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CHAPTER 1

INTRODUCTION

In everyday life we feel and interact with various objects around us. These objects differ
in many ways from each other. One of the ways they differ is in their shape. For instance,
we can distinguish by touch alone whether a shape in our hands is that of an apple or an
orange even if both were made of wood. If we look at the concept of shape on a local
level, we could say that two of the basic features that determine shape are the dimensions
of the object and the curvature of the surface. On a global level, features like the number of
edges or sides become important. In this thesis, I study how shape perception is influenced
by feeling local features and in particular length and curvature.

Some investigations into shape perception have focussed on recognizing global shapes,
often comparing the haptic ability with the visual ability to recognize certain shapes.
Norman, Norman, Clayton, Lianekhammy, and Zielke (2004) compared the ability to
identify two natural curved shapes as the same or different with free and restricted haptic
exploration or full visual information (through rotation of the object) and limited visual in-
formation. They found that if objects can be actively explored and manipulated, subjects
are able to recognize similar shapes in vision only and haptics only conditions equally
well. Newell, Ernst, Tjan, and Bülthoff (2001) compared visual and haptic recognition
of shapes when an object is fixed and thus the viewpoint or direction in which the shapes
are explored is the same. They found that recognition by vision is best from the front of
the object, whereas recognition by touch is best from the back of the object. To make a
decision on the whole shape, it is beneficial to be able to feel the whole shape. Contrary
to vision, in which a shape can be recognized in one glance, in touch the fingers and hand
must explore the whole shape and combine what is felt.

To determine the shape, it is necessary to form an impression of certain global fea-
tures, for instance, the number of edges or corners. Although it is technically possible
to enclose small objects in the hand and feel the global shape, for precise differentiation
between shapes that differ only slightly, people will usually feel with their finger tips and
try to get a more precise percept of the shape. This means that they feel the local features,
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8 Chapter 1. Introduction

like an edge or a curvature, and combine all they feel to determine the global feature they
are interested in. In such a case, to determine the shape or a global feature it is necessary
to first feel local features and somehow integrate those sensations.

This process can be divided into two components: the physical features of the shape
that are felt and the manner in which the shapes are explored with the hands and fingers.
These two aspects are not independent. Lederman and Klatzky (1987) showed that the
way objects are explored depends on the feature being explored. Vice versa one can
imagine that the way of exploring can prevent certain features from being felt, or at least
from being felt in the optimal way. In Lederman and Klatzky (1987) a great variety of
exploration strategies were identified and categorized. In comparison, I will use only a few
ways of exploration and impose certain methods of exploration in order to better compare
specific exploration strategies. To answer the question how local features influence shape
perception, I will investigate the influence of the physical features of the shape as well as
the influence of specific exploration strategies.

To investigate the influence of both the physical features and the influence of specific
exploration strategies, I formulate a number of subquestions that will be answered in the
different chapters of this thesis. Firstly, when investigating how local features influence
shape perception, it is necessary to show that local features do influence global shape per-
ception. Therefore, the first question to be answered is do local features influence global
shape perception? It is not necessary to give an exhaustive list of all possible features
one can think of, but rather test how a few local features, such as length, curvature, edges
and change in curvature affect global shape perception. Once it is established that global
shapes are influenced by local features, it is interesting to go into more detail as to how
this is done.

The first question focussed on the physical features that are present in a shape. In
the next question, I will look into the effects of unimanual and bimanual exploration of
a shape. As we have two hands, shapes can be explored with either one hand or with
two hands. Especially larger objects, such as a basket ball or a football, can be carried
with either one hand or with two hands. When an object is felt with two hands, the
information about the object also comes from two hands. The second question is, how is
the information from the two hands combined?

Shapes are made up of several features. In the next question, I want to look into the
way the perception of the different features interacts. A global feature of shape, for ex-
ample the size of an object, can be determined from different local features. For instance,
when we hold a spherical ball, both the diameter as well as the curvature of the surface
give us an impression of the size of the ball. This leads to the third question: how do two
features in a shape, that could provide the same information on a global feature, interact?

The final question focusses on the difference in precision when shapes are explored in
different hand configurations. As I stated before, a shape can be explored with two hands
or with one. It is possible that the way a shape is explored influences how precise it can
be distinguished from other shapes. The fourth question is, what is the mechanism behind
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this difference in precision?
These are fundamental questions. Investigating these questions gives us a better un-

derstanding of how the human brain works and more concretely how we perceive shapes
by touch. For the present these are theoretical questions, but the answers can have ap-
plications in the future. For example, in the construction of prosthetic hands, it would
be advantageous to be able to include a sense of touch. Which features should this pros-
thetic hand be able to feel and pass on? When we know the influence of, for instance,
curvature on the perception of the lengths in an object, engineers can make an informed
decision to either concentrate on improving a sense of length or to focus on including a
sense of curvature. The studies described in this thesis are part of a European collabora-
tive program called ‘THE Hand Embodied’. In this program a great variety of disciplines,
such as neuroscience and robotics, are working together on studying and implementing
hand synergies. Hand synergies involve a wide variety of concepts: it includes the way
fingers work together to grasp objects or the way one neuronal population controls mul-
tiple finger movements. In this thesis, I consider hand synergies to involve combining
different sensory signals from the hand into a single perception. The work in this thesis
focusses on the sensory synergies that arise when combining different sources and types
of information.

As most of the studies in this thesis focus on length and curvature and the interaction
between them, I discuss some background of length and curvature perception and then a
few studies which investigated stimuli in which these two cues are combined. However, I
will start with a short description of the experimental methods used in most of the studies
in this thesis.

1.1 Experimental methods

Objects can be grasped in different ways, for example, with the whole hand, between two
hands or between the thumb and index finger. In order to investigate the perception of and
possible interaction between length and curvature, I designed several types of stimuli as
shown in Figure 1.1. The stimuli consist of blocks and cylinders fit to be grasped in one
hand, flat and curved surfaces that can be felt with two hands to simulate larger blocks and
cylinders, small blocks and cylindrical objects which are designed to be grasped between
the thumb and index finger and finally blocks of different lengths that can be grasped
between two fingers.

With these stimuli, I perform psychophysical experiments. This means that I present
the stimuli to test subjects who have to feel them and answer a question about them. For
example, which of these two stimuli feels larger? By carefully adjusting certain physical
properties of the stimuli, for example, the length, and recording the answers of the sub-
jects, we can determine how the perception of the stimuli is related to physical properties
of the stimuli. In this thesis, I often assume a relationship between the perception and
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Ch 2

Ch 3 Ch 4

Ch 5

Figure 1.1: Stimuli used in this thesis. The stimuli shown in the top four panels are used
in an experiment described in Chapter 2. Cylinders or blocks were grasped in one hand.
The stimuli in the middle left image are curved and flat surfaces that were felt with two
hands. This experiment is described in Chapter 3. In the middle right image stimuli used
in an experiment described in Chapter 4 are shown. These stimuli were grasped between
the thumb and index finger. Finally, in Chapter 5 an experiment is described using the
stimuli at the bottom. These stimuli were grasped between the thumb and index finger or
between two index fingers.
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the physical property that is called a psychometric curve. An example of how this curve
is fit to the data is shown in Figure 1.2. One interesting measure is the discrimination
threshold. This gives a measure of the smallest difference humans are able to feel. For
example, many studies show a threshold for length of 10%, which means that on average
humans can distinguish a length of 10 cm from a length of 11 cm or 2.0 from 2.2 cm.
Expressed in fractions, e.g. 0.1, this is also called a Weber fraction.
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Figure 1.2: Example of a psychometric curve fitted to data, where the fraction of the
response “longer” is plotted against the test stimulus length in mm. The reference length
with which the test lengths had to be compared is indicated at 50 mm and the threshold
of 84% is indicated at test stimulus length of 59.2 mm to be 9.2 mm. Each data point is
based on 10 trials.

1.2 Length
In 1886, several methods of judging length by touch have been classified and investigated
by Jastrow (1886). Firstly, length can be perceived by feeling the distance between two
movable parts of the body. Jastrow (1886) and many researchers after him, for example,
Langfeld (1917a); S. S. Stevens and Stone (1959); Dietze (1961); Durlach et al. (1989);
Gaydos (1958) considered the thumb and index finger as the two movable parts; this is
often called the finger-span method. Other movable parts of the body can also be used, for
instance, one can measure the length by placing an object between two hands. Secondly,
length can be perceived by the free motion of a limb, for instance the arm, as investigated,
for example, by Hollins and Goble (1988); Bergmann Tiest, Van der Hoff, and Kappers
(2011). In this method, the length of the object is felt by sliding the finger or hand over
the object. Thirdly, you can place the object on your hand, or on different parts of your
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body and use the contact surface to judge the length, which has been used in J. C. Stevens
and Cruz (1996).

Even though there have been many studies that determine length discrimination thresh-
olds or just-noticable-differences for the finger span method, there were big differences
in how these were determined. For instance, Langfeld (1917a) presented two stimuli to
subjects either simultaneously to the left and right hands or sequentially to the right hand.
The subjects were asked whether the left or second was larger, smaller or equal to the right
or first, respectively. He reported a sensitivity, which is comparable to what I call a thresh-
old, of 0.45 mm for a standard length of 5 cm, i.e. less than 1%. This was the sensitivity
of his most reliable subject after training for six months. The thresholds of other subjects,
which he considered less reliable based on the confidence ratings they gave about their
answers, range from 0.32-0.66 mm. Durlach et al. (1989) presented subjects with either
a long or a short stimulus and subjects were asked to judge which of the two had been
presented. Stimuli were offered in a run of 60 trials of which the first 10 were practice
trials. They reported a just noticeable difference of 1 mm for reference lengths of 10 to
20 mm, i.e. 5-10%. In contrast to the subjects in the study by Langfeld, the subjects in
the study by Durlach et al. were not trained and in many cases participated in only one
experiment. The difference in the design of these two experiments shows that care must
be taken in comparing thresholds from different studies.

Although discrimination with the finger-span method has been the subject of many
studies, much less is known about other methods of perceiving length. Bimanual explo-
ration, for example, has received very little attention. It has been shown that when length
is felt by tracing a path with a fingertip, the perception of the length is influenced by the
curvature of the surface (Sanders & Kappers, 2008). However, it is not yet known how the
curvature of the surfaces felt by, for example, the thumb and index finger affects the per-
ception of the length between those two surfaces. There are clear indications that in both
unimanual and bimanual exploration curvature and length information can be combined
into one percept (Roland & Mortensen, 1987; Van der Horst & Kappers, 2008; Kappers,
2010).

1.3 Curvature

How curved a surface is, can be expressed with the measure curvature. Curvature is
defined as the reciprocal of the radius of a circle or sphere that fits the curved surface. In
mathematical form this is expressed as c = 1

R , where c is the curvature and R is the radius
of the circle.

Curvature can be felt by following the surface of the object with your finger. Another
method is to statically place (a part of) the hand on the curved surface. This method was
used, for example, by Goodwin, John, and Marceglia (1991) to determine the curvature
discrimination thresholds by passively pressing curved stimuli on the immobilized index
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finger pad. They found that subjects could discriminate at the 75% level a curvature of
144 m−1 from a curvature of 158 m−1 and a curvature of 287 m−1 from one of 319 m−1.
Gordon and Morison (1982) showed that the attitude (slope) difference over the surface is
the property on which humans base their responses with respect to curvature differences.
Pont, Kappers, and Koenderink (1999) showed that this mechanism is used in both static
and dynamic exploration. Kappers (2011) gives a more detailed overview of studies on
curvature.

In these studies the curved surface was mostly explored by one fingertip. One can
also feel curved surfaces with the whole hand, for instance, when holding a ball, or a
glass. In hand-sized stimuli, curvature discrimination was investigated for unimanual
and bimanual exploration by Kappers and Koenderink (1996). In the unimanual case,
two stimuli were explored sequentially with the dominant hand, whereas in the biman-
ual case, two stimuli were explored simultaneously with the right hand and the left hand.
Kappers and Koenderink (1996) concluded that unimanual discrimination was better than
bimanual discrimination. Subsequently, discrimination thresholds for bimanual curvature
discrimination were determined in different conditions by Sanders and Kappers (2006).
In their study, subjects always compared the curvature felt with one hand to the curva-
ture felt with the other hand. The orientation of the curved surface was such that the
hands could move in the sagittal plane, which differed from the orientation in Kappers
and Koenderink (1996), where the orientation was such that the hand moved in a plane
parallel to the surface of the table. Sanders and Kappers (2006) found that variation of the
horizontal distance between the stimuli or the position relative to the subject had no effect
on the thresholds. They also found subject-dependent biases, where subjects judged two
physically different curvatures to be equal. It is important to note that in both studies the
curvatures felt by the different hands in the bimanual conditions were not the same.

Finally, Van der Horst and Kappers (2007) investigated curvature discrimination be-
tween different fingers. They used a reference stimulus of 33 m−1 with test stimuli from
20-45 m−1 and found thresholds of 3.7 m−1 for simultaneous exploration with two fin-
gers and 2.2 m−1 for sequential exploration with the same finger. This corresponds to
discriminating a circular cylinder with a radius of 3 cm from a cylinder with a radius of
2.7 cm or 2.8 cm, respectively. Despite the different ranges of curvature and the different
methods of determining thresholds, the general result seems to be quite consistent: the
Weber fraction is around 10%.

1.4 Length and curvature combined

There have been few studies that investigated discrimination of objects where both length
and curvature changed. For example, Kahrimanovic, Bergmann Tiest, and Kappers (2011)
asked subjects to discriminate the volumes of spheres. Subjects enclosed the entire objects
in their hand. Thus subjects could use both length and curvature cues. A Weber fraction
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of 0.14 was found for a reference stimulus of 3.5 cm3 and a Weber fraction of 0.13 for a
reference stimulus of 12 cm3. This corresponds to differentiating a sphere with a radius
of 0.94 cm from a sphere with a radius of 0.98 cm or 1.4 from 1.5 cm, respectively.

Another study in which both curvature and length of stimuli was varied was done
by Van der Horst and Kappers (2008). In this study, subjects were asked to distinguish
cylinders with an elliptical cross-section from cylinders with a circular cross-section. The
resulting thresholds were compared to thresholds of distinguishing blocks with a rect-
angular cross-section from blocks with a square cross-section. The conclusion was that
the presence of curvature improved discrimination. However, this simple comparison of
these two thresholds does not give the full picture as I will show in Chapter 2, due to the
presence of change in curvature and edges in the stimuli.

When cues are combined, information from both cues can be used to determine the
final percept of an object. In this thesis, I am mainly investigating two cues that can give
information about the size of objects. In the case of length this is obvious: an increased
length corresponds to a larger object. In the case of curvature there is only information
about the size of the object if the object is circular or spherical. In elliptical objects,
for instance, the curvature does not give any direct information about the size. There
are different models of how cues are combined in human perception. When we can feel
one of the two cues with a greater precision, we could base our total percept on this one
cue. This is called the winner-take-all model. Another way cues can be combined would
be the independent combination of the two cues. If one cue gives a certain chance of
being able to distinguish two stimuli and another cues gives a different chance to do this,
then the combined chance of detecting a difference is higher than each cue alone. This
I call independent combination of two redundant cues. Finally, there is cue combination
according to the maximum-likelihood-estimator model (Van Beers, Sittig, & Denier van
der Gon, 1999; Ernst & Bülthoff, 2004). In this model, cues are weighted with their
statistical reliability. In this way, the perception of an object with two cues would be more
accurate than when the cues are combined in an uncorrelated way.

1.5 Overview

The main goal of this thesis is to investigate the role of different features and different
specific exploration methods on the perception of shape. Firstly, I look at the interaction
of length, curvature, change in curvature and edges in the perception of a global feature
of objects (Chapter 2), this gives us more insight into how certain features contribute to
the perception of shape. By not directly asking for either of the features of interest, but
focussing on a global feature, I can disentangle the effect of each feature individually
and assess their interaction. Then I investigate in more depth how curvature and length
are combined in bimanual exploration (Chapter 3), which gives an insight into how com-
bined features in shape are perceived differently when explored unimanually compared to
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bimanually. Next, I investigate how different features of a shape are combined in uniman-
ual exploration (Chapter 4). Finally, I directly compare different methods of exploring
one feature of shape, namely length (Chapter 5).

In daily life, objects are usually not made up of just lengths and curvatures. There are
other features as well, such as edges. The curvatures are also not always perfectly circular.
They can change over the surface of an object. In Chapter 2, I investigate the effect of not
only curvature and length, but also edges and the change in curvature on perception of the
orientation of an object. The orientation is a global feature of an object, whereas length,
curvature, edges and change in curvature are local features. By comparing how well the
orientation can be determined for different combinations of length with the other local
features, I can determine what the influence of curvature, edges and change in curvature
is on the perception of orientation.

Objects are usually grasped within one hand, but larger objects can be grasped be-
tween two hands. A good example of this would be a basket ball. The size of a basket
ball can be determined by the distance between the hands or by the curvature of the sur-
face. When the ball is placed on a table, this can also be done with one hand. In Chapter
3, I investigate the interaction between length and curvature in unimanual and bimanual
exploration. I determined the sensitivity of subjects for position and for circularity in
unimanual and bimanual exploration of flat and curved surfaces. I compare how precise
the circularity of curved surfaces can be determined with unimanual exploration and with
bimanual exploration. By comparing this to the difference in precision of the perception
of position with unimanual and bimanual exploration and with the precision with which
the midsagittal plane can be indicated, I can disentangle the influence of curvature and
length on bimanual exploration.

In Chapters 2 and 3, the objects were felt in one hand with multiple fingers or between
two hands. In Chapter 4, I use objects with length and curvature features that are held
between the thumb and index finger to investigate the interactions between length and
curvature and the importance of how they are combined. I compare the performance of
subjects on discriminating stimuli that contained only length cues, only curvature cues,
length and curvature cues combined in a circle and length and curvature cues combined
in a anti-correlated way to a circle. In this way the influence of curvature and length
in cylinders with a circular cross-section can be determined directly. Furthermore, the
combination in an anti-correlated way to a circle gives more insight into the importance
of the way length and curvature features are combined in objects.

In Chapter 5, I focus on the difference between unimanual and bimanual exploration
of length. Subjects discriminate lengths in four different conditions, to investigate what
difference there is between unimanual and bimanual exploration and how this difference
can be explained. The four conditions are unimanual exploration between the thumb and
index finger, bimanual exploration between two index fingers with arms free from the
table, bimanual exploration as before, but now with the two hands clasping each other
and finally bimanual exploration while the hands grasp two handles that are located on
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the table and the arms are also resting on the table. By comparing these four conditions, I
can determine whether there is a difference between unimanual and bimanual exploration
and test three different hypothesis that can explain why there is a difference.

