt als
gekromde oppervlakken statisch wor-
den aangeraakt met de vingertop. Bo-
vendien laten we zien dat het na-effect
slechts gedeeltelijk overdraagt naar
andere vingers, van zowel dezelfde
hand als van de andere hand. Deze
resultaten suggereren dat krom-
mingsinformatie vooral gerepresen-
teerd wordt op een niveau dat direct
verbonden is met de individuele vin-
ger, maar ook gedeeltelijk op een ho-
ger niveau verwerkt wordt. In hoofd-



98

stuk 6 onderzochten we de karakteris-
tieken van het na-effect als de stimuli
dynamisch geëxploreerd worden. Ook
in dit geval werd een na-effect gevon-
den, en verassend genoeg, was er een
complete overdracht van dit na-effect
naar de andere hand. Dit resultaat im-
pliceert dat dynamisch verkregen
krommingsinformatie op een hoog
niveau in het brein gerepresenteerd
wordt.

De resultaten van de hoofdstukken
5 en 6 laten zien dat de representatie

van kromming afhangt van de manier
waarop deze informatie verkregen
wordt. De kromming van een opper-
vlak die met statische tast wordt ge-
voeld kan direct gerelateerd worden
aan het contactprofiel van de vorm op
de vinger. Dit profiel is bovendien
constant in de tijd. Bij dynamische tast
kan de vorm niet gerelateerd worden
aan het instantane profiel, maar kan
alleen worden afgeleid als informatie
van verschillende bronnen wordt ge-
combineerd en geïntegreerd in de tijd.
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Finishing touch

Dit proefschrift is het resultaat van
vier jaar promotietijd. Nu kent een
promotietijd veel meer aspecten dan
deze bundeling van wetenschappelijke
publicaties kan tonen. Er kan nog van
alles meer verteld worden, maar ik zal
mij beperken tot enkele aspecten.

Om te beginnen is daar de plaats
van handeling, het BBL: een ivoren
toren, opgetrokken uit beton. In de
vormgeving van dit gebouw is men er
zeer goed in geslaagd om het op geen
enkele wijze een visueel aantrekkelijke
uitstraling mee te geven. Het interieur
sluit naadloos aan bij de buitenkant:
lange, rechte gangen waarin je alleen
vanuit symmetrieoverwegingen kunt
verdwalen; de kamers zien er allemaal
hetzelfde uit en vanzelfsprekend kun-
nen de ramen niet geopend worden.
Kortom, een zeer geschikt gebouw om
haptisch onderzoek in te verrichten.

Mijn onderzoek bestond eruit men-
sen op zeer gecontroleerde wijze in
fysiek contact te brengen met objecten,
ook wel psychofysica genoemd. De
objecten werden speciaal voor dit doel
ontworpen en vervaardigd. Hans en
de mechanici van de werkplaats heb-
ben een cruciale rol gespeeld in de
realisatie van deze unieke collectie. De
mensen, dat waren een gros studenten
die omgekocht werden om hun han-
den tijdelijk ter beschikking te stellen
aan de wetenschap. Mijn taak bestond
eruit om honderdduizend keer een
collectors item aan deze mensen ter

bevoeling aan te bieden. Gevraagd
naar hun mening zeiden ze vaak iets
in de trant van “hol”, “bol”, “há” of
“bé”.

De resultaten van deze animerende
conversaties worden ook wel data ge-
noemd. De volgende stap was om in
deze brei verbanden te zien en conclu-
sies te trekken. Gelukkig waren er in
die fase collega’s die vergelijkbare ses-
sies hadden gehouden, zodat er uren
gediscussieerd kon worden over alle
facetten van het programmeren in
Mathematica, het fitten van een psy-
chometrische curve en het verschil
tussen fysici en psychologen in de be-
nadering van statistiek. Als dan bleek
dat er significante en samenhangende
resultaten te destilleren waren dan
mocht dit vervolgens aan de buiten-
wereld verteld gaan worden. Na veel
geploeter en herschrijverij was er dan
een artikel dat het waard leek om ge-
publiceerd te worden. Anonieme re-
viewers mochten dan beoordelen of zij
dat ook vonden. Het commentaar dat
vervolgens werd teruggestuurd vari-
eerde van “Overall, the quality of the
presentation left much to be desired”
tot “I appreciate the clarity of the aut-
hors' writing and explanation”. Dit
betekende nog een aantal maanden
danwel nog een uurtje extra werk. Zo
werkt wetenschap.

Maar gelukkig was wetenschap
meer dan werk alleen. Vanaf het begin
waren er de haptic boys, met wie ik
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parallel optrok in de strijd om het
wetenschappelijke bestaan. In later tijd
kwamen er ook nog de haptic girls, en
er waren de andere collega’s van de
derde verdieping die zich bezighiel-
den met pinguïns, pijlen, pictures,
plenopters en vrijwillige perceptie. Er
waren de dagelijkse stipt-om-12-uur
lunches, waarin de frustraties gedeeld
werden ten aanzien van het universi-
taire beleid inzake erwtensoep en re-
organisaties. Er was koffie. Er waren
de reizen naar mooie steden, waar niet
alleen congressen, maar zeker ook

musea en goede eetgelegenheden be-
zocht konden worden.

Met de voltooiing van dit proef-
schrift kan het boek van vier jaar pro-
motietijd gesloten worden. Een tijd die
begon doordat Astrid, mijn promotor,
vertrouwen in mijn capaciteiten stelde.
Zij gaf mij de vrijheid om zelfstandig
mijn projecten op te zetten en was al-
tijd bereid om tijd vrij te maken om te
discussiëren over de resultaten en ge-
richte feedback te geven op mijn ma-
nuscripten.

Tijd voor een volgend boek.