Finally, in Chapter 6, I summarize the results found and draw some general conclu-
sions on how shape perception is affected by the different features of the shape and by
different exploration methods. Furthermore, I indicate how these findings could be ap-
plied and what questions remain to be answered.



CHAPTER 2

INFLUENCE OF LOCAL

PROPERTIES ON THE PERCEPTION

OF GLOBAL OBJECT

ORIENTATION

Panday, V., Bergmann Tiest, W. M., Kappers, A. M. L. (2012). Influence of local
properties on the perception of global object orientation. IEEE Transactions on Haptics,
5(1), 58–65.

Abstract

In previous studies, the effect on perception of individual features such as curva-
ture and edges have been studied with specifically designed stimuli. However, the
effect of local properties on the perception of the global object has so far received
little attention. In this study, cylinders with an elliptical cross-section and rectangu-
lar blocks were used to investigate the effect and relative importance of curvature,
change in curvature and edges, as local properties, on the ability of subjects to deter-
mine the orientation of the stimuli, which is a global property. We found that when
curvature was present the threshold to determine the orientation was 43% lower than
when curvature was absent. When, in addition, the change in curvature could be felt,
the threshold was 37% lower than when only curvature could be felt. Finally, when
edges were felt during exploration, the threshold increased by 46% compared to when
the subjects were instructed to avoid the edges in the blocks. We conclude that the
perception of curvature and change in curvature improve the performance of humans
in perception of the whole shape, whereas edges, when not directly contributing to
the task, disrupt performance.
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2.1 Introduction

When we feel objects, either to recognize them, or to use them, we explore the local
and global properties of the shape with our hands and fingers. It would be interesting to
know how the physical properties of shape are perceived by humans and what the effect
is of small or local changes in the shape on the global percept that humans have of the
shape. Do people ignore local features, or do people use the local features effectively
when determining aspects of the global shape? This study investigates the influence of
local properties on the haptic perception of global properties of shape.

For the purpose of this investigation, the perception of objects can be split up into
the perception of global properties and the perception of local properties. Lederman and
Klatzky (1987) found that different hand movements were made to perceive different
properties of objects. They found that when shape was to be perceived, people tend to
enclose the object or trace the contours with their fingers. It is thought that enclosure
gives information on the global shape, while following the contour with a finger gives
information on the local shape (Lederman & Klatzky, 1987).

Lakatos and Marks (1999) used this division into enclosure and contour following to
investigate perception of the global and local properties, by either limiting the information
from contour following or limiting the information from enclosure. They found that if
observers are given enough time, both local and global features contribute equally to the
total percept for recognition (Lakatos & Marks, 1999).

Both the global properties of shape and the local properties of shape have been the
subject of study. Studies on global properties mostly investigated the ability of humans to
recognize shapes and the stimuli used can tell us something about the emphasis of these
studies. Local properties have been investigated to determine how well humans can detect
these properties and what mechanisms underlie the perception of these local properties.
There have been few studies that attempt to merge these two extremes by varying local
properties and measuring the effect on the perception of global properties. Below we
discuss a few examples of studies on global and local properties and studies that attempt
to merge them.

Many studies that investigate global properties, do so by asking subjects to recognize
or match shapes. Two examples are given here to emphasize that the stimuli employed
in these studies differ greatly with regard to the local properties. In Newell et al. (2001)
the shapes consisted of constructions built with blocks of Lego, whereas in Norman et al.
(2004) the shapes consisted of casts of bell peppers. In Newell et al. (2001) the surfaces
were straight and the shapes cubical, whereas in Norman et al. (2004) “natural” shapes
with curved surfaces were used. The aim of these studies was to compare visual percep-
tion with haptic perception. They therefore only concentrated on the global shape and did
not take into account the local properties.

On the other hand, studies that focus on local properties often perform threshold ex-
periments to determine how accurately humans can perceive these properties and to inves-
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tigate what exactly is being perceived. The effect on global shape perception is not taken
into account. Curvature can be taken as an example of a local property that has been stud-
ied in depth. Not only have discrimination thresholds been found for one finger (Goodwin
et al., 1991), parts of the hand (Pont, Kappers, & Koenderink, 1997) or the whole hand
(Vogels, Kappers, & Koenderink, 1999; Pont, Kappers, & Koenderink, 1998a), but it has
also been shown that the main feature on which human observers base their perception,
is the change in attitude or tilt, rather than the elevation (zeroth order information) or the
local curvature (second order information) of the surface (Pont, Kappers, & Koenderink,
1998b).

The influence of local properties on global shape perception has been investigated in
some studies, for example, by Roland and Mortensen (1987). In their experiment, sub-
jects were asked to identify the more oblong object by comparing either ellipsoids or
parallelepipeds. By comparing the discrimination thresholds for ellipsoids to those for
parallelepipeds, they concluded that when curvature is present the discrimination thresh-
old is lower. In this study, local properties such as curvature, edges and volume were all
important for being able to perform the task which involved a perception of the global
shape. However, as the shape of the ellipsoids is quite complex, it is difficult to relate
the performance of the subject to the local properties of the shape. In Van der Horst and
Kappers (2008) the shapes were cylinders and blocks. These shapes are somewhat less
complex than ellipsoids and therefore Van der Horst and Kappers could more accurately
relate the presence of curvature to thresholds found for discriminating cylinders with an
elliptical cross-section from cylinders with a circular cross-section. By comparing these
thresholds to those found for discriminating blocks with a rectangular cross-section from
blocks with a square cross-section, they concluded that curvature information was em-
ployed in a reliable and efficient manner. However, as they write in the discussion, in
their experiments the local properties such as curvature or the change in curvature, which
is a distinct feature in an ellipse as it has a different curvature at different points along
its surface, could not be disentangled and therefore the influence of either could not be
directly related to the overall performance. Furthermore, the influence of edges was not
taken into account in their discussion.

In this paper, we expand on the work done by Van der Horst and Kappers (2008). By
integrating local properties in a task which assesses global properties of the object, we
take the step from investigating individual and local properties in an isolated way to the
global perception of 3D objects which is influenced by these local properties. To do so,
we designed an experiment in which subjects had to assess a global property, in which
local properties did or did not give extra information about this task. We asked subjects
to indicate, from two possible orientations, the orientation of a block with a rectangular
cross-section or a cylinder with an elliptical cross-section. The orientation of these stimuli
is a global shape property, namely the difference between the long axis and the short axis.
In the cylinders, the curvature and change in curvature are local properties which give
extra information about the orientation. In the block, the edges are local properties, but
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they do not give extra information about the orientation. On the other hand, the edges
define the sides of the block in such a way that two opposing sides are easier to grasp,
which may facilitate discrimination.

We investigated three relationships. Firstly, the quantitative influence of curvature is
determined. Secondly, the quantitive influence of the change in curvature is investigated.
Finally, the influence of the edges is determined. To assess these three properties an ex-
periment with six conditions was designed. These conditions are depicted in Figure 2.1.
In the first condition, there is only the information about the aspect ratio available. In
the second condition, there is both local curvature information and information about the
aspect ratio available to the observers. The third condition has similar information as the
first condition, but now movement of the hand is included. In the fourth condition, there
is both information about the aspect ratio as well as information obtained by freely ex-
ploring the block, for instance, feeling the length of the sides by sliding the finger over it.
Therefore, movement of the hand is included and the edges are also felt. In the fifth con-
dition, there is information about the aspect ratio and the local curvature available, while
movement is present. Finally, in the sixth condition, change in curvature information is
added to the information available in condition 5. The aspect ratio of the cross-sections
of the elliptical cylinders and the rectangular blocks varied from almost circular or square
to more elongated or rectangular, so that a threshold could be determined.

By comparing conditions 1 and 2, the effect of curvature can be investigated. In both
conditions, the exploration procedure is the same. The length of the long and short axes of
the cylinder are equal to the long and short axes of the block, which means that the aspect
ratios of the cylinders and the blocks are equal. The only difference is the presence of
curvature in the cylinder. The curvature on the tip of the long axis of the ellipse is higher
than the curvature on the short axis. Subjects could also determine the orientation by
comparing these curvatures. From Van der Horst and Kappers (2008) it can be deduced
that when curvature is present, subjects will be able to determine the orientation for lower
aspect ratios. The question is, whether this effect will be as large as found in Van der
Horst and Kappers. In their experiment the lower thresholds found for cylinders could be
explained by the curvature, but in addition the effect of edges in the blocks could have
increased the thresholds for blocks, making the difference bigger than can be explained
by just adding curvature.

By comparing conditions 3 and 4, the effect of the edges can be determined. One
could expect that when subjects are asked to explore the block freely as in condition 4,
they would be able to determine the orientation of the block correctly for smaller aspect
ratios, because they can feel more information, such as the length of the sides, which
could also be perceived by sliding the fingers along the total length of the side. On the
other hand, one could expect that by avoiding the edges in the exploration of the block, the
disrupting influence of the edges is eliminated, leading to lower thresholds. The result of
these two conditions has been previously reported (Panday, Bergmann Tiest, & Kappers,
2011) and will be discussed together with the results of the other conditions.
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Figure 2.1: Schematic illustration of the six conditions of the experiment. 1) Block is
grasped with the fingertips statically between thumb and other fingers and then released.
After the block is turned 90◦ by the experimenter, this is repeated. 2) Cylinder is grasped
with the fingertips statically between thumb and other fingers and then released. After the
cylinder is turned 90◦ by the experimenter, this is repeated. 3) Block is grasped statically
between thumb and other fingers and then released. After the hand is turned 90◦ around
the block, this is repeated. 4) Block is grasped with the whole hand, after which the
subject freely explores the stimulus. 5) Cylinder is grasped statically between thumb and
other fingers and then released. After the hand is turned 90◦ around the cylinder, this is
repeated. 6) Cylinder is grasped with the fingertips, after which the subject freely explores
the stimulus.
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Finally, by comparing conditions 5 and 6, the effect of the continuous change in cur-
vature can be measured. In condition 5, the subject grasps two opposing sides statically,
thus feeling only the curvature and a small part of the change in curvature at the tips,
while in condition 6 the continuous change in curvature is also felt. From research done
by Pont et al. (1998b), it is known that the change in attitude is the most important feature
in curvature perception. By dynamically feeling the attitude change along the surface of
the cylinder, one could expect a better performance than statically feeling the curvature
in two different places on the surface. On the other hand, the difference in curvature is
maximal between the long and the short axes. By skipping the surface in between, one
can directly compare these extremes.

2.2 Method

2.2.1 Subjects
Eleven paid subjects (mean age 21± 3 years, 6 male) participated in the experiment. The
result of one of these subjects was not included, since this subject employed a strategy
which was not based on grasping during the experiments using blocks. One subject was
strongly left-handed, one subject was moderately right-handed, all other subjects were
strongly right-handed according to Coren’s test (Coren, 1993). All subjects used their
dominant hand for the experiment. All subjects were naive as to the purpose of the ex-
periment and gave their informed consent. None of the subjects reported any known hand
deficits.

2.2.2 Stimuli
Blocks with a rectangular cross-section and cylinders with an elliptical cross-section were
used as stimuli. The stimuli were made of a compound of polyurethane foam and artificial
resin (Cibatool BM 5460) and manufactured on a computer controlled milling machine.
They were similar to the stimuli used by Van der Horst and Kappers (2008), but of slightly
different dimensions. The height was 150 mm. The areas of the cross-sections of the
rectangles were 4900 mm2. The lengths of the axes of the cylinders were chosen to be
equal to those of the rectangles. In this way, the distance between the fingers on a cylinder
are equal to the distance on a block and a direct comparison is possible. The stimuli are
defined in terms of the aspect ratio of the horizontal cross-section (α), which is defined
as the quotient of the longest axis (a) and the shortest axis (b) as depicted in Figure 2.2.

For the first five conditions, test stimuli with aspect ratios of 1.004, 1.006, 1.010,
1.016, 1.020, 1.04, 1.06 and 1.08 were used. For the final condition where the subjects
explored blocks freely, test stimuli with aspect ratios of 1.006, 1.010, 1.020, 1.04, 1.06,
1.08, 1.1 and 1.13 were used. The ranges of the test stimuli were based on pilot experi-
ments. An image of the stimuli used can be seen in Figure 2.3.
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Figure 2.2: Schematic illustration of a rectangular cross-section of a block (A) and an
elliptical cross-section of a cylinder (B) with long axis a and short axis b.

Figure 2.3: Set of stimuli used.
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Figure 2.4: Visual depiction of the two orientations, from which the subjects had to
choose. The image of two rectangles (A) were used when the stimuli presented were
blocks. The image of two ellipses (B) were used when the stimuli presented were cylin-
ders.

2.2.3 Procedure

The subjects were seated behind a curtain which prevented them from seeing the experi-
menter and the stimuli. The stimulus was placed on the table behind the curtain, in such
a way that the subject could comfortably reach around the stimulus. The subjects had to
indicate from a drawing, one for blocks and one for cylinders as shown in Figure 2.4, in
which orientation they felt the stimulus was standing behind the curtain. This drawing
was located in front of the curtain. After they indicated the orientation, the experimenter
recorded their answer. The subjects received no feedback on the correctness of their an-
swer.

On the drawing, the top view of two blocks or two cylinders was depicted. For half the
subjects the left stimulus had the longest axis from the bottom left to the top right, while
the right stimulus was rotated 90◦. For the other half this was the other way around. The
subjects were asked to indicate whether the block or cylinder they felt was oriented in the
same direction as either the left or the right stimulus on the drawing. For the first and
second conditions, the cylinder or block was turned by the experimenter after the subject
had felt the stimulus and let go, but the position of the hand of the subject remained in
place. The subjects were instructed to indicate what orientation they felt the stimulus was
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in, when it was in the final position.
During a trial the subjects put their dominant hand under the curtain and felt the stimu-

lus. During exploration the experimenter held the block or cylinder in position by holding
it at the top. In the first condition, subjects held their hand open and steady in one place,
while the experimenter placed a block between the thumb and other four fingers. The
subject felt the stimulus statically with the fingertips. After the observer released the
stimulus, the experimenter turned the stimulus 90◦. Then, the subject felt the stimulus
again in a similar manner. The second condition was similar to the first, but instead of a
block, the subjects had to feel a cylinder. In the third condition, the subjects were asked
to grab two opposing sides of a block between their thumb and the other four fingers,
making sure not to come into contact with the edges. They then let go and turned their
hand around the stimulus without touching it, to grab the other two opposing sides in a
similar manner. In the fourth condition, the subjects grasped a block and were left free
to explore the block as they wished. In the fifth condition, the subjects were asked to
grab two opposing sides of the cylinder between their thumb and the other four fingers.
They then let go and turned their hand around the stimulus without touching it, to grab the
other two opposing sides in a similar manner. This condition is similar to condition 3, but
now with a cylinder. In the sixth condition, they were asked to grab a cylinder between
the fingertips of their thumb and four other fingers and could explore the surface however
they wanted. A schematic drawing of the hand positions is given in Figure 2.1.

Each condition consisted of 80 trials. Each stimulus was presented five times in both
orientations, giving ten trials per stimulus. The stimuli were presented successively in a
random sequence. The order in which the conditions were measured was counterbalanced
across subjects using a balanced Latin square design for the first six subjects (Federer,
1984). For the next four subjects another Latin square was constructed with the columns
shifted one to the right and the bottom two rows left out. With this design the conditions
were as counterbalanced as possible. Each session with two conditions took 40–80 min.

2.2.4 Analysis
The fraction of correct responses was plotted against the relative aspect ratio (α − 1) on
a logarithmic scale. To the fraction of correct judgments, a psychometric function of the
form

g(x) =
1
4

erf

 10 log
(

x
µ

)
√

2σ

+
3
4

(2.1)

was fitted. Here, erf is the cumulative Gaussian distribution, µ is the relative aspect
ratio of the 75% point (the point halfway between chance level and 100% correct) and
σ is a parameter that describes the steepness of the curve. This function, described in
Bergmann Tiest and Kappers (2011), was chosen to enable an analysis that assumes that
performance is at chance level when the relative aspect ratio reaches zero. Furthermore,
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Figure 2.5: Example of a psychometric curve for condition 4 (Block, free exploration) of
one subject. 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. A psychometric function
was fitted to the data. The detection threshold is defined as the relative aspect ratio value
for which the psychometric function equals 0.75.

this function is antisymmetric on a logarithmic scale. The relative aspect ratio where the
function equals 0.75 was taken as the detection threshold. An example of condition 4 for
one subject is shown in Figure 2.5.

As the magnitude of the discrimination thresholds differ from person to person, the
results were normalized by dividing by the average threshold per person. This way, the
relative influence of the different features could be determined from the average normal-
ized thresholds. A two by three ANOVA was performed to investigate if there was a
significant difference in the performance due to shape and exploration. To investigate
the influence of curvature, edges and change in curvature, we compared the conditions
as depicted in Figure 2.1 by performing t-tests on conditions 1 and 2, conditions 3 and 4
and conditions 5 and 6, respectively. Finally, to investigate the influence of moving the
hand around the cylinder we performed a t-test between condition 2 and condition 5 and
corrected for the multiple paired t-tests by employing the Holm-Bonferroni method.

2.3 Results

2.3.1 Thresholds

Figure 2.6 shows the mean detection thresholds for ten subjects in six conditions and
the thresholds normalized per person. A two (shape) by three (exploration) repeated
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Figure 2.6: Mean detection threshold results (A) and normalized mean detection thresh-
old results (B) of ten subjects in the six conditions. The error bars represent standard
errors. The asterisks indicate significant differences (p < 0.05) tested by a two-tailed
paired t-tests. To investigate the effect of curvature, edges and change in curvature the
t-tests were performed on conditions 1 and 2, conditions 3 and 4, conditions 5 and 6 and
conditions 2 and 5 respectively.
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measures ANOVA was performed on the normalized thresholds. Both shape (F(1,9) =
38, p = 0.00016) and exploration (F(2,18) = 6.5, p = 0.0075) had a significant effect
on detecting the orientation. The thresholds for cylinders, as can be seen in Figure 2.6,
were significantly lower than thresholds for the blocks. Furthermore, the way of explo-
ration had an influence on the thresholds obtained. The interaction between shape and
exploration was also significant (F(2,18) = 7.5, p = 0.0043): there is hardly any dif-
ference for the exploration “stimulus still, hand turned” between conditions 3 (block)
and 5 (cylinder), a moderate difference for the exploration “stimulus turned, hand still”
between the first two conditions, and a big difference for the exploration “free explo-
ration” between conditions 4 (block) and 6 (cylinder). To further investigate the signifi-
cant effects found in the ANOVA, we performed a number of t-tests as described in the
methods section. Condition 1 (block, stimulus turned, hand still) differed significantly
(t = 3.5, p = 0.0069) from condition 2 (cylinder, stimulus turned, hand still). The dif-
ference between condition 3 (block, stimulus still, hand turned) and condition 4 (block,
free exploration) was significant (t = 3.3, p = 0.0088). The difference between condition
5 (cylinder, stimulus still, hand turned) and condition 6 (cylinder, free exploration) was
significant (t = 2.4, p = 0.039). Finally, also the difference between condition 2 (cylin-
der, stimulus turned, hand still) and condition 5 (cylinder, stimulus still, hand turned) was
significant (t = 3.5, p = 0.0073).

2.4 Discussion

By comparing the performance in condition 1 to condition 2 the effect of curvature can be
determined. In condition 2, subjects felt two opposing sides of a cylinder with an ellipti-
cal cross-section, whereas in condition 1, they did the same for a block with a rectangular
cross-section. The threshold for determining the orientation decreased with 43% when
local curvature information was added. As the local curvature at the long axis is higher
than the local curvature on the short axis, there is extra information available to the sub-
ject. This extra information is incorporated effectively to help in determining the global
orientation of the stimulus.

By comparing conditions 5 and 6, one can see that also here the local properties im-
prove the performance. In condition 5, subjects were asked to feel the surface at the long
and short axes of a cylinder statically between their fingertips, whereas in condition 6,
they could dynamically explore the whole area between the four points. Thus, in addition
to curvature, subjects were also presented with the change in curvature. In this case the
threshold decreased by 37%. As curvature change is dependent on the curvature, and this
in turn is dependent on the orientation of the short and long axis, change in curvature is
extra information for determining the orientation. This extra information is incorporated
effectively.

When one compares conditions 3 and 4, it is clear that local features do not always
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increase sensitivity. In condition 3, subjects were asked to feel the surface at the long and
short axes of a block statically between their fingertips, while avoiding the edges, whereas
in condition 4 they were free to explore the block with their whole hand. There is extra
information due to the free exploration available in condition 4 compared to condition 3.
However, in addition, edges are felt. When information from free exploration and edges
was included, the threshold increased by 46%. Even though one would expect that when
the subject is free to explore the object, the subject would be able to choose the optimal
way and would have a lower threshold for determining the orientation, it appears that the
edges disrupt the perception in such a way that the subject is less sensitive to the global
orientation than without the extra local information.

Another interesting comparison is the difference between the performance on the
cylinders compared to the performance on the blocks. In general, the thresholds for cylin-
ders are lower than the thresholds for the blocks, independent of the exploratory procedure
used. This result was also found in Van der Horst and Kappers (2008) for cylinders and
blocks and in Roland and Mortensen (1987) for ellipsoids and cuboids. This is not sur-
prising, as the cylinder and the ellipsoid always have the additional feature of curvature,
as well as the feature of aspect ratio. The only condition for which there was no clear
difference between the block and the cylinder was when the subjects were asked to move
their hand around the stimulus. This could be caused by the added complexity of turning
the hand 90◦ around a cylinder. This task does not require as much precision around a
block, as the surfaces are the same across the entire length of a side.

The explanation of added complexity of turning the hand 90◦ around a cylinder is
supported by the significantly lower thresholds for condition 2 than for condition 5. When
the cylinder is turned, all the subjects were required to do was to open and close their
hand. The positioning at the tips of the axes was done by the experimenter by turning
the cylinder correctly whereas in condition 5 the subjects were asked to move their hands
90◦ to grasp the tips of the axes, making the task more difficult which resulted in higher
thresholds.

The question arises, how do the studies on local properties such as curvature, change
in curvature and length perception, compare to the results we found when these local
features are used in perception of a global property. This is explored further in the next
sections.

2.4.1 Aspect ratio

The influence of the aspect ratio can be compared to studies that investigated length dis-
crimination by grasping objects between the thumb and the index finger or the other fin-
gers, the so-called finger span method. The aspect ratio can be seen as the ratio between
the lengths of the two perpendicular axes. The effect of the aspect ratio can be most di-
rectly seen in the conditions 1, 3 and 4 (the conditions involving the blocks), as these
conditions give the subjects no curvature information, but only the aspect ratio informa-
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tion. The relative aspect ratio can be expressed in terms of the difference between the
long axis and the short axis:

α−1 =
L+∆L

L
−1 =

∆L
L

(2.2)

where L+∆L represents the long axis that can still be discriminated from the short axis L.
The right side of this equation is a Weber fraction. This way we can compare the Weber
fractions found in literature for length discrimination with our results for the threshold of
the relative aspect ratio.

In a few studies the just noticeable difference (JND) was reported with respect to a
reference stimulus. These JNDs were determined by use of the finger span method. In this
method the subjects were asked to feel the distance between two plates by holding them
between the thumb and the index finger. Unfortunately, the exact definitions on which
the JNDs of these studies were based, were not always reported, so our comparison is
done tentatively. A wide range of Weber fractions have been reported (Langfeld, 1917a;
Gaydos, 1958; S. S. Stevens & Stone, 1959; Dietze, 1961; Durlach et al., 1989). The
length of the axes of our stimuli was around 70 mm. Weber fractions found around this
reference length vary from 0.01 with a 50 mm reference length (Langfeld, 1917a) to 0.03
with a reference length of 80 mm (S. S. Stevens & Stone, 1959; Durlach et al., 1989). Our
results fall within this range, with the exception of the results of condition 4, where edges
are also felt. It is important to note that in our experiment the stimulus was explored with
all fingers of the hand and not with only the thumb and index finger. When all the fingers
were opposing the thumb, the distance between each of the fingers and the thumb was
different. As our results fall within the range reported in previous studies, the different
distances do not seem to influence the overall perception.

In Berryman, Yau, and Hsiao (2006) the contribution from proprioceptive and cuta-
neous receptors was disentangled by anesthetizing the fingers. The subjects were asked
to estimate the size of stimuli by the finger span method in both anesthetized and normal
conditions. They found that proprioceptive information alone provides only a rough esti-
mate of object size. The influence of cutaneous input is also apparent in the comparison
between blocks and cylinders in this experiment. Curvature in static touch is perceived
by cutaneous receptors, while distance between the fingers is felt by proprioceptive re-
ceptors. As we found a lower threshold for condition 2 than for condition 1, one could
argue that the extra information on curvature from the cutaneous receptors causes a lower
threshold. However, it is not possible to disentangle cutaneous from proprioceptive cues
completely, as was done in Berryman et al., because in the condition with the blocks there
still is stimulation of cutaneous receptors.

2.4.2 Curvature
The influence of curvature can be related to previous findings on discrimination between
curvatures. Curvature (k) is defined as k = R−1, where R is the radius of a circle with
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the same curvature as the surface under consideration. Goodwin et al. (1991) investigated
discrimination of curvature in a static and passive condition for the index finger. In their
experiments they found that the discrimination threshold between a convex surface and a
flat surface was 4.9 m−1 and that between two convex surfaces, a curvature of 144 m−1

could be distinguished from a curvature of 158 m−1, which is a 14 m−1 difference in
curvature.

If one takes only curvature into account, one can calculate a threshold for orientation,
that is based solely on the difference in curvature at the ends of the long and short axes.
This can be done be rewriting the equation for an ellipse (Equation 2.3) and taking the
second derivative (Equation 2.5) at the end of one of the axes.

x2

(b/2)2 +
y2

(a/2)2 = 1 (2.3)

y =±(a/2)

√
1− x2

(b/2)2 (2.4)

d2y
dx2 =

(a/2)x2

(b/2)4
(

1− x2

(b/2)2

)3/2 +
a/2

(b/2)2
√

1− x2

(b/2)2

(2.5)

Here a and b are the long and short axis respectively. From Equation 2.5 it follows that
the curvature (second order derivative) at the tip of the long axis (x = 0) is:

ka =
2a
b2 (2.6)

and the curvature at the tip of the short axis can be calculated in a similar manner to be:

kb =
2b
a2 . (2.7)

The difference between these two curvatures is what can be compared to the values found
by Goodwin et al. (1991).

In our experiments, thresholds for which the orientation of cylinders could be de-
tected, ranged between 1.014 and 1.027. Using the fact that the product of the two axes
always equals 4900 mm2, one can calculate a and b. Substituting these values in Equa-
tions 2.6 and 2.7 leads to a range of curvature thresholds of 1.19 to 2.28 m−1. There is a
difference in the reference used by Goodwin et al. (Goodwin et al., 1991) and our exper-
iment. In their experiment the references were either a flat surface, which has a curvature
of 0 m−1, or a surface with a curvature of 158 m−1. The curvatures in our experiment
were around 28.6 m−1. Our findings for curvature are lower than both values found in
Goodwin et al. (1991), but the range of curvatures in which we did our experiment was
different from their range. Furthermore, we must bear in mind that the tasks with which
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these thresholds for curvature discrimination were determined differ greatly. In Goodwin
et al. (1991), the subjects were passively presented with curved surfaces on the pad of the
index finger. In our experiment, the subjects actively felt the curvature of two opposing
sides of a cylinder and compared it to two other opposing sides.

Pont et al. (1999) also reported curvature discrimination thresholds. They used stimuli
from -4 m−1 to +4 m−1. Subjects were asked to feel the curvature with different combi-
nations of three, two or one finger on different positions on a curved surface. In a control
experiment, curvature discrimination thresholds for the middle finger were found. These
thresholds ranged from 8.3 m−1 to 14.5 m−1. These exceed the measuring range of their
stimuli and thus were not well defined. Our result for curvature discrimination is lower
than these results. Similar points of discussion can be made as in the comparison with
the values found by Goodwin et al. (1991), with the exception that in Pont et al. (1999)
subjects actively felt the curvature.

2.4.3 Change in curvature
Unlike curvature itself, thresholds for change in curvature are much more difficult to
determine. From our experiment, it is clear that feeling the change in curvature in addition
to the local curvature, allows subjects to discriminate the orientation of a cylinder for
lower aspect ratios than if change in curvature is not felt. This is probably due to feeling
the continuous change of the curvature, which gives more information than feeling only
two points.

2.4.4 Edges
Plaisier, Bergmann Tiest, and Kappers (2009) showed that edges and vertices are salient
features in a haptic search task. In the search task they constructed, a target of one shape
had to be detected among distractor items of a different shape. The shapes consisted
of cubes, spheres, tetrahedrons, cylinders and ellipsoids. The presence of edges helped
in distinguishing cubes and tetrahedrons from spheres and ellipsoids. However, in our
experiment the edges did not contribute to determining in which orientation the block
was placed. As the edges contain no information regarding the orientation, one would
not expect them to play a role in this experiment. When subjects are asked to explore
the block freely, one would expect a better performance as more information, such as
information from sliding the fingers along the sides, is added to the cues available. As
our results show, this assumption is incorrect. The threshold increases with 46%, even
with the added information from freely exploring the stimulus. The influence of this
information and the edges cannot be directly disentangled in this setup, but the presence
of edges can be said to raise the threshold with at least 46%. Therefore, it is clear that
feeling edges has a big disruptive influence on the determination of the orientation of a
block.
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Other experiments, in which edges do not contribute, but could play a disruptive role,
show similar effects. Van der Horst and Kappers (2008) found that when humans are
asked to distinguish blocks with a rectangular cross-section from blocks with a square
cross-section, they are less accurate than when distinguishing cylinders with an elliptical
cross-section from ones with a circular cross-section. Van der Horst and Kappers (2008)
used similar cylinders as those used in our experiment, but the blocks were chosen to have
a circumference equal to the circumference of the cylinders. This means that the axes of
the blocks they used were smaller than those used in our experiment, where the axes of the
blocks were equal to the axes of the cylinders. Roland and Mortensen (1987) found that
when humans are asked to distinguish the more oblong object, they are more accurate in
ellipsoids than in cuboids. Both studies concluded that the curvature is used in a reliable
and efficient way. From our experiment it can be seen that this conclusion is only a part
of the explanation. The presence of the edges also plays a role in the increase in detection
threshold for blocks.

2.5 Conclusion
This experiment shows that local features can be used effectively in determining global
properties, but they can also cause the performance to deteriorate. With the current setup
we are able to quantify this influence for curvature and change in curvature and give a
lower limit on the influence of the edges. Both curvature and change in curvature on
the cylinder give extra information on the global shape and therefore increase the per-
formance, whereas edges, as salient features, distort the perception of the overall shape,
thereby decreasing the performance. The influence of local properties depends on whether
they contribute information on the global shape or not. Salient features that do not con-
tribute information on the global shape, distort the accuracy of the perception of the global
shape.
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295.

Abstract

For small stimuli, it has been shown that subjects are very accurate in distinguish-
ing a cylinder with an elliptical cross-section from one with a circular cross-section.
In such a task, both curvature and length are integrated effectively. Large cylinders
are explored differently: either by one hand or by two hands sliding over the surface.
However, the same cues are available. We investigated the integration of position and
curvature in unimanual and bimanual exploration. In Experiment 1, curved surfaces
were presented as part of a horizontal cylinder with a cross-section that was either a
horizontally or a vertically elongated ellipse. We found that discrimination thresholds
for unimanual exploration were significantly larger than for bimanual exploration.
In Experiment 2, we found that position discrimination thresholds were independent
of type of exploration (unimanual or bimanual) and surprisingly also independent of
reference length. In Experiment 3, we found that discrimination thresholds for the po-
sition of the midsagittal plane were on average lower than the position discrimination
thresholds found in Experiment 2. From these findings, we conclude that the lower
thresholds in Experiment 1 for bimanual exploration compared to unimanual explo-
ration are due to integration of curvature, not position or uncertainty of the midsagittal
plane in unimanual exploration.

35
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3.1 Introduction

When holding a basketball, a soccerball or any other spherical object, we can feel which
one of the three is the biggest. We can feel this by holding the object between our hands
or by placing the object on a table and feeling the surface with one hand. Feeling which
is biggest, could be due to the difference in diameter between the spheres or due to the
difference in curvature of the surface we are touching, or a combination of the two. In a
sphere these two are linked: the smaller the diameter of a sphere, the larger the curvature.
It is interesting to know if and how these two properties are integrated in the bimanual
perception of objects. Are you more accurate when exploring a surface of a large (radius
larger than 15 cm) sphere with two hands than when exploring with one hand?

If there is integration between the two hands, this would be a form of cue combi-
nation. Previous studies on cue combination have mostly focussed on the integration of
inputs from the different senses, such as vision, touch and audition (see Ernst and Bülthoff
(2004) for an overview). However, there have also been several studies of cue integration
within the same sense (Lovell, Bloj, & Harris, 2012; Bergmann Tiest et al., 2011; Gar-
ner, 1988). When two or more cues are available that can give a perception of the same
physical property, these cues can interact in several ways: either there is no interaction,
or one cue dominates and the other cue is neglected (winner-take-all model), or the cues
integrate effectively, decreasing the discrimination threshold for the physical property, or
the cues interfere with one another, increasing the discrimination threshold. In the present
study, we investigate bimanual cue integration within the same modality, namely touch.
By comparing unimanual discrimination thresholds to bimanual discrimination thresh-
olds, we investigate whether there is integration of position and curvature in bimanual
exploration of real surfaces.

In this study, we designed a task (Experiment 1) that required both distance and cur-
vature. By comparing unimanual exploration to bimanual exploration we investigate the
integration between two hands. In Experiment 2, we measure discrimination thresholds
for the position of the hands. The distance in Experiment 1 is perceived by knowing the
position of the hands. Therefore, how accurate you perceive the distance is determined
by how accurate you perceive the positions of your hands, i.e. proprioception. Finally, in
Experiment 3, we check how accurate subjects can determine the position of their mid-
sagittal plane. In the unimanual condition of Experiment 1, subjects need to determine the
position the stimulus is located at by comparing the position of their hand to the position
of their midsagittal plane.

3.2 Experiment 1: Deviation from circular

In this experiment, we expand on the work done by Van der Horst and Kappers (2008)
and Kappers (2010). Van der Horst and Kappers (2008) used real stimuli in which both
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length and curvature cues were combined. They found that subjects could distinguish an
elliptical shape with an aspect ratio (length of long axis divided by length of short axis)
of only 1.03, for both static and dynamic exploration, from a circular shape. On the other
hand, blocks with a rectangular cross-section needed an aspect ratio of 1.15 for static and
1.11 for dynamic exploration to be distinguished from square shapes. The shapes they
used fit into one hand and were explored by grasping the objects with the whole hand.
The same stimuli were used by Panday, Bergmann Tiest, and Kappers (2012) to show that
curvature and change in curvature lower orientation detection thresholds, whereas edges
raise these thresholds. The result that curvature greatly increased the accuracy with which
subjects could do these tasks, is of particular interest for our present study. It suggests that
length and curvature cues can be combined effectively.

Kappers (2010) investigated the way curvature and distance are combined in bimanual
haptic perception. Subjects were asked to adjust the distance between two curved surfaces
to form a circular cylinder. The curvature of the stimuli varied in such a way that the radii
of the cylinders formed by two surfaces was between 15 and 85 cm. Kappers (2010)
found that adjustments were often far from veridical and that deviations were often larger
than discrimination thresholds. She hypothesized that the deviations were due to either a
systematic bias in curvature perception or to a misestimation of the distance between the
hands.

The task we designed used some of the same stimuli as used by Kappers (2010). We
placed the stimuli at a distance larger or smaller than the radius of the circular cylinder
corresponding to the curved surface. In this way we created a cylinder with an elliptical
cross-section, similar to the stimuli used by Van der Horst and Kappers (2008). However,
the stimuli described here are larger, such that they cannot be held in one hand. An exag-
gerated sketch of the stimuli can be seen in Figure 3.1. When the distance is larger than the
radius corresponding to the curvature, the surfaces form a horizontally elongated ellipse.
When the distance is smaller than the radius corresponding to the curvature, the surfaces
form a vertically elongated ellipse. Subjects are asked to verbally indicate whether the
distance is larger or smaller than the radius. They were further shown the sketch in Figure
3.1 and explained that if the distance is larger it would feel as a horizontally elongated
ellipse and if the distance was smaller, it would feel as a vertically elongated ellipse.

With this setup we can answer two questions. The first question is, whether distance
and curvature can be integrated. The task can only be performed consistently, if distance
and curvature are integrated. The second question is whether information from the two
hands is integrated in bimanual exploration. If performance for bimanual exploration is
more precise than for unimanual exploration, then there is a benefit to exploring large
objects with two hands instead of one.
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A

B

Figure 3.1: Sketch of the stimuli. (A) The distance is larger than the radius corresponding
to the curvature, forming a horizontally elongated ellipse. (B) The distance is smaller than
the radius corresponding to the curvature, forming a vertically elongated ellipse.

3.2.1 Methods
Subjects

Ten paid subjects (mean age 24 ± 4 years, 5 male) participated in this experiment. All
subjects were right-handed according to Coren’s test (Coren, 1993). All subjects were
naive as to the purpose of the experiment and gave their informed consent. None of the
subjects reported any known hand deficits. Half of the subjects started with Experiment
1, the other half with Experiment 2.

Two subjects (S7 and S10) were asked to repeat a condition, because no psychometric
curve could be fitted to their first data. Leaving these two subjects out completely did not
change the significance of the results, therefore we chose to include them in the results.

Stimuli and set-up

Curved surfaces set on a rail, as shown in Figure 3.2, were used as stimuli. The location of
the stimuli could be adjusted by the experimenter with an accuracy of 1 mm. The stimuli
were made of a compound of polyurethane foam and artificial resin (Cibatool BM 5460)
and manufactured on a computer controlled milling machine. The set-up was the same as
used by Kappers (2010) and Sanders and Kappers (2006). The rail was set 13 cm from
the edge of a small table with a height of 76 cm. This put the middle of the stimulus at a
height of 100 cm.
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Figure 3.2: Setup for Experiment 1 with curved surfaces on a rail. The dashed line shows
that the form felt by the subject is a horizontally elongated cylinder.

The curved surfaces had a square base (29 × 29 cm). The curvatures were 5.2, 3.4,
2.5, and 2.2 m−1, which correspond to cylinders with a radius of 19, 30, 40, and 45 cm,
respectively. The curved stimuli were placed on the rail in such a way that they formed
a part of a cylinder with a horizontal virtual axis pointing towards the subject (see Figure
3.2).

Task

Subjects were presented with a curved surface to either their left hand, their right hand
or two curved surfaces to both hands simultaneously. They were instructed to first move
their hand or hands from the top to the bottom of the surface or surfaces and could then
explore the surface or surfaces freely. This ensured that subjects had all the possible cues
available to them.

The subjects were asked to imagine a circular cylinder based on the curvature that they
felt, with either one hand or both hands. In the unimanual condition, subjects were asked
to indicate verbally whether the distance they felt between the position of their hand and
the position of their midsagittal plane was larger or smaller than the radius of the imagined
cylinder if the cylinder was centered in front of them. In the bimanual condition, subjects
were asked if the distance they felt between the positions of their two hands was larger or
smaller than the diameter of the imagined cylinder. Subjects were further instructed that a
larger distance would be almost equal to feeling a horizontally elongated ellipse, whereas
a shorter distance would feel like a vertically elongated ellipse. The question was further
clarified with a sketch depicting a bimanual situation where the distance was larger than
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the diameter and a picture where the distance was smaller than the diameter, as shown in
Fig 3.1.

Procedure

Subjects were blindfolded and seated on a stool that was adjustable in height, with their
body 20 cm from the edge of the table and their shoulders at 110 cm height. They were
not allowed to view the stimuli at any time. Before each session, subjects were asked to
point with both hands simultaneously to a point on the table in their midsagittal plane.
This point was aligned with the center of the setup.

We tested 4 reference distances: 19, 30, 40, and 45 cm, with the left hand, right hand
and both hands, which gives a total of 12 conditions. These conditions were presented
in a random order. The stimuli were presented at several distances around the reference
distances. The exact distances tested were determined by a combination of two inter-
leaved 1-up-1-down staircases with a step size of 3 cm. From this an estimate of the bias
and the threshold was determined. Around these estimates a constant stimuli method was
designed. Wijntjes and Kappers (2009) used a similar method in which they first pre-
sented the stimuli according to a staircase method, followed by a constant stimuli method
designed around the bias estimated from the staircase method.

In the present procedure, after the same stimulus was presented twice consecutively
and subsequently three reversals in both the staircase from below and the staircase from
above occurred, the constant stimuli part was started (see Figure 3.3). The points of the
constant stimuli part were chosen based on the last eight trials of the staircase method.
These points were placed equidistant from one another around a center point. The average
of the last eight points was coerced towards an integer value plus 0.5 cm (e.g. -0.5,
1.5, 2.5,...). The resulting value was chosen as the center point. The center point was
chosen in this way to increase the chance of overlap of the constant stimuli points with
the previously sampled points from the staircase. The distance between the points was the
value of the standard deviation of the last eight points minus 1 cm, rounded to the nearest
cm. This ensured that the stimuli were chosen from the relevant range.

In order to more clearly demonstrate how this procedure works, an example on data
from Experiment 1 is given in Figure 3.3: after offering the same stimulus two times in a
row at trial 12, there were three reversals between 3 cm and 6 cm in both staircases. This
led to a center point of 4.5 cm for the constant stimuli method. In this case, the distance
between the points was 1 cm. As can be seen, the largest and smallest value of the stimuli
in the constant stimuli part overlap with values tested in the staircase method.

This method needed 36-54 trials per condition. Each condition took an average of
15-20 minutes, resulting in a total time for the experiment of 3-4 hours per subject. This
was divided into 3-4 sessions of each 1 hour. Sessions were either on different days or
with at least 30 minutes of rest in between.
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Figure 3.3: Example of a run of the staircase method followed by the constant stim-
uli method. The presented stimulus, given in difference from circular in cm, is plotted
against the trial number. The point of the start of counting the reversals of the staircases is
indicated. Horizontal lines are drawn for the constant stimuli points, which were sampled
eight times per point. On the right axis the number of trials per distance is indicated.

Analysis

The fraction of “larger” responses for all distances were plotted against the difference
between the tested distance and the radius corresponding to the curvature of the stimulus.
A weighted least squares fit, where the weights were determined by the number of trials
per point, was made with a psychometric function of the following form:

f (x) =
1
2

erf
(

x−µ√
2σ

)
+

1
2

(3.1)

Here, erf is the cumulative Gaussian distribution, µ is the point of subjective equality and
σ is a parameter that describes the steepness of the curve and can also be taken as the
discrimination threshold. These are common definitions when measuring discrimination
thresholds. These parameters are defined differently when measuring detection thresholds
(Gescheider, 1997). An example of a psychometric curve fitted to data can be seen in
Figure 3.4.

A 4 (distance) by 3 (exploration method) repeated measures ANOVA was performed
on the discrimination thresholds and biases to determine if there was an effect of dis-
tance or exploration method. In all analyses, if sphericity was violated, we used the
Greenhouse-Geisser correction. If an effect was found, a pairwise comparison with Bon-
ferroni correction was conducted. A p-value of 0.05 or lower is considered significant.
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Figure 3.4: Example of a psychometric curve fitted to the same data as shown in Figure
3.3. The fraction of the response “larger” is plotted against the difference from circular
in cm. The bias is defined as the distance for which the psychometric function equals 0.5
and is indicated in the plot. The size of the plot points depends on the number of trials per
point.

3.2.2 Models
To test in what way the cues from the right hand and the left hand are integrated, we
tested an optimal cue combination model and a winner-take-all model. By comparing
the resulting values of the models to the measured values we can see whether integration
according to the model takes place. If the model and the measured values differ, this
means that the assumptions of the model are not applicable.

Cue combination model

In the optimal cue combination model the cues from both hands are combined into one
single percept in such a way that the total variance of the total percept is minimized
(Ernst & Bülthoff, 2004). The total perception of distance is a combination of cues of the
different hands:

Ib = wlIl +wrIr (3.2)

where Ib is the percept of both hands, Il and Ir are the cue of the left and right hand,
respectively, and wl and wr are the weight factors for the left and right hand, respectively,
that determine how the two cues are combined into one percept. These weight factors
should add up to one, because we assume that no cue is enhanced and that the total
percept is based solely on the cues from both hands:
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wl +wr = 1. (3.3)

The threshold can be seen as the noise on the perception. This threshold, rather than the
actual cues, is what we can measure in our experiments. Therefore, our model focuses on
relating the measured thresholds for the total percept to the thresholds for the individual
hands. The threshold of the task as a whole can be calculated from the noise on the
individual cues, by adding them quadratically:

σ
2
b = w2

l σ
2
l +w2

r σ
2
r = w2

l σ
2
l +(1−wl)

2
σ

2
r (3.4)

where σb is the threshold for the task with both hands and σl and σr are the thresholds
for the left hand and the right hand, respectively. By assuming that there is optimal cue
combination, one can say that the cues combine in such a way that the threshold on the
total perception is as small as possible. This means that one should calculate the weight
factors for which there is a minimum for σb. This leads to a general solution (as given in
Ernst and Bülthoff (2004)) for the weight factors:

w j =
σ
−2
j

∑i σ
−2
i

. (3.5)

For the weight factors for the left and right hand this leads to the following expressions:

wl =
σ2

r

σ2
r +σ2

l
, (3.6)

wr =
σ2

l

σ2
r +σ2

l
. (3.7)

By substituting these in Equation 3.4 we find a solution for σb in terms of the thresholds
of the left and the right hands:

σb =

√
σ2

l σ2
r

σ2
l +σ2

r
. (3.8)

We calculated the predicted thresholds for both hands for all subjects on all the reference
distances, by using the measured values for the thresholds of the left and right hand. We
then compared the calculated σb to the measured threshold with both hands and tested
whether they differed significantly from each other by performing a 4 (distance) by 2
(model-measurement) repeated measures ANOVA.
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Winner-take-all model

In the winner-take-all model, the threshold for both hands is equal to the threshold of the
hand with the lowest threshold:

σb = min(σl ,σr). (3.9)

We compared the calculated total threshold for the winner-take-all model to the measured
threshold for both hands by performing the same repeated measures ANOVA as for the
optimum cue combination model.

3.2.3 Results

Psychophysical results

Figure 3.5 shows the mean “deviation from circular” thresholds of ten subjects for curved
surfaces for the four reference distances (19, 30, 40, and 45 cm) with matching curva-
tures (5.2, 3.4, 2.5, 2.2 m−1 respectively). A significant effect of the exploration method
(F(2,18) = 31, p = 2.1× 10−5) was found. From Figure 3.5 it can be seen that, on av-
erage, for all distances the exploration with both hands resulted in lower thresholds than
the thresholds found for exploration with the left or right hand. A pairwise comparison
with Bonferroni correction showed a significant difference between exploring with the
left hand or with both hands (p = 0.0015) and a significant difference between exploring
with the right hand or with both hands (p = 2.0× 10−4). There was no significant dif-
ference between exploring with the right hand or the left hand (p = 0.47). There was no
significant effect found for reference distance (p = 0.69), nor were the interaction effects
between reference distance and method of exploration significant (p= 0.54). The average
thresholds for the left hand, the right hand and for exploration with both hands were 3.3,
2.8 and 1.6 cm, respectively.

Figure 3.6 shows the mean biases for curved surfaces for the four reference distances
with matching curvatures. A two-sided t-test was used to determine if a bias was different
from zero. Only for the first reference distance of 19 cm were the biases significantly
different from zero (p = 0.0050, p = 0.040, p = 0.0025, for left hand, right hand and
both hands, respectively). A significant effect of distance (F(3,27) = 4.3, p = 0.014)
was found. There was no significant effect of exploration method. In Figure 3.6 it can
be seen that for a larger reference distance the bias is smaller. A regression analysis
was performed on the biases averaged over left, right and both hands, for each distance
for each subject and a two-sided t-test was done to determine if the average slope was
different from zero. The average of the bias of left, right and both hands was used, because
there was no significant effect of exploration method. On average, the slope was negative
and significantly different from zero (t(9) =−2.5, p = 0.033).
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Figure 3.5: Mean discrimination thresholds of ten subjects for curved surfaces for refer-
ence distances of 19, 30, 40 and 45 cm from the midsagittal plane. The curvatures of the
stimuli (5.2, 3.4, 2.5, 2.2 m−1 respectively) matched with the reference distances.
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Figure 3.6: Mean bias of ten subjects for curved surfaces for reference distances of 19,
30, 40 and 45 cm from the midsagittal plane. Each reference distance was explored with
the left hand (L), the right hand (R) and both hands (B). Error bars indicate the standard
error of the sample mean. There was a significant effect of distance.
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Figure 3.7: Mean discrimination thresholds computed with the optimal cue combination
model (O), winner-take-all model (W) and measured values (M) for curved surfaces for
reference distances of 19, 30, 40 and 45 cm from the midsagittal plane. Error bars indicate
the standard error of the mean.

Comparison with models

The mean “deviation from circular” thresholds computed with the optimal cue combina-
tion model can be seen in Figure 3.7. The average computed threshold for both hands
was 1.9 cm. In comparing the values for the optimal cue combination model to the
measured values for bimanual exploration, we found an effect of model-measurement
(F(1,9) = 5.5, p = 0.044). The measurements were significantly lower than the com-
puted values of the model. The values for the winner-takes-all model are simply the low-
est value of right or left handed exploration per reference distance as shown in Figure 3.5.
In comparing the values for the winner-take-all model to the measured values, we found
an effect of model-measurement (F(1,9) = 25, p = 7.0×10−4). The measurements were
significantly lower than the computed values of the model.

3.2.4 Discussion
There is an effect of distance on the average biases. As can be seen from Figure 3.6
the error bars on the average biases are large. This is due to the fact that the biases
are strongly dependent on the subject. Some subjects have very small biases, whereas
others have larger biases, some have positive biases, others negative biases, some show a
dependency on reference distance, others do not.

Sanders and Kappers (2006) reported on biases for curvature discrimination with sim-
ilar dependencies. They asked subjects to match the curvature felt with one hand, to
a curvature felt with the other hand. Subjects then indicated if they wanted a stimulus
that was less or more curved than the previous stimulus. This resulted in biases where a
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curved surface in one hand was considered equal to a less or a more curved surface in the
other hand. The authors concluded that bimanual discrimination biases are participant-
dependent. If there is a bias in discrimination of the curvature, this indicates that curvature
is not felt similarly for both hands, but also between subjects there is a difference in how
curvature is perceived. Sanders and Kappers (2006) hypothesized that the scanning length
was different for each subject, but in our experiment, subjects were told to scan the en-
tire length of the stimuli. Therefore, the biases cannot only be caused by differences in
scanning length.

To determine whether a distance is larger or smaller than the diameter corresponding
to a curvature felt is a task that depends a great deal on the ability of a person to estimate
the radius of a cylinder based on the curvature. This is an absolute estimation, unlike
discrimination experiments. Therefore the bias depends largely on the ability of the sub-
ject to estimate the radius based on curvature. Kappers (2010) showed that when subjects
were asked to adjust two curved surfaces such that they form a circular cylinder, subjects’
adjustments were far from veridical, which is in line with the biases we found.

The biases become smaller with increasing reference distance. For larger reference
distances perception is almost veridical. For a smaller reference distance the subjects
perceive a horizontally elongated cylinder as circular. This could be due to an inability to
judge the distance accurately or to biases in curvature perception.

Average thresholds were between 1.5 and 4 cm. This threshold tells us how pre-
cise subjects were in determining whether the distance of a curved surface was larger or
smaller than what they thought was the actual radius (unimanual) or diameter (bimanual).
In other words, how precise they could discriminate between a horizontally elongated el-
lipse and a vertically elongated ellipse. Subjects need to feel both the position and the
curvature of the surface and integrate these to complete this task. The low thresholds
found, indicate that subjects were able to integrate curvature with distance. This conclu-
sion is consistent with results given by Kappers (2010). She found that subjects adjusted
the surfaces to form a circular cylinder consistently, but were not veridical. By conduct-
ing a discrimination experiment rather than a matching experiment, we quantified how
accurate the subjects are and how large the deviation from veridical is.

One of the stimuli used by Sanders and Kappers (2006) to determine curvature dis-
crimination thresholds, was also used in the current experiment, namely the stimulus with
a curvature of 2.52 m−1, which corresponds to a radius of 40 cm. They found a curva-
ture discrimination threshold of 0.35 m−1 for a reference curvature of 2.52 m−1. This
corresponds to distinguishing a cylinder with radius of 40 cm from a cylinder with a ra-
dius of (2.52+ 0.35)−1 = 35 cm: a 5 cm difference. As the thresholds we found, for
Experiments 1, are below this value, we can conclude that the accuracy of this task is not
limited by curvature discrimination. It is important to note that the task in Experiment
1 was not about discrimination of curvature, but about the accuracy of linking curvature
and distance.

The thresholds for bimanual exploration are significantly lower than those for uni-
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manual exploration. There could be two explanations for the lower thresholds for the
bimanual condition: either there is integration of curvature, position or both between the
two hands, or there is more perceptual uncertainty in the unimanual condition. We will
first address the first possibility, which leads to experiment 2 and then discuss the second
explanation, which leads to experiment 3.

If there is some form of integration taking place, it would be interesting to know
whether the integration in bimanual exploration is due to the integration of position, of
curvature, or of a combination of the two. Squeri et al. (2011) conclude that curvature
is not integrated in bimanual exploration. In a discrimination experiment, they presented
subjects with the same curvature to both hands for the bimanual condition to compare with
the unimanual thresholds. In their setup the subjects grasped handles and their hands were
moved passively by two robotic manipulanda to follow a curved trajectory. They reported
no significant difference between bimanual and unimanual thresholds and concluded that
there was no improvement of haptic sensitivity in bimanual exploration. However, the
curvature was only felt by movement or proprioception; no real curved surface was felt
with the palm of the hand. There was cutaneous stimulation of one spot on the hand
where the handle was located, but this is due to grasping the handles. In their experiment,
only cutaneous force information is present, but no cutaneous shape information. This is
a different setup from our experiments, because the subjects in our experiment not only
have the proprioceptive information from the curved movement, but also the cutaneous
information of the curved surface. Pont et al. (1997) showed that cutaneous information
influences the ability to discriminate curvature. In their experiment, they compared cur-
vature discrimination with the palmar side of the hand to discrimination with the dorsal
side. The discrimination with the dorsal side, that has a lower cutaneous receptor density
than the palmar side, was poorer. Thus, cutaneous information is important in feeling
curvature. Therefore, we cannot use the conclusion of Squeri et al. that curvature is not
integrated in our discussion, because in their experiment cutaneous stimulation was not
present.

To determine whether the lower thresholds in bimanual exploration in Experiment 1
are due to integration of position, curvature or a combination of the two, we look at the
bimanual integration of only position, which is the cue used to discriminate between two
lengths. To investigate the bimanual integration of position we designed Experiment 2.

We now discuss the second possible explanation of the lower thresholds for bimanual
exploration. An indication that there is more uncertainty in the unimanual condition can
be seen from the fact that the bimanual integration is better than predicted by the optimal
cue combination model. Since the information that is used in the bimanual condition can
only come from the separate hands, it must be that this information is available for each
hand, but that the cues available in the unimanual condition are not fully used.

An explanation could be that there is extra uncertainty from having to perform this
typical two-handed task with only one hand. This uncertainty could be explained by
uncertainty about the position of the midsagittal plane. The position of the midsagittal
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plane is only necessary in the unimanual condition. In the bimanual condition, subjects
can use the position of the two hands. To check for the uncertainty of the midsagittal
plane, we conducted Experiment 3 in which subjects were asked to indicate if a flat surface
was located to the left or to the right of their midsagittal plane. But first we discuss
Experiment 2.

3.3 Experiment 2: Position

In Experiment 1, the distance between the stimuli or the distance between the stimulus
and the midsagittal plane was one of the two cues necessary to perform the task. There
has been very little research done on the perception of distance or length between two
hands. The length of objects can be felt in several ways. Jastrow (1886) classified and
investigated two haptic methods to perceive length. Firstly, length can be perceived by
the perception of the distance between two movable parts of the body such as the thumb
and index finger (Jastrow, 1886; Langfeld, 1917a; S. S. Stevens & Stone, 1959; Dietze,
1961; Durlach et al., 1989; Gaydos, 1958). This is often called the finger-span method.
Secondly, distance can be perceived by freely moving a limb, for instance the arm, over a
certain distance as investigated, for example, by Hollins and Goble (1988).

Here, we will focus on a variation of distance between two movable parts of the body:
the distance between the left and right hand, which has so far only been tested indirectly.
For example, Baud-Bovy, Squeri, and Sanguineti (2010) determined the length discrimi-
nation threshold between two hands. However, in their setup the subjects felt the stimulus
during the changing of the length, i.e. the transient length. The subjects were asked to
grasp two vertical handles in their hands. These handles represented the ends of a vir-
tual bar. This virtual bar was also presented visually. The distance between the handles
changed, while the subjects held the handles. The visual representation of the bar re-
mained the same length, but changed color to indicate that the change was taking place.
Subjects were asked to indicate whether the distance between the handles became larger
or smaller.

In their study, the difference between static and dynamic detection of the change in
length was studied. In the static condition, the bar stayed in the same place with respect
to the subject, while changing in length. In the dynamic condition, the bar was moved in
the horizontal plane, while changing in length. The change took 0.25 seconds and then
0.25 seconds to return to the original length.

They found that for a virtual bar of 150 mm in the static condition a change of 1.6
mm could be felt, whereas in dynamic conditions the threshold was 10.7 mm. The focus
of their study was mainly on the difference between detecting changes in length in static
and dynamic conditions. When comparing the length of two objects, for instance, to
determine which ball is larger, one does not feel the change in length, but rather one has
to compare two distances sequentially. One has to feel whether the position of the hand
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Figure 3.8: Setup for Experiment 2 with flat surfaces on a rail.

has moved inward or outward when holding the second sphere. How accurate humans
can perform this task has not been investigated previously.

In this experiment, subjects discriminated positions between flat surfaces unimanually
and bimanually. If the perception of position is integrated between both hands, we expect
lower thresholds for bimanual exploration than for unimanual exploration. On the other
hand, if there is no integration or if there is interference, then we expect similar or higher
thresholds.

3.3.1 Methods
Subjects

The same subjects from Experiment 1, participated in Experiment 2. Half of the subjects
started with Experiment 1, the other half with Experiment 2.

Stimuli and set-up

The set-up was the same as used in Experiment 1, except that flat surfaces were used as
stimuli. A picture of the setup can be seen in Figure 3.8.

Task

Subjects were presented with a flat surface to either their left hand, their right hand or two
flat surfaces to both hands simultaneously, after which they were presented with the same
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surface or surfaces, but at a different position. In the bimanual condition, the surfaces
were moved congruently: if the left stimulus was moved a certain distance to the left, the
right stimulus would be moved the same distance to the right. Subjects were explicitly
informed about this. Basically, they compared the position of their hand at two subsequent
distances and judged whether the position of their hand was closer or farther away from
the midsagittal plane. Between feeling the two distances, subjects were asked to place
their hand back into their lap. The subjects were asked to indicate verbally which of the
two distances presented was larger. They were instructed to keep their hand or hands
stationary while touching the surface or surfaces.

Procedure

Subjects were blindfolded and seated on a stool that was adjustable in height, with their
body 20 cm from the edge of the table and their shoulders at 110 cm height, as described
in Experiment 1. They were not allowed to view the stimuli at any time. Before each
session, subjects were asked to point with both hands simultaneously to a point on the
table in their midsagittal plane. This point was aligned with the center of the setup.

We tested 4 reference distances: 19, 30, 40, and 45 cm, with the left hand, right hand
and both hands, which gives a total of 12 conditions. These conditions were presented in
a random order. In each trial one stimulus was presented at the reference position and one
stimulus at a test position. The order of the reference and test position was random and
counterbalanced. The test position was determined using the same method as described
in Experiment 1. Each condition took an average of 15-20 minutes, resulting in a total
time for the experiment of 3-4 hours per subject. This was divided into 3-4 sessions of
1 hour each. Sessions were either on different days or with at least 30 minutes of rest in
between.

Analysis and Models

The fraction of “larger” responses for all distances were plotted against the distance from
the point of physical equality, similar as described in Experiment1. In fitting a psycho-
metric curve to the data, µ in Equation 3.1 is fixed at 0, because there is no difference
other than the length between the reference and the test stimulus. Furthermore, since the
lengths of the test stimuli were randomly larger or smaller than the reference stimulus, no
bias is expected.

The same models as described in Experiment 1 were used to test for integration be-
tween two hands.
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Figure 3.9: Mean position discrimination thresholds of ten subjects for flat surfaces for
reference distances of 19, 30, 40 and 45 cm from the midsagittal plane. Each reference
distance was explored with the left hand (L), the right hand (R) and both hands (B). Error
bars indicate the standard error of the sample mean. There was no significant effect of
distance, exploration method, nor were there any significant interaction effects.

3.3.2 Results

Psychophysical results

Figure 3.9 shows the mean position discrimination thresholds of ten subjects for flat sur-
faces. Each reference distance of 19, 30, 40, and 45 cm was explored with the left hand,
the right hand and both hands. There was no significant effect for reference distance
(p = 0.11) nor exploration method (p = 0.74). There were also no significant interac-
tion effects (p = 0.73). The average position discrimination threshold for each reference
distance was 2.4, 2.1, 1.7 and 2.0 cm, respectively. The average position discrimination
threshold was 2.1 cm.

Comparison with models

The mean discrimination thresholds computed with the optimal cue combination model
are shown in Figure 3.10. The average computed threshold for both hands was 1.3 cm.
In comparing the values for the optimal cue combination model to the measured values
for bimanual exploration, we found an effect of model-measurement (F(1,9) = 11, p =
0.010). The measurements were significantly larger than the computed values of the
model. The values for the winner-takes-all model are simply the lowest value of right
or left handed exploration per reference distance as shown in Figure 3.9. In comparing
the values for the winner-take-all model to the measured values, we found no effect (p =
0.14).
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Figure 3.10: The mean discrimination thresholds computed with the optimal cue com-
bination model (O), winner-take-all model (W) and measured values (M) for reference
distances of 19, 30, 40 and 45 cm from the midsagittal plane. The error bars indicate the
standard error of the mean.

3.3.3 Discussion

Regarding discrimination thresholds for position, we found that the average threshold
was around 2.1 cm, independent of the reference distance or method of exploration. The
result that there is no effect of the distance on the discrimination threshold of position
with two hands is surprising. The task can also be seen as discrimination of object size
and the result that there is no effect of reference distance indicates that discrimination is
independent of the size of objects being compared. Previous studies on the perception of
object size were done with only one hand (see, for example, Durlach et al. (1989)) where
the object is grasped between the thumb and index finger. In these studies, a dependency
on reference distance was found. This is consistent with the fact that in our study the
property used by subjects was not the difference in length, but the difference in position
of the hands.

It is useful to compare our results to studies on proprioception. Van Beers, Sittig,
and Denier van der Gon (1998) asked subjects to perform position-matching tasks in
different locations with respect to their body. They found that hand positions closer to the
shoulder were localized more precisely than positions further away. From this result, one
could expect that for larger reference distances subjects would be less accurate and have
a higher threshold. However, this is not the case in our experiment. The results on the
accuracy of the sense of the position of the hand cannot explain the current results.

From the study by Van Beers et al. (1998) one would expect the thresholds to depend
on the reference length. It is therefore interesting that discrimination of distances on larger
scales is independent of the reference length. A possible explanation could be that there
is a limit on the increase in thresholds with increasing distances, such that above a certain
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distance humans have a constant accuracy independent of the reference length.
The second interesting result from this experiment is that there is no effect of the

exploration method. Subjects seem to be equally accurate when exploring the distance
unimanually as bimanually. Taking this result together with the result that the predicted
values of the optimal cue combination model are significantly lower than the measured
values, leads to the conclusion that the redundant cues from both hands on position are
not integrated according to the optimal cue combination model.

Therefore, it can be assumed that in Experiment 1 the precision of feeling the position
of the curved surfaces is also not integrated in bimanual exploration. As we do find a better
performance for bimanual exploration compared to unimanual exploration in Experiment
1, this must be due to integration of the curvature, unless the uncertainty of the midsagittal
plane in unimanual exploration is large.

In the unimanual condition in Experiment 2, subjects compare two distances. The
cues available to them are two different positions of their hand where in the second explo-
ration, their hand is farther or closer to the midsagittal plane than in the first exploration.
Therefore, subjects do not require any knowledge about the position of the midsagittal
plane in Experiment 2. However, in Experiment 1 the uncertainty of the midsagittal plane
is relevant in the unimanual condition. Therefore, we tested this in Experiment 3.

3.4 Experiment 3: Midsagittal plane

A second possible explanation for the higher thresholds in the unimanual condition in
Experiment 1 is the uncertainty of the location of the midsagittal plane. In the unimanual
condition, subjects compare the position of the stimulus to the midsagittal plane to de-
termine if this distance is larger or smaller than the radius corresponding to the curvature
they feel. In the bimanual condition, subjects can compare the distance between the two
surfaces directly. It is therefore interesting to know the accuracy of the perception of the
location of the midsagittal plane.

3.4.1 Methods

Subjects

For this experiment 10 new subjects (mean age 28 ± 4 years, 4 male) were asked. Sub-
ject 9 was strongly left-handed, subject 3 was moderately left-handed, subject 10 was
moderately right-handed and all other subjects were strongly right-handed according to
Coren’s test (Coren, 1993). All subjects gave their informed consent. None of the subjects
reported any known hand deficits.
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Figure 3.11: Midsagittal plane position discrimination thresholds for each subject. The
final bar indicates the mean threshold with error bar indicating the standard error of the
mean.

Stimuli, setup and task

The stimuli and setup are similar to the unimanual condition of Experiment 2. The flat
surface is placed either to the left or the right of the midsagittal plane of a subject. The
subject then feels the stimulus with the right hand and responds verbally whether the
stimulus is located to the left or to the right of the middle.

Procedure and analysis

Subjects were blindfolded and seated on a stool that was adjustable in height, with their
body 20 cm from the edge of the table and their shoulders at 110 cm height. Before each
session, subjects were asked to point with both hands simultaneously to a point on the
table in their midsagittal plane. This point was aligned with the center of the setup.

We tested 8 positions: 0.50, 1.0, 1.5, 2.0 cm left or right of the center with the right
hand. These positions were each presented 8 times in a random order. This is a constant
stimuli method. This resulted in 64 trials, which took on average 10 minutes.

The data was fitted with a psychometric curve as given by Equation 3.1.

3.4.2 Results
The thresholds for all subjects are given in Figure 3.11. The mean threshold was 0.90 cm
with a standard error of 0.15 cm.

3.4.3 Discussion
The thresholds for determining the location of the midsagittal plane are lower (unpaired
t-test t(18) = 3.7, p < 0.002) than the thresholds for determining the position of the right
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hand as found in Experiment 2. This is consistent with the results from Van Beers et al.
(1998). They found that positions of the hand near the body were located more precisely
than position farther away. Some care must be taken in interpreting this result, as the
subjects in Experiment 3 are different subjects from those in Experiment 2. However,
there is no reason to assume that these subjects were not a good representation of the
general population.

This leads us to conclude that the precision of the perception of the location of the
midsagittal plane in Experiment 1 cannot explain a higher threshold for the unimanual
condition. In the bimanual condition, the location of the other hand is known less pre-
cisely than the location of the midsagittal plane. Based on this, one could even expect
higher thresholds for bimanual exploration than for unimanual exploration.

3.5 General Discussion

The results from Experiment 2 show that position discrimination does not benefit from a
bimanual presentation of the same cue. When positions with the same distance from the
midsagittal plane are presented to both the left and to the right hand, the perception of
these positions is not more accurate. In daily life the position of the left hand is not neces-
sarily correlated to the position of the right hand when touching or lifting objects, because
objects are not always centered on our midsagittal plane. Integration of the position would
give no advantage.

This means that the perception of the position of the hands on curved surfaces in
Experiment 1 does not lead to a more accurate assessment in bimanual exploration. How-
ever, in Experiment 1, exploring the curved surfaces with two hands does lead to lower
thresholds compared to unimanual exploration. The only two cues available to the touch
are the position of the hand and the curvature of the surfaces. If feeling the position with
two hands does not lead to a more accurate assessment, that leaves the curvature. With
symmetric objects, what is felt by the left hand is correlated with what is felt by the right
hand independent of the location of the object with respect to the midsagittal plane. It
could therefore be advantageous to integrate the curvature between the two hands. We
conclude that when the curved surface is felt with the palm of the hand curvature is inte-
grated in bimanual exploration.

It is interesting to note that position is not integrated, whereas curvature is integrated
bimanually. A possible explanation could be that curvature gives information about the
shape of the object, whereas position does not. Shape is probably represented in higher
order processes in the brain, where cues from both hands can contribute and be integrated.
This could also explain the difference between our findings and the conclusion of Squeri
et al. (2011) that curvature is not integrated bimanually. In their experiment, subjects
did not need to form an opinion of the shape of the object being explored, but simply
compared curvatures. In our first experiment, subjects were explicitly informed that the
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two surfaces felt were part of either a horizontally or vertically elongated ellipse.
From Experiment 3 we see that the average threshold for determining the location

of the midsagittal plane is lower than the discrimination threshold for determining the
position of the hand at 19, 30, 35 and 40 cm. Therefore, in bimanual exploration the
uncertainty of the position of the hands is higher than the uncertainty of the position of
the midsagittal plane in unimanual exploration. Based on only the midsagittal plane, one
would even expect a better performance for unimanual exploration. Therefore, we con-
clude that the uncertainty of determining the midsagittal plane in the unimanual condition
in Experiment 1 cannot explain the higher thresholds for the unimanual conditions.

From the experiments done in this study we conclude that position and curvature are
integrated effectively with each other when determining the deviation from circular of a
cylinder. This is in line with the results by Van der Horst and Kappers (2008), where sub-
jects were very sensitive to discriminating cylinders with an elliptical cross-section from
cylinders with a circular one. Furthermore, curvature information is integrated between
two hands, as can be seen from Experiment 1, where thresholds for one hand were signif-
icantly larger than thresholds for two hands. This cannot be explained by integration of
position information, as can be seen from the similar position discrimination thresholds
for one hand and for both hands found in Experiment 2. Neither can the uncertainty of
the midsagittal plane explain the higher thresholds for unimanual exploration, as can be
seen from the low discrimination thresholds found in Experiment 3.
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CHAPTER 4

INTEGRATION OF LENGTH AND

CURVATURE IN HAPTIC

PERCEPTION

Panday, V., Bergmann Tiest, W. M., & Kappers, A. M. L. (2014). Integration of
length and curvature in haptic perception. Scientific Reports, 4, 3856.

Abstract

We investigated if and how length and curvature information are integrated when
an object is explored in one hand. Subjects were asked to explore four types of objects
between thumb and index finger. Objects differed in either length, curvature, both
length and curvature correlated as in a circle, or anti-correlated. We found that when
both length and curvature are present, performance is significantly better than when
only one of the two cues is available. Therefore, we conclude that there is integration
of length and curvature. Moreover, if the two cues are correlated in a circular cross-
section instead of in an anti-correlated way, performance is better than predicted by
a combination of two independent cues. We conclude that integration of curvature
and length is highly efficient when the cues in the object are combined as in a circle,
which is the most common combination of curvature and length in daily life.

59
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A

B

Figure 4.1: Subjects are less sensitive in distinguishing objects with a square cross-
section from objects with a rectangular cross-section (A) than they are in distinguishing
objects with a circular cross-section from objects with an elliptical cross-section (B), due
to the absence of curvature information in the former case.

4.1 Introduction
The integration of cues from different modalities or from different sources of information
is a topic of growing interest, because it teaches us about the way information is pro-
cessed by the sensory system. In this study, we investigated how length and curvature are
integrated in unimanual haptic exploration. We know that in unimanual exploration, the
presence of curvature improves the ability to distinguish the oblongness of stimuli: the
threshold for distinguishing cylindrical objects with circular and elliptical cross-sections
is smaller than that for distinguishing between blocks with a square and rectangular cross-
sections (Van der Horst & Kappers, 2008). This is illustrated in Figure 4.1. Furthermore,
we know that in bimanual exploration, length and curvature can be combined into a to-
tal percept of a cylinder with a circular cross-section (Kappers, 2010; Panday, Bergmann
Tiest, & Kappers, 2013). However, unimanual perception is different from bimanual per-
ception. It is still unclear whether the improved detection of oblongness in unimanual
exploration is due to some form of integration of two cues or only due to a higher sensi-
tivity for differences in curvature compared to length.

We discuss three possible explanations for the increased performance for cylinders
over blocks. Firstly, it could be that curvature provides more precise information than
length. In the case when both length and curvature are present in an object, subjects could
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be more sensitive in detecting the difference based on curvature and therefore select that
cue to base their judgement on. This is called the winner-take-all model, in which subjects
are more sensitive to one of the cues present and base the combined percept on the cue
they are most sensitive to. In this model, if subjects are more sensitive to, for instance,
the curvature cue, they would be able to distinguish objects which contain both curvature
and length cues as well as they can distinguish objects which contain only curvature cues.
This would be irrespective of how the length and curvature are combined, i.e. whether
curvature and length form a circle or are not correlated at all.

Secondly, subjects could perceive both length and curvature simultaneously but due
to stochastic fluctuations, one cue might be more precise on a specific trial. Subjects then
change the cue on which they base their judgement accordingly. In this way, the com-
bined chance of perceiving the distinction becomes larger than the chance of perceiving a
difference in either cue individually. This we call independent combination, in which two
uncorrelated cues give rise to a higher detection probability (Garner & Morton, 1969).
It is important to note here that although two cues can be correlated in the stimuli, it re-
mains to be seen whether they are also correlated in the perception by subjects. In objects
that have both length and curvature cues, it might depend on the way these two cues are
combined whether they are treated as correlated in the perception.

Thirdly, subjects could combine the information from the length and curvature cues in
a way that surpasses simple cue combination. An example is a combination according to
the maximum-likelihood-estimator paradigm (Van Beers et al., 1999; Ernst & Bülthoff,
2004), in which cues are weighted with their statistical reliability. In this way, the percep-
tion of an object with two cues would be more accurate than when the cues are combined
in an uncorrelated way.

We designed four stimulus sets with which we tested these three possible explanations.
These stimuli were felt between the thumb and index finger. In condition 1, we used
stimuli that differ only in length and have a flat surface. In condition 2, the stimuli differ
only in curvature, which is defined as the reciprocal of the radius (curvature = 1

R ), and
have the same maximum distance between the two surfaces. In condition 3, we used
stimuli that differ both in length and curvature and these two cues are correlated as in a
circle. In condition 4, we used stimuli that have the same lengths and curvatures as in
condition 3, but the curvature and length are correlated in reverse order. This means that,
for instance, the smallest length from condition 1 is combined with the smallest curvature
from condition 2. This we will call anti-correlated with respect to a circle.

We compared the ability to discriminate length only (condition 1) and the ability to
discriminate curvature only (condition 2) with the ability to discriminate circular cylinders
(condition 3) and the ability to discriminate anti-correlated cylinders (condition 4). If the
two cues in conditions 3 and 4 are processed by the subjects in a winner-take-all fashion,
then we expect conditions 3 and 4 not to differ significantly from the best of conditions
1 or 2. If both condition 1 and condition 2 differ significantly from condition 3 we can
exclude the winner-take-all model as a possible explanation in case they are combined in
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a circular way. The same conclusion can be drawn for the comparison with condition 4,
where curvature and length are anti-correlated.

From the results of the length only and the curvature only conditions, we can predict
what the results should be if the two cues are uncorrelated in the perception of subjects.
We compared these predictions to the measured values of both condition 3 and condition
4. If the two cues are truly integrated, then performance in condition 3 should be better
than predicted. In condition 4, the two cues are technically correlated, but this is not
a combination often felt in daily life as opposed to the circular cylinders of condition
3. If integration is independent of the way these two cues are combined in the object,
performance in condition 4 should be better than predicted. However, if both cues are
used in the perception, but are not perceived to be correlated, we do not expect a difference
between the results of condition 4 and the predicted results.

4.2 Methods

4.2.1 Subjects
Twelve paid subjects (mean age 21 ± 2 years, 4 male) participated in this experiment.
All subjects reported to be right-handed. All subjects were naive as to the purpose of the
experiment and gave their informed consent. None of the subjects reported any known
hand deficits. The program under which these experiments were performed is approved by
the Ethical Committee of the Faculty of Human Movement Sciences at the VU University
in Amsterdam.

4.2.2 Stimuli and set-up
The stimuli were printed on a Z-Corp Z450 3D printer, by binding a plaster composite
with an epoxy. The resolution of this printer is 300 by 450 dpi and the layer thickness is
0.089 - 0.102 mm. The cross-section of the stimuli, i.e. the curvature and the length, were
printed in the horizontal plane and thus rendered with a resolution of 300 by 450 dpi. This
is more than 10 dots per mm, which is sufficient for the purpose of measuring thresholds.
The printed objects were made stronger by soaking them briefly in liquid superglue and
then wiping them dry. Finally, the surfaces that were to be felt in the experiment were
lightly sanded until they were smooth. All stimuli were 30 mm wide and 20 mm high.
The third dimension varied as described below. All stimuli had a square hole in order
to put them on a stand. This ensured that the stimuli were fixed in place, but could be
switched easily. All different stimuli can be seen in Figure 4.2.

We used four types of stimuli. In condition 1, the stimuli had flat surfaces which
were 20.5, 21.0, 21.5, 22.0, and 22.5 mm apart for the test stimuli and 20.0 mm for the
reference stimulus. In condition 2, the stimuli had curved surfaces with curvatures of
100 m−1 for the reference stimulus and 97.6, 95.2, 93.0, 90.9 and 88.9 m−1 for the test
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Figure 4.2: Stimuli used in condition 1 (top) differ only in length. Stimuli used in condi-
tion 2 (second from top) differ only in curvature. Stimuli used in condition 3 (third from
top) differ in both length and curvature as circular cylinders with increasing radii. Stimuli
used in condition 4 (B) differ in both length and curvature with curvature in reverse order
compared to condition 3. The lengths of the stimuli used in conditions 1, 3 and 4 are
written above the stimuli. The curvatures of the stimuli used in conditions 2, 3 and 4 are
written below the stimuli.
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stimuli. In this condition, the stimuli had a constant maximum length of 20.0 mm. In
condition 3, the stimuli were part of cylinders with circular cross-sections with the same
diameters as the lengths in condition 1 for the test and reference stimuli. The curvatures
are the same as in condition 2. For condition 4, we designed stimuli that had an anti-
correlated length and curvature. This means that for a large length, the curvature was also
large. This is the exact opposite of condition 3, where a small length is combined with a
large curvature. This means that for the reference stimulus the length was 20.0 mm, but
the curvature was equal to the curvature of a circular cylinder with a diameter of 22.5 cm,
i.e. 88.9 m−1. For the test stimuli we combined the lengths of 20.5, 21.0, 21.5, 22.0,
22.5 mm with curvatures of 90.9, 93.0, 95.2, 97.6 and 100 m−1, respectively. The lengths
of the stimuli described above differed less than 0.05 mm from the indicated length and
the curvatures differed less than 0.5 m−1 from the indicated curvature. This accuracy is
more than sufficient given the differences needed for measuring the thresholds.

For each stimulus two instances were created. This ensured that subjects would not be
able to use small differences in, for instance, texture to differentiate between two shapes,
but could only use differences in shape.

4.2.3 Procedure

Subjects were blindfolded and seated on a chair. The stimulus to be felt was placed on a
stand that was located 28 cm from the table edge at a 45 degree angle with the edge of the
table (see Figure 4.3B). This ensured that subjects could comfortably grasp the stimulus
without having to bend their wrist.

The following procedure of presenting subjects with the stimuli is based on the method
used by Durlach et al. (1989) to determine d′ values for distinguishing small differences
in length. In this method, we did not inform subjects what difference, for instance, length
or curvature to focus on. This ensured that we could compare the performance of subjects
between different conditions directly. This experiment was a one-interval forced-choice
experiment and subjects were presented with two stimuli (reference and test) at the start of
the experiment and the numbers 1 or 2 were assigned to the two stimuli. Whether number
1 was the test or the reference stimulus was randomized between blocks. Subjects were
asked to feel the stimulus between their thumb and index finger and to focus only on the
shape of the stimulus. They were given no further hints on how the shapes would differ.
After feeling the two stimuli at the start of the experiment, subjects felt one stimulus
at a time and had to indicate whether they thought it was number 1 or number 2. The
experimenter provided feedback after every answer. Feedback in this type of experiment
is important, because subjects easily lose their reference. Giving feedback ensures that
subjects are constantly reminded which stimulus was named number 1 and which number
2. This was repeated 60 times for each pair of test and reference stimuli for each condition.
The first 10 trials were practice trials and the final 50 trials were used for analysis. The
subjects were not informed about this.
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Figure 4.3: A: stimuli were grasped between the thumb and the index finger of the right
hand. Stimuli were placed such that the axis was horizontal. B: stimuli were placed on a
stand at a 45 degree angle with the edge of the table.
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We tested five differences between reference and test stimuli per condition. Each
condition was tested in one session of one hour, giving a total of 4 hours per subject.
The order of the conditions and the order of the test stimuli within a condition were
counterbalanced as much as possible across participants by constructing a Latin rectangle.
The rectangle was created by first creating a 4 by 4 Latin square. Another 2 Latin squares
were constructed with the first line of the previous square shifted to the left. The same
procedure was done for the five differences between reference and test stimuli. For the
differences, a 5 by 5 Latin square was constructed and the last two rows of the last Latin
square were left out.

In a run of 60 trials, subjects were presented with either one of the two duplicate
reference stimuli (both of the same shape) or one of the two duplicate test stimuli. Which
was to be presented was randomized. Each of the two identical stimuli was presented 15
times, which means that each shape was presented 30 times. Furthermore, in the first 10
trials, each shape was presented 5 times.

4.2.4 Analysis

For each run of 50 trials, we calculated the d′ for each run. d′ is a measure of sensitivity
that takes into account the instances subjects indicate to detect a signal when there is
no signal present (false alarm). In our case they indicate that they feel stimulus 1 while
actually feeling stimulus 2. The d′ values are calculated from the fraction of correct
identifications of stimulus 1 and the fraction of incorrect identifications of stimulus 2 by
the following equation (Macmillan & Creelman, 1991) :

d′ = Z(hit)−Z( f alse alarm), (4.1)

where Z(p), p ∈ [0,1] is the inverse of the cumulative Gaussian distribution, hit is the
fraction subjects indicate feeling stimulus 1 while feeling stimulus 1 and f alse alarm is
the fraction subjects indicate feeling stimulus 1 while actually feeling stimulus 2. We plot
the mean d′ against the difference from reference for each condition. Statistical analysis
was performed on the d′ values. Firstly, we checked for sphericity. If sphericity was
violated we used Greenhouse-Geisser corrected values. A 4 (condition) by 5 (difference
from reference) repeated measures ANOVA was performed. Since the effect of difference
from reference is trivial, namely with increasing length the d′ will increase, we only
looked more closely at the effect of condition with Bonferroni corrected planned pairwise
comparisons between the conditions 1-3, 2-3, 1-4, 2-4 and 3-4.

When the values of d′ of length and of curvature are not correlated by the subjects
when an object which contains both cues is felt, one can view these two cues as orthogonal
(Garner & Morton, 1969). In this case one can predict a d′ for distinguishing two objects
which contain both length and curvature by quadratically summing the values for d′ of
length only and curvature only (Garner & Morton, 1969):
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d′2p = d′21 +d′22 (4.2)

In this equation, d′p stands for the predicted d′ of an object that contains both length
and curvature, d′1 stands for the d′ found in condition 1 (length only) and d′2 stands for
the d′ found in condition 2 (curvature only). We calculated this d′ for each subject per
difference from reference. This leads to five mean values for the predicted d′ which can
be compared to the measured values of condition 3 and condition 4. In both conditions,
the length and curvature are correlated within the stimulus. By comparing the predicted
values to measured values we can check wether they are correlated in the perception of
the subjects.

4.3 Results

Figure 4.4 shows the mean sensitivity index, d′ (as explained in more detail in the analysis
section), of 12 subjects for the four conditions for all differences from reference. A 4
(condition) by 5 (difference from reference) repeated measures ANOVA shows an effect
of condition (F(3,33) = 22, p = 4.5× 10−8), difference from reference (F(4,44) = 16,
p = 1.6×10−14) and an interaction effect (F(4.3,47) = 6.5, p = 2.5×10−4). The values
for d′ of both condition 1 (length only) and condition 2 (curvature only) are significantly
lower than those of condition 3 where these two cues are combined in circular cross-
sections (p= 2.0×10−3 and p= 1.5×10−6, respectively). Comparing the values for d′ of
these two conditions to condition 4, in which length and curvature correlate in the opposite
way compared to condition 3, we see that condition 1 (length only) is not significantly
different from condition 4 (p = 0.19), whereas condition 2 (curvature only) is (p = 6.4×
10−5). Finally, we find that the values for d′ of condition 3 are significantly higher than
those of condition 4 (p = 0.046).

In Figure 4.5 the predicted values are shown with the values for conditions 3 and
4 for comparison. A 2 (condition) by 5 (difference from reference) repeated measures
ANOVA shows an effect of condition (F(1,11) = 9.9, p = 0.0092) and difference from
reference (F(4,44) = 73, p = 7.2× 10−19) and no significant interaction effect. Since
the effect of difference from reference is trivial, namely with increasing difference the
d′ increases, we only look into the effect of condition in more detail. Two paired t-tests
show that the values for condition 3 are significantly larger than the predicted values for
differences from reference of 1.0, 1.5 and 2.0 mm (t(11) = 3.0, p = 0.012, t(11) = 3.5,
p = 0.0050 and t(11) = 4.8, p = 5.9× 10−4, respectively). In contrast, the values of
condition 4 are never significantly different from the predicted values (t(11) = −2.0,
p = 0.076, t(11) = 0.53, p = 0.61, t(11) = 1.3, p = 0.21, t(11) = 2.1, p = 0.064 and
t(11) = 0.28, p = 0.78, respectively).
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Figure 4.4: Mean d′ of 12 subjects for conditions 1 (length only), 2 (curvature only), 3
(correlated length and curvature) and 4 (anti-correlated length and curvature). For con-
ditions 1, 3 and 4, the mean d′ were plotted for differences from reference (diameter
20.0 mm) of 0.5, 1.0, 1.5, 2.0 and 2.5 mm. For conditions 2 and 3, the mean d′ were
plotted for differences from reference (diameter 20.0 mm, curvature 100 m−1) of 2.4, 4.8,
7.0, 9.1 and 11 m−1 in curvature. The length of the stimuli for condition 2 were all 20.0
mm. Finally, the mean d′ of condition 4 were plotted for differences from reference (di-
ameter 20.0 mm, curvature 88.9 m−1) of 2.0, 4.1, 6.3, 8.7 and 11 m−1 in curvature. Error
bars indicate the standard error of the sample mean.
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Figure 4.5: The mean of the predicted values of d′ if subjects use both length and curva-
ture cues in an uncorrelated way. The mean values for conditions 3 and 4 are shown for
comparison. The mean d′ were plotted for differences from reference (diameter 20.0 mm)
of 0.5, 1.0, 1.5, 2.0 and 2.5 mm. Error bars indicate the standard error of the sample mean.

4.4 Discussion

From Figure 4.4 it can be clearly seen that if both curvature and length are present in
the object, subjects can distinguish the test stimulus from the reference much better than
when only one of the cues is present. If one looks in more detail one can see that the
d′ for both length only and curvature only remain low until 2.5 mm difference. In con-
trast, if both cues are present the d′ is already high at 1.0 mm difference. This means that
with either of the cues by itself it is much harder to distinguish a difference smaller than
2.5 mm, but when both cues are combined already a very small difference is easily dis-
tinguished. Therefore, we conclude that there must be some form of integration of length
and curvature and we can exclude the winner-take-all model.

The question that remains is whether the integration we find is due to an indepen-
dent combination or due to subjects correlating the length and curvature cues in a more
complex manner. From Figure 4.5 we can see that when length and curvature are com-
bined in a circular cylinder, the predictions based on the assumption that the length and
curvature cue are uncorrelated are significantly lower than the values for d′ measured in
condition 3. Thus, independent combination is insufficient to explain the better perfor-
mance in condition 3. In contrast, the values of condition 4 are not significantly different
from the predicted values, which means that in this condition the perception of length
and curvature is probably independent and the increase in performance can be ascribed to
independent combination.
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Comparing condition 3 with condition 4, we can say that apparently, we are more
sensitive to the length and curvature of objects if they are combined in a circular cross-
section. Plaisier and Ernst (2013) showed that a strongly curved local surface leads to an
overestimation of the length, whereas a weakly curved local surface leads to an underes-
timation. To explain their results, they suggested that subjects assume that local curvature
is related to the length. This assumption by subjects would also explain the better per-
formance on objects with circular cross-sections that we find when comparing condition
3 with condition 4. Whether subjects assume circularity or not, our results show that for
integration of information in the brain it is not only important which cues are available,
but also how they are combined.
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BIMANUAL AND UNIMANUAL

LENGTH PERCEPTION

Panday, V., Bergmann Tiest, W. M., & Kappers, A. M. L. (in press). Bimanual and
unimanual length perception. Experimental Brain Research.

Abstract

From previous studies it is unclear how bimanual length discrimination differs
from unimanual length discrimination. To investigate the difference, we designed an
experiment with four conditions. In the first two conditions, unimanual and bimanual
discrimination thresholds are determined. In the third and fourth conditions, length is
explored with the two index fingers like in the bimanual condition, but the reference
is either internal, by clasping the hands together, or external, by grasping handles con-
nected to the table. We find that thresholds for the unimanual condition (7.0%) and the
clasping condition (9.2%) are both lower than for the bimanual condition (16%) and
the grasping handles condition (15%). We conclude that when discriminating length
unimanually and bimanually while clasping the hands together, the internal reference
within the hand can be used and that explains the lower discrimination thresholds.
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5.1 Introduction

Whenever you grasp an object you immediately get an idea of how large it is. You can feel
the object’s dimensions in several ways as first classified by Jastrow (1886). You can feel
the length between two movable parts of your body, for instance, your thumb and index
finger. Secondly, you can feel the length of an object by moving across it, for instance, by
sliding your finger over the surface (e.g., Lanca & Bryant, 1995; Hermelin & O’Connor,
1975). Finally, you can get a feeling of the length by the indentation of your skin, for
instance when an object lies in your open hand.

After Jastrow (1886) classified three ways to perceive length by touch, several studies
have investigated haptic length perception using two movable parts of the body. Most of
these studies take the thumb and index finger as the movable parts, the so-called finger-
span method (e.g. Langfeld, 1917b; S. S. Stevens & Stone, 1959; Dietze, 1961; Durlach
et al., 1989; Gaydos, 1958). A couple of studies have been done with length perception
between two hands (Baud-Bovy et al., 2010; Panday et al., 2013). In unimanual explo-
ration the Weber fraction for a reference length of 50 mm has been found to be 0.02 (e.g.,
Langfeld, 1917b; Dietze, 1961; Gaydos, 1958). S. S. Stevens and Stone (1959) found a
Weber fraction of 0.11 for a reference length of 10 mm. In the study by Panday et al.
(2013) the bimanual length discrimination threshold was measured for reference lengths
of 38, 60, 80 and 90 cm. For the largest length a Weber fraction of 0.044 was found, for
the smallest length a Weber fraction of 0.13. From comparing these thresholds it is not
yet clear whether there is a difference between unimanual and bimanual exploration.

There have been some studies that investigated magnitude estimation of a length felt
between the two index fingers (Teghtsoonian & Teghtsoonian, 1965) and magnitude es-
timation between the thumb and middle finger of the same hand (S. S. Stevens & Stone,
1959). Teghtsoonian and Teghtsoonian (1965) found that the magnitude estimates of
length by touch can be fitted against the magnitude estimates by vision using a linear
function with a slope of one. They report that the magnitude estimates closely resemble
the physical values. In contrast, S. S. Stevens and Stone (1959) report that magnitude esti-
mations follow a power function of the physical values where the exponent is 1.2. In both
these studies the magnitude estimations were given in a verbal response. The difference
could be because of the different ways of exploration, i.e. bimanual versus unimanual
exploration.

In the present study, we investigate the difference between unimanual and bimanual
length discrimination directly. There are a few reasons for assuming that there is a differ-
ence between these two methods of feeling length. The first hypothesis is that controlling
and perceiving from two hands is more difficult than from one hand. In one hand the infor-
mation goes to only one side of the brain, whereas in bimanual exploration the information
necessarily has to go to the two different hemispheres and these have to communicate. It
has been shown that finger movements are almost exclusively controlled by cortical areas
in the contralateral hemisphere (Brinkman & Kuypers, 1973). However, it has also been
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shown that during unimanual finger presses the ipsilateral primary sensory and motor
cortices show finger-specific activity patterns (Diedrichsen, Wiestler, & Krakauer, 2013).
These are suppressed globally. Furthermore, in mental imagery of everyday bimanual
actions, the intermanual coordination demands are primarily met by changes in the con-
nectivity between areas of the brain and not by changes in the total amount of neural
activity (Szameitat, McNamara, Shen, & Sterr, 2012). These studies indicate that it could
be more difficult to perceive from two hands, but that it is not necessarily so.

Another line of reasoning is that when feeling the length of objects the reference
frames that are involved are different or used differently. Klatzky and Lederman (2003)
proposed an ordering of spatial reference frames, where it depends on the task which
reference frame is used. In their study, they consider pointing tasks with two index fingers.
This is not unlike touching the two ends of an object with two index fingers as we do in
our study. In this ordering, the first cues considered are from the kinesthetic receptors
in muscles, tendons and joints. In their study, subjects first felt two locations with their
index fingers and after returning to the start location were asked to replace either both
fingers, one finger on the same location or one finger to the other location. They found
that the error for replacing one finger on the same location was smaller than replacing the
finger on the location the other finger was on. This shows that cues from the kinesthetic
receptors were important in this task. This leads to our second hypothesis, which is that
the better performance of unimanual exploration would be due to the kinesthetic cues
involved. When perceiving with, for example, two index fingers, the elbow and shoulder
joints are involved, whereas when perceiving with the index finger and the thumb of the
same hand, the angles of the elbow and shoulder joints are not informative. The angle
around each joint is estimated and for each joint there is an uncertainty for this estimation.
Compared to unimanual exploration, the joints for bimanual exploration are much farther
away from the points that need to be differentiated. A small uncertainty in the angle of
the shoulder or elbow, leads to a larger uncertainty of the position of the fingertip than a
similar uncertainty in the angle of a finger joint. It is possible that humans try to minimize
the uncertainty of the angle of the shoulder joint by pressing the elbows against the body,
but then the uncertainty of the angle of the elbow joint still has a larger effect on the
position of the fingertip than the uncertainty of the angle of the joints in the finger. It has
been shown that the perception of the change in angle of proximal joints is more precise
than of the distal joints (Hall & McCloskey, 1983; Tan, Eberman, Srinivasan, & Cheng,
1994). However, when expressed in terms of linear velocity of the fingertip, the opposite
is found. Hall and McCloskey (1983) conclude that the joints work together to perform a
common task.

In the ordering proposed by (Klatzky & Lederman, 2003) the other reference frames,
extrinsic and configural reference frames, must necessarily be derived from the kinesthetic
cues. The extrinsic reference frame consists of the egocentric and allocentric reference
frames. In the egocentric reference frame distances and angles are defined with respect
to the body, whereas in an allocentric reference frame, which they also call an exocentric
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reference frame, the parameters are defined with respect to the outside world, for in-
stance, the edge of the table. Finally, in the configural reference frame the parameters are
object-centered and thus invariant under rotations. When determining the length, either
bimanually or unimanually, without touching anything else, only the egocentric reference
frame can be used. The difference between unimanual and bimanual exploration would
be in what reference frames can be used. (Carrozzo, Stratta, McIntyre, & Lacquaniti,
2002) have shown that in pointing tasks, both egocentric and allocentric reference frames
can be used simultaneously. In bimanual exploration, the origin of the egocentric refer-
ence frame would be in the body, whereas in unimanual exploration, the origin can be in
the hand. It is possible that discrimination is less or more precise in different reference
frames, because fewer or more computations are necessary for determining the difference
in length depending on the coordinate system of the reference frame. This leads to our
final hypothesis that when the origin of the reference frame is in the hand, discrimination
is more precise.

To test these hypotheses we designed an experiment with four conditions. In the first
two conditions, we determine the unimanual and bimanual length discrimination thresh-
olds, to investigate whether unimanual exploration indeed gives lower thresholds. In the
third condition, two hands are used, but the reference is within the hands. This is achieved
by clasping the hands together and feeling the stimuli between the two index fingers. In
the final condition, two hands are used, but the reference is external. This is achieved by
grasping two fixed handles and feeling the stimuli between two index fingers.

If the first hypothesis were true, we would expect all bimanual conditions to yield
higher thresholds than the unimanual condition. Whether the hands are clasped or hold-
ing handles would be irrelevant if the main limitation were the two brain hemispheres
having more difficulty communicating about the position of the fingers in space than one
hemisphere. If the different joints, whose angles have to be perceived, were the main
factor, we would expect the thresholds of the clasping condition to not differ significantly
from those of the unimanual condition. This is because the distances from the joints to the
fingertips do not differ greatly between these two conditions. On the same grounds, we
would not expect the thresholds in the grasping handles condition to differ significantly
from those of the unimanual condition. However, an argument can be made that the han-
dles introduce an uncertainty of the orientation of the hands. In this case, the rotation
around the handles could be seen as another joint. When comparing this to the bimanual
condition, the distance from where the hands are grasping the handles to the fingertips is
smaller than the distance from the shoulder and the elbow to the fingertips. If the counter
argument were true, we would expect the thresholds of the grasping handles condition
to be in between the unimanual and bimanual exploration thresholds. If having a refer-
ence in the hand were the most important factor, we would expect the thresholds for the
condition where the hands are clasped together to be not significantly different from the
unimanual condition and lower than the bimanual condition in which the hands are free in
the air. If the threshold of the condition where subjects grasp handles is not significantly
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Figure 5.1: On the left an image is shown where the experimenter holds the stimulus
as in the actual experiments (A). On the right, four images of the four conditions of the
experiment are shown (B-E). To prevent the stimulus and hand configuration from being
obstructed from view, the experimenter did not hold on to the stimuli in the four pictures
to the right as opposed to during the actual experiments. On the right we see the following
conditions. B: the length is felt between the thumb and index finger of the dominant hand.
C: the length is felt between the two index fingers, while the hands are free in the air. D:
the length is felt between the two index fingers, while the hands are clasped. E: the length
is felt between the two index fingers, while the hands are grasping two handles on the
table.

different from the unimanual condition, we can conclude that it is sufficient to have a
reference in addition to the body reference, but if the thresholds are higher than those in
the clasping hands condition, we can conclude that the additional reference needs to be
within the hand.

5.2 Methods

5.2.1 Subjects

Twelve paid subjects (mean age 22 ± 4 years, 4 male) participated in this experiment.
All subjects were right-handed according to Coren’s test (Coren, 1993). All subjects were
naive as to the purpose of the experiment and gave their informed consent. None of the
subjects reported any known hand deficits. The program under which these experiments
were performed is approved by the Ethical Committee of the Faculty of Human Movement
Sciences at the VU University in Amsterdam.
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5.2.2 Stimuli

Non-compressible blocks with varying lengths were used as stimuli. The cross-sections
of all blocks were 25.0 mm by 25.0 mm. The lengths were chosen with an equal spacing
on a logarithmic scale: 35.7, 38.5, 41.5, 44.7, 48.2, 51.9, 55.9, 60.3, 65.0, 70.0 mm. The
factor between the stimulus lengths was 1.078. The logarithmic scale was chosen based
on Weber’s law, which means that the difference that can be felt between stimuli increases
with the absolute size of the stimuli. The reference length was 50.0 mm. Three instances
of the reference were used, to prevent detection of the reference stimuli by a possible
warming of the stimulus by repeated touching. The stimuli were made of a compound
of polyurethane foam and artificial resin (Cibatool BM 5460) and manufactured on a
milling machine. The weights of the test stimuli were 15.98, 17.03, 18.35, 19.65, 21.34,
23.24, 24.88, 26.67, 28.63, and 31.03 g, respectively. The reference stimuli weighed
22.45, 22.04, and 21.94 g, respectively. The difference between the weight of the different
reference blocks is due to the fact that the length was milled with greater accuracy than the
width of the blocks. In principle, the two largest stimuli and the smallest stimulus could be
discriminated by weight from the reference, given a Weber fraction of 0.29 (Kahrimanovic
et al., 2011), but since weight cues were not available (see below) this was not a problem.
In addition, the slight deviations in the weight of the different reference blocks makes the
hypothetical use of weight even less precise.

5.2.3 Procedure

Subjects were blindfolded and seated in front of a table. The stimuli were presented to
the subjects above the surface of the table. The length was presented in the transverse
plane perpendicular to the midsagittal plane by the experimenter who held the stimuli
in the middle, as shown in Figure 5.1A. This ensured that weight could not be used as
a cue by subjects. More importantly, the experimenter held the stimuli as opposed to
putting it on a fixed stand to reduce the connection to a fixed exterior reference frame.
The forces exerted by the experimenter were mostly to compensate for the weight of the
object, while the minimal forces on the stimuli exerted by subjects were compensated as
little as possible. This caused small perturbations in the location of the stimulus, which
ensured a loose connection to any exterior reference frame. Each trial, two stimuli, the
reference and the test stimulus, were presented in random order to the subject and the
subject indicated which of the two felt longer. The ten test stimuli were each presented
ten times in a random order. The subjects were asked to grasp the stimuli in four different
ways, constituting four different conditions, as shown in Figure 5.1. In the first three
conditions, subjects were instructed to keep their arms and hands free from the table.
This ensured that they did not have an external reference. In the first condition, subjects
were asked to judge the length of the stimulus with their thumb and index finger of their
dominant hand. In the second condition, subjects were asked to feel the length of the
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Figure 5.2: Representative example of a psychometric curve fitted to data of one subject
in the two hands free condition. The fraction of the response “longer” is plotted against
the length of the test stimulus on a logarithmic scale in mm. The threshold at fraction of
0.84 is indicated.

stimulus with their two index fingers. In the third condition, subjects also felt the length of
the stimulus between their two index fingers, but now their hands were folded together as
shown in Figure 5.1C. The subjects were instructed to keep the heel of their palms together
as much as possible, interweave their fingers and cross the thumbs on top of the hands.
In the fourth condition, subjects grasped two handles, which were 9.5 cm apart, which
ensured that the hands did not touch each other. They were instructed to feel the stimulus
with their two index fingers, while only moving their index fingers and keeping their hands
as stationary as possible. In this latter condition, subjects were explicitly instructed to
keep their hands and arms on the table. The order of these conditions was counterbalanced
as much as possible between the subjects. Each condition took on average 20 minutes to
complete. The conditions were spread over two sessions of 45 minutes each.

5.2.4 Analysis
For each subject and each condition, the fraction of “longer” responses for all test lengths
were plotted against the length of the test stimulus on a logarithmic scale. A least squares
fit was made with a logarithmic psychometric function of the following form:

f (x) =
1
2

erf

(
log
( x

50.0

)
√

2log(w+1)

)
+

1
2

(5.1)

where, erf is the cumulative Gaussian distribution and w is the Weber fraction. This
function, described in Bergmann Tiest and Kappers (2011), was chosen because it is anti-
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Figure 5.3: Mean discrimination thresholds of twelve subjects for the conditions uniman-
ual (1H), free bimanual (2HFree), clasping bimanual (2HClasp) and grasping handles bi-
manual (2HTable). The error bars represent standard errors of the mean. The asterisks
indicate significant differences (p < 0.05).

symmetric on a logarithmic scale. The difference between the lengths where the function
equals 0.50 and 0.84 is equal to σ = 50w and was taken as the discrimination threshold.
An example of a psychometric curve fitted to data can be seen in Figure 5.2.

A repeated measures ANOVA was performed on the discrimination thresholds to de-
termine if there was an effect of condition. If an effect was found, pairwise comparisons
with Bonferroni correction were conducted. A p-value of 0.05 or lower is considered
significant.

5.3 Results
Figure 5.3 shows the mean length discrimination thresholds of twelve subjects for the four
conditions. An effect of condition (F(3,33) = 11, p = 3.2× 10−5) was found. Pairwise
comparisons showed that the thresholds in the one hand condition are significantly lower
than in the two hands free condition (p = 0.0048) and lower than the two hands holding
handles condition (p = 0.0081). Furthermore, the average threshold in the two hands
clasped condition is significantly lower than in the two hands free condition (p = 0.012)
and lower than in the two hands holding handles condition (p = 0.027). There is no
significant difference between the one hand condition and the two hands clasped condition
nor between the two hands free condition and two hands holding handles condition.

5.4 Discussion
From Figure 5.3, it is clear that feeling the length of an object with two index fingers
which are free (2HFree) is less precise than feeling the length with one hand between the
thumb and index finger (1H). The first hypothesis predicts that all bimanual conditions
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would have higher thresholds than the unimanual condition. As we can see that the av-
erage threshold for the condition in which the hands clasp each other and the length is
felt between the two index fingers (2HClasp) is lower than the one in free bimanual ex-
ploration (2HFree) and that the average threshold for the clasping condition (2HClasp) is
not significantly different from the unimanual condition (1H), we can reject the first hy-
pothesis. The higher thresholds in free bimanual exploration (2HFree) are not due to two
hemispheres of the brain versus one hemisphere being involved in the perception. The
low thresholds for the clasping condition (2HClasp) show that when two hemispheres are
involved, the perception can be just as precise as with unimanual exploration (1H). This
means that even though there are different brain areas involved in processing the informa-
tion from two hands compared to one hand (Brinkman & Kuypers, 1973; Diedrichsen et
al., 2013), this does not hamper the discrimination.

The second hypothesis took the uncertainty of the perception of the angle of the dif-
ferent joints to be the main reason for the difference in sensitivity between bimanual and
unimanual exploration. This explanation is less likely, because we found that the mean
threshold of the two hands clasping condition (2HClasp) is significantly lower than that
of the two hands grasping handles (2HTable). In these two conditions, the joints involved
are the same, therefore the discrimination thresholds should be similar for the two con-
ditions if the different joints involved were the main factor. The difference between the
thresholds for the two hands clasping condition (2HClasp) and the two hands grasping
handles condition (2HTable) could be explained if one takes into account that there is
an uncertainty of the angle of the hands around the handles, which is absent in the two
hands clasping condition. However, then we still would expect a difference between the
two hands free condition (2HFree) and the two hands grasping handles (2HTable). As we
found no significant difference between these two conditions, this hypothesis is less likely
than the final hypothesis.

The finding that the threshold for the clasping condition (2HClasp) is lower than the
free bimanual condition (2HFree) is in line with the final hypothesis, that states it is the
presence of an additional reference frame that can be used, which causes this improve-
ment. Furthermore, when comparing this with the threshold for the grasping handles
condition (2HTable) we see that the location of the reference is also important. In the
grasping handles condition (2HTable) the reference is fixed on the table with the handles
and thus external or allocentric, whereas in the two hands clasping condition (2HClasp)
the reference is within the hands and thus egocentric and hand centric. Apparently sub-
jects are more precise in discriminating two lengths in a hand centered reference frame
than in only a body centered reference frame.

The thresholds we found for both unimanual and bimanual exploration are higher
than the ones found in literature. For the unimanual case, we found a Weber fraction of
0.07, whereas in literature a Weber fraction of 0.02 is found for a reference distance of 50
mm (Langfeld, 1917b; Dietze, 1961; Gaydos, 1958). For the bimanual case, we found a
Weber fraction of 0.16, whereas in a previous study we found it to be between 0.05 and
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0.11 (Panday et al., 2013). The higher thresholds found in this study could be due to extra
noise from the way the stimuli were presented. In previous studies, the stimuli were fixed
to a table or standard, whereas in our setup the stimuli were offered free in the air, held
only by the experimenter. Another option is that the interaction between the experimenter
and the subject has an effect on the thresholds, because both are manipulating the stimulus
with forces. Reed et al. (2006) showed that two subjects can complete a cooperative task,
where both subjects transmit forces to each other via an intermittent object faster than
either subject can complete the task alone. However, it remains questionable whether a
so-called dyad also affects the precision of performing perceptual tasks. In our setup, it
was important that the stimulus did not have a fixed connection with the surroundings.
When an object is fixed in space, subjects are able to discriminate two stimuli based
only on the position of one index finger (Panday et al., 2013). This results in a position
discrimination. When the object is held by the experimenter, the subjects are unable to
distinguish the stimuli based on an estimate of the position of the fingers, but are forced to
use the difference between the fingertips, which results in an actual length discrimination.
As the experimenter held the stimuli in all conditions, we can compare the thresholds
between the conditions, but care must be taken when comparing these thresholds directly
to length discrimination thresholds found in other studies.

When subjects felt the objects in the air with arms free from the table, the gravitational
force working on the arms needs to be compensated by muscles in the body. Wydoodt,
Gentaz, and Streri (2006) showed that force cues influence the discrimination threshold of
length. However, in the experiments performed by Wydoodt et al. (2006), the length was
perceived by movement of an arm. In our experiment, the length is felt by placing two
fingers in contact with an object and perceiving the distance between these two points. It
has not been shown that this way of exploring length is influenced by forces working on
the arm. The thresholds found in our experiment suggest that length discrimination is not
influenced by gravitational forces, as the difference between discrimination thresholds of
two hands free in the air and two hands on the table holding two handles is not signifi-
cant. In addition, the gravitational forces could provide a frame of reference. It has been
shown that haptic perception of orientation is more accurate when feeling angles around
a vertical or horizontal direction than around, for example, an angle of 45 degrees (for a
review of this effect see Gentaz, Baud-Bovy, & Luyat, 2008). In all the conditions in our
experiment, the stimuli were presented horizontally. Therefore, if an extrinsic geocentric
reference frame is used by subjects, it would be the same for all the different conditions.

To summarize, we find that discriminating length between two index fingers of two
hands that are free in the air is less precise than discriminating length between the thumb
and index finger of the same hand that is free in the air. We conclude that when discrimi-
nating the lengths of objects, the presence of an internal reference in the hand can be used
to make the discrimination more precise.



CHAPTER 6

DISCUSSION

The main question of this thesis was how shape perception is influenced by feeling local
features and in particular length and curvature. When identifying or using objects, the
shape of an object is very important. Unlike in vision, in haptic perception you almost
never perceive the complete shape at once. Instead, you perceive local features under
your finger tips or palms of the hands and have to integrate those into a total percept of
the shape. In most of the chapters, I focussed on curvature and length as features that
have an effect on shape perception, but in Chapter 2 I also included edges and change in
curvature, while in Chapters 3 and 5 I also looked at different methods of feeling.

The answer to the main question can be divided into the effect of features and the
effect of way of exploration. In previous studies, how features such as length (e.g.,
Langfeld, 1917a; Dietze, 1961; Durlach et al., 1989) and curvature (e.g., Goodwin et
al., 1991; Pont et al., 1997; Vogels et al., 1999) are felt, was investigated in depth. In
this thesis, however, I looked at how different features have an effect on the perception of
shape. In all chapters, length was present as an informative cue. Investigating length in
shape perception is almost unavoidable. In everything we touch there is a length. From
Chapter 2, in which subjects were asked to determine the orientation of cylinders with el-
liptical cross-sections and blocks with rectangular cross-section, and Chapter 4, in which
subjects were asked to distinguish objects based on only curvature, only length or a com-
bination of both cues, we see that perceiving only the lengths within an object is sufficient
to perform these tasks. However, it is clear that the tasks described in Chapters 2 and 4 are
performed more precise when other features are also present. This is in line with previous
research (Roland & Mortensen, 1987; Van der Horst & Kappers, 2008). It is important,
however, to note that additional features can also make the perception less precise. For
instance, in Chapter 2 the edges are an additional feature of the shape, but in determining
the orientation of the shape, performance is worse when the edges are also felt. This is
interesting considering that it has been shown that edges are salient features (Plaisier et
al., 2009). For shape perception this means that in general more features lead to a more
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precise estimation or differentiation of global shape, but depending on the task some, per-
haps salient, features, like edges in the perception of global orientation, can lead to a less
precise perception.

Knowing that combining different features affects the perception, I now focus on how
the way in which they are combined influences perception. In the shapes around us length
and curvature are combined in various ways. A few simple examples are in a spherical ball
or a cylindrical glass with a circular cross-section. In these simple examples, curvature
and length (diameter) are combined as in a circle. However, it is easy to imagine shapes
in which they do not combine as in a circle. For instance, in the stimuli used in Chapter
2, where subjects were asked to indicate the global orientation of shapes, the length and
curvature in the cylindrical stimuli are combined in an ellipse. From Chapter 4, where
objects were distinguished based on length and curvature, we know that when curvature
and length are combined as in a circle, subjects are more precise in distinguishing two
objects than when curvature and length are both present but not correlated in a circle. This
means that when we feel two features in a shape, the way in which they are combined in
the shape can affect how effective they are combined in the perception. Plaisier and Ernst
(2013) even postulated that subjects assume that length and local curvature are related
to explain their results that the length of strongly curved stimuli is overestimated and
the length of a stimulus with a small curvature is underestimated. More cues increase
the precision of the perception, because the chance to distinguish two shapes increases
if they differ in more features. However, in some cases when the features in the shape
are combined in a specific way, as in a circle for length and curvature, an object with
this combination is distinguished with greater precision from other objects than can be
explained by simply increasing the chance of detection based on two independent cues.
A possible model that could explain this would be the maximum likelihood estimator
model (Van Beers et al., 1999; Ernst & Banks, 2002), which predicts a greater precision
by integrating two cues in a statistically optimal fashion.

The second part of the answer to the main question pertains to the way we explore
shapes. In this thesis, many ways of exploring shapes have been used: grasping objects
in one hand and freely moving the hand around the object, grasping between four fingers
and the thumb on different parts of the object, feeling them between two hands or just
one side with one hand, feeling them between the thumb and the index finger and finally
feeling them between two index fingers. The way of exploration can determine what
features are felt as was shown for a wide range of exploration procedures by Lederman
and Klatzky (1987). More specifically, when we compare free exploration with feeling
only a couple of places on the shape between the four fingers and the thumb, as was done
in Chapter 2, free exploration can decrease the discrimination thresholds, by including
change in curvature, but also increase discrimination thresholds by including edges. From
all the different ways of exploring there is not one best way, rather it depends on the task
involved what way leads to the most precise perception. For example, when exploring
only length, as in Chapter 5, exploring between two index fingers, while the arms are free
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or resting on the table is less precise than exploring between the thumb and index finger
or between two index fingers while the hands are clasping each other. On the other hand,
when exploring an object that also contains curvature, it is shown in Chapter 3, where
unimanual an bimanual exploration of curved and flat stimuli were compared, that at least
in large objects it pays to use both hands, as the curvature is integrated between two hands.
For shape perception in general this means that it is important to consider how the shape
is explored. Different reference frames are available in different ways of exploring as is
discussed in more detail by Klatzky and Lederman (2003).

When exploring a shape by touch, we must integrate the information from different
parts and features of the object. Furthermore, if we explore with different fingers and
hands, the information from these different parts of the body must also be integrated to
form a complete percept of the shape. In this thesis, instances of both forms of integration
have been investigated. In Chapter 3, the focus was on the integration between two hands.
I found that it depends on the feature felt with the hands whether there is integration
between the two hands. For length or position, there is no benefit of feeling an object
with two hands, whereas for curvature there is integration between two hands. In Chapter
4, the focus was on the integration of two cues present in the shape. For length and
curvature, I found that the two cues are integrated effectively especially when the two
cues are combined as in a circle. In general, I can say that if a shape differs in more
than one feature from another shape, chances to distinguish them increase and specific
combinations are distinguished with even greater efficiency. Feeling these shapes with
two hands instead of one, could increase the chances of differentiating two shapes, but
this depends on the features present in the shape.

From the results in this thesis I can say that in perceiving shape, it is beneficial to
include different features, such as length, curvature and change in curvature. However,
care must be taken when including features. When exploring a shape, it depends on the
question you have whether a feature is useful or not. As I showed in Chapter 2, including
edges when feeling the orientation of the shape, makes detecting the orientation more
difficult. When additional features are included, it depends on the exploration how much
they contribute to discriminating shapes. As I showed in Chapter 3, feeling with both
hands when both length and curvature are present, is better than feeling with only one
hand. Furthermore, as I showed in Chapter 5 it is important to consider the reference
frames that can be used while exploring the shape. At least when feeling length, it pays
to make sure a hand centered reference frame can be used by the brain. Finally, when
two different cues are present in a shape they can ensure that this shape is identified with
greater precision. Depending on how they are combined, these two cues could ensure
that the precision of identifying the shape is greater than if either of the cues appeared by
itself.

The studies in this thesis focus mainly on length and curvature. There are other local
features that influence global shape perception, as we have seen in Chapter 2, where both
change in curvature and edges were shown to influence the perception of orientation. In
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future work, the effect of change in curvature, edges and other local features could be
investigated further. For instance, when we want to distinguish two objects from each
other, how would the ability to distinguish them depend on edges or change in curvature
being felt? Length and curvature were explored in a couple of different ways and it was
shown that how shapes are explored affects how curvature and length are combined in the
perception. In Chapter 5 it was found that the precision of length perception depends on
the reference frames that can be used. Would discrimination where a hand based reference
frame can be used be more precise for other features as well? These are questions that
arise from the work in this thesis and require further investigation to be answered.

Taking the results together, I can inform engineers working on prostheses or tele-
operation robotics with haptic feedback that indeed more is better. More features that
give cues about the global feature of interest, give a more precise perception of the global
shape. When curvature is involved, feeling with two hands is more precise than only one
hand. However, care must be taken in what reference frame can be used when feeling with
two hands at least when only length is felt. Finally, I can inform interface designers that
how different features such as length and curvature are combined has an effect on how
precise they can be distinguished. These conclusions are still limited as I have mostly in-
vestigated only length and curvature as local features and only one global feature, namely
orientation, but the methods used in this thesis can also be used to investigate other fea-
tures, both local and global, that could benefit from combinations with other features or
specific exploration strategies.
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SUMMARY

In this thesis, the influence of local features, mainly length and curvature, on the percep-
tion of global shape was investigated. In the introduction, it was explained that this ob-
jective consists of two parts: one part considers the local features in the shape, the second
part considers specific exploration strategies. To explore these two aspects, four subques-
tions were formulated, which when put together shed more light on the main problem.
The first question that was answered was whether local features can influence perception
of a global feature. Once it was known that perception of global shape could be influ-
enced by local features, the next question was how curvature and length are combined in
bimanual exploration. This combined investigating different features in the shape with
different specific methods of exploration. The third question was how different features
of a shape are combined in unimanual exploration. This focussed on the features in an
object and their interaction. The final question was what the mechanism behind the dif-
ference in precision between unimanual and bimanual exploration was in the perception
of only length.

In Chapter 2, we investigated the effect of length, curvature, edges and change in cur-
vature on the ability to determine the orientation of shapes. Depending on the condition,
subjects were presented with either a cylinder with an elliptical cross-section or a block
with a rectangular cross-section. The difference from circular or square, respectively, was
varied such that a discrimination threshold could be determined for each condition. We
compared conditions with curvature and without curvature, with change in curvature and
without and finally with edges and without edges. The results showed that curvature and
change in curvature lower the threshold for detecting the orientation of a shape, but edges
increase the threshold. We concluded that if edges are not an informative cue they hinder
perception of global orientation of shape, whereas the presence of change in curvature
and curvature increase the ability to detect orientation.

In Chapter 3, the focus was on the difference between unimanual and bimanual per-
ception of shapes with both length and curvature features. In the main experiment, sub-
jects felt curved stimuli and had to indicate whether the position of the stimuli was too
far away from or too close by their midsagittal plane to form a cylinder with a circular
cross-section centered on their midsagittal plane. This required subjects to use the per-
ception of both the position and the curvature of the stimulus. We found that subjects
were more precise in the bimanual condition than in the unimanual condition. In the sec-
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ond and third experiment of this chapter we found that discrimination of position does
not differ in the unimanual and bimanual conditions and that subjects are more precise in
determining the location of their midsagittal plane than the position of a stimulus. From
this we concluded that it is the curvature that is responsible for the better performance in
the bimanual condition and that curvature is integrated between the two hands.

In Chapter 4, we looked at how different features in a shape are combined. To inves-
tigate this, we focussed on curvature and length. By comparing how well subjects can
identify shapes based on only length, only curvature and on length and curvature com-
bined, we concluded that length and curvature are integrated when both are present in
a shape and this makes identification of the shape more precise. We also investigated
whether the way in which the cues are combined affects the precision. We found that
when length and curvature are combined as in a circle, identifying a shape is more precise
than when they are combined in an anti-correlated way, i.e., when the length is small, the
curvature is small as well. We speculated that this is due to length and curvature in daily
life mostly being combined in a circular way.

In Chapter 5, the manner of exploring one aspect of shapes, namely length, was inves-
tigated. We postulated three hypotheses that could explain why free bimanual exploration
of length would be less precise than unimanual exploration. Firstly, it could be due to
the two hemispheres of the brain involved in bimanual exploration, which would make
discrimination more difficult and therefore less precise. Secondly, it could be due to the
difference in the kinesthetics involved. In two hands, differences in the position of the
tips of the index finger have to be perceived from, for example, the elbow joint angles. In
contrast, in unimanual exploration the angles that have to be perceived are much closer
to the finger tips. Smaller changes can be perceived when the distance between the joint
and the finger tips is smaller, which would make unimanual discrimination of length more
precise. Finally, the difference in the reference frame in which the discrimination is taking
place could affect the perception. In free bimanual exploration, the only reference frame
is the egocentric one with the origin in the body. In the unimanual reference frame there
is the egocentric reference frame with the origin in the hand. The difference in length
could be easier to represent or calculate in one of the reference frames, making discrim-
ination in that reference frame more precise. From comparing the four conditions in this
experiment, we concluded that discrimination is better in a hand centered reference frame.

In the final chapter, the results were discussed in the context of shape perception. The
general conclusion was that when feeling a shape, more features that give cues about the
global feature of interest, give a more precise perception of the global shape and when
curvature is present, feeling with two hands is more precise than feeling with only one.



SAMENVATTING

Interactie tussen lengte en kromming in haptische vormwaarneming
Het doel van dit proefschrift is de invloed van lokale eigenschappen, voornamelijk lengte
en kromming, op de waarneming van globale vorm te onderzoeken. In de introductie
werd uitgelegd dat dit doel uit twee delen bestond: een deel beslaat de lokale eigenschap-
pen van de vorm, en het tweede deel beslaat de specifieke exploratiestrategieën. Om deze
twee delen te onderzoeken zijn vier subvragen gesteld, die samen meer inzicht geven in
het hoofddoel. De eerste vraag die is beantwoord ging over of lokale eigenschappen de
waarneming van een globale eigenschap kunnen beı̈nvloeden. Zodra was vastgesteld dat
dit kon, was de volgende vraag hoe kromming en lengte in cilindrische voorwerpen ge-
combineerd worden in de waarneming bij exploratie met twee handen. Dit combineerde
het onderzoek naar verschillende eigenschappen van vorm met verschillende specifieke
exploratiemethoden. De derde vraag betrof de wijze waarop verschillende vormeigen-
schappen gecombineerd worden in exploratie met één hand. In deze vraag lag de nadruk
op de vormeigenschappen en hun interactie in de menselijke waarneming. De laatste
vraag ging over wat het mechanisme is achter de verschillen in precisie tussen exploratie
met één hand en exploratie met twee handen in de perceptie van lengte.

In hoofdstuk 2 onderzochten we het effect van lengte, kromming, randen en verande-
ring in kromming op het vermogen om de oriëntatie van vormen te bepalen. Afhankelijk
van de conditie werd aan proefpersonen ofwel een cilinder met een elliptische doorsnede,
danwel een blok met een rechthoekige doorsnede aangeboden. Het verschil met respec-
tievelijk een circulaire danwel een vierkante doorsnede varieerde zodanig dat een discri-
minatiedrempel kon worden bepaald voor iedere conditie. We vergeleken condities met
en zonder kromming, met en zonder een verandering in de kromming en tenslotte met
en zonder randen. Uit de resultaten blijkt dat kromming en verandering in kromming de
drempel voor het bepalen van de oriëntatie van een vorm verlagen, maar dat randen de
drempel verhogen. We concluderen dat als randen geen informatie geven, ze de waar-
neming van de globale oriëntatie van een vorm verstoren, terwijl de aanwezigheid van
kromming en de verandering in kromming in een voorwerp leiden tot lagere discrimina-
tiedrempels voor het detecteren van de oriëntatie.

In hoofdstuk 3 bestudeerden we het verschil tussen eenhandige en tweehandige waar-
neming van vormen die zowel lengte als kromming bevatten. In het hoofdexperiment
voelden proefpersonen gekromde stimuli en moesten ze aangeven of de positie van de
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stimuli te ver of te dicht bij hun midsagittale vlak was om een cilinder met een circulaire
doorsnede met het centrum in hun midsagittale vlak te vormen. Dit vereiste dat proef-
personen gebruik maakten van zowel de positie als de kromming van de stimulus. We
vonden dat proefpersonen preciezer waren in de tweehandige conditie dan in de eenhan-
dige conditie. In het tweede en derde experiment van dit hoofdstuk vonden we dat de
discriminatie van de positie niet verschilt tussen de eenhandige en tweehandige condities
en dat proefpersonen de positie van hun midsagittale vlak met een grotere precisie konden
bepalen dan de positie van een stimulus. Hieruit concludeerden we dat de kromming ver-
antwoordelijk is voor de grotere precisie in de tweehandige conditie en dat de kromming
geı̈ntegreerd wordt tussen de twee handen.

In hoofdstuk 4 bekeken we hoe verschillende vormeigenschappen worden gecombi-
neerd. Om dit te onderzoeken richtten we ons op kromming en lengte. Door te vergelijken
hoe goed proefpersonen vormen kunnen identificeren gebaseerd op alleen lengte, op al-
leen kromming en op kromming en lengte gecombineerd, concludeerden we dat lengte
en kromming worden geı̈ntegreerd als beide aanwezig zijn in een vorm. Dit maakt de
identificatie van een vorm preciezer. We vonden dat wanneer lengte en kromming als in
een cirkel zijn gecombineerd, de identificatie preciezer is dan wanneer ze zijn gecombi-
neerd in een anti-gecorreleerde manier, waarbij anti-gecorreleerd betekent dat wanneer
de lengte klein is, ook de kromming klein is. We speculeerden dat dit komt omdat lengte
en kromming in het dagelijks leven voornamelijk op een circulaire manier zijn gecombi-
neerd, waarbij een kleine lengte (diameter) aan een grote kromming gekoppeld is.

In hoofdstuk 5 werd onderzocht hoe één aspect van de vorm, namelijk lengte, wordt
gevoeld. We stelden drie hypothesen op die konden verklaren waarom vrije tweehandige
exploratie van lengte minder precies is dan eenhandige exploratie. Ten eerste zou het
kunnen komen doordat er twee hersenhelften betrokken zijn bij tweehandige exploratie,
waardoor discriminatie lastiger en minder precies zou zijn. Ten tweede zou het door de
verschillende houdingen kunnen komen. Met twee handen moeten de verschillen in po-
sitie tussen de twee wijsvingers afgeleid worden uit, bijvoorbeeld, de waarneming van
de hoeken die de ellebogen maken. In eenhandige exploratie zijn de hoeken die moeten
worden waargenomen veel dichter bij de vingertoppen. Kleinere veranderingen in lengte
tussen de vingertoppen gaan samen met grotere veranderingen in de hoeken als de afstand
tussen het gewricht en de vingertoppen kleiner zijn. Dit zou eenhandige discriminatie van
lengte preciezer maken. Tenslotte zou het verschil in referentiekader waarin de discrimi-
natie plaatsvindt van invloed kunnen zijn op de perceptie. In vrije tweehandige exploratie
is het enige referentiekader dat beschikbaar is het egocentrische met de oorsprong in het
lichaam. In de eenhandige exploratie is er ook het egocentrische referentiekader met de
oorsprong in de hand. Het verschil in lengte zou in een van de referentiekaders gemak-
kelijker bepaald kunnen worden, wat discriminatie in dat referentiekader preciezer zou
maken. Door de vier condities in dit experiment te vergelijken, konden we concluderen
dat discriminatie preciezer is met een referentiekader in de hand.

In het laatste hoofdstuk werden de resultaten besproken in de context van vormwaar-
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neming. De algemene conclusie was dat wanneer een vorm wordt waargenomen, meer
eigenschappen die informatie geven over de globale eigenschappen een preciezere waar-
neming van de globale vorm geven. Wanneer kromming aanwezig is, is waarnemen met
twee handen preciezer dan met één hand.
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