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Preface 

 
In the process of writing this thesis, I was reminded of Sir Arthur S. Eddington’s (1928) 

introduction to "the nature of the physical world". In this splendid introduction, Eddington 
describes how he is surrounded by duplicates of each object in his room: two tables, two 
chairs, and two pencils. The first of the duplicates is the familiar object: the table, chair, and 
pencil as one perceives and uses them in everyday life. The second is the object as it is 
understood and described by the laws of physics: the shadow objects as Eddington liked to 
call them. The last four years, I found myself surrounded by what can perhaps be described 
as body duplicates: a familiar body and a shadow body; a shadow of my own body! 

The first of the duplicates, my familiar body, is the body that I look at in the mirror, and 
that I see in my dreams sometimes even from the third perspective. This too is the body I 
am sometimes painfully aware of, for example, after the weekly mountain bike trail with my 
friends, or after the indoor football matches with the HTI Dream Team. Although my body 
is subject to both physical (e.g., putting on weight) and psychological (e.g., emotional 
dispositions) changes, the sense of body ownership remains unchallenged: this familiar 
body is my body. Indeed, every time we go to sleep, we can rest assured that when we wake 
up in the morning, we will find ourselves incorporating a body that is not only familiar (at 
least, as long as you are not waking up as a character in a Kafkaesque tale), but that is 
unmistakably ours as well. Our familiar bodies are "suffused ... with that peculiar warmth 
and intimacy that make it come as ours" (James, 1890; p. 242).  

Next to the body I have been familiar with for 30 years, there is another body, equally 
my own, but less familiar and more scientific. In contrast to my familiar body, my shadow 
body is only present in those moments of more philosophical considerations about the 
nature of body consciousness and the sense of body ownership. This shadow body is the 
body, and consciousness of the body, as it is described and explained by biology, neurology 
and psychology. Given the scientific advancements in these domains, the term shadow body 
can perhaps best be replaced by Ramachandran’s notion of the phantom body: "Your own 
body is a phantom, one that your brain has temporarily constructed purely for convenience" 
(Ramachandran & Blakeslee, 1999, p. 58). Indeed, as will be described in this thesis, our 
bodily self is plastic rather than rigid, and can be temporally altered, not only for our 
amusement in experiencing bodily illusions, but for the purpose of using tools and 
technologies as well.  
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─ Chapter 1 ─ 

Introduction 

... and our attention will be particularly called to those singular illusion of sense, by which the most perfect 

organs either cease to perform their functions, or perform them faithlessly; and where the efforts and the 

creations of the mind predominate over the direct perceptions of external nature. ... [to] those prodigies of the 

material world which have received the appellation of Natural Magic. 

─ Sir David Brewster 

Anyone who believes that there is a “natural" place, where the body is not wedded to technology, may be 

embracing both technology and self-deception.  

─ Frank Biocca 

Human beings are proficient users of tools and technology. We can acquire the skills 
necessary to hit a nail accurately with a hammer, or to drive a car safely through a crowded 
city. A few of us can even learn to play Vivaldi’s Le Quattro Stagioni fluently on the violin. 
At times, our interactions with a technological artifact appear so effortless, that the 
distinction between the artifact and the body starts to fade. People with a visual 
impairment, for example, often report to feel their sensations at the tip of their canes rather 
than their fingers. Likewise, car drivers sometimes claim that the car becomes an extension 
of their own body; as if their bodily boundaries have somehow shifted toward the outer 
boundaries of the car (see e.g., Blakeslee & Blakeslee, 2007). Advanced media technologies, 
such as virtual reality and prosthetic systems, hold the promise of affecting the perception 
of one’s body, or one’s body consciousness, in even more profound ways.1 Consider, for 
example, the technological domain of teleoperation systems in which the malleable nature 
of the boundary between the biological body and the technological artifact is currently most 
evident.  

                                                                        
1 Biocca (1997) introduced the term self-presence to refer to the effects of media technology on the 
way we think and perceive of our own bodies and ourselves (for a refinement of the term self-
presence, see Lee, 2004). 
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Teleoperation systems allow people to control and manipulate real-world objects from a 
remote location by means of media technology.2 Such systems enable humans to work in 
hazardous (e.g., nuclear plants) or otherwise demanding environments (e.g., space or 
undersea exploration). Generally, the components of such systems are the human operator 
who controls the teleoperation station (i.e., the master system), and a slave robot operating 
at the remote site. In anthropomorphically-designed teleoperation systems, the human 
operator can make natural movements to control or steer, for example, the slave robot’s 
arms. A series of sensors record the operator’s movements, the output of which feed the 
actuators controlling the slave robot. Sensors at the slave robot may provide the human 
operator with continuous feedback regarding his or her actions. Typically, the teleoperation 
system allows the human operator a three dimensional view on the remote site by means of 
a stereoscopic display (i.e., a head-mounted display) connected to two cameras attached to 
the slave robot’s head. In addition, the system can be extended with audio and haptic 
feedback to provide the human operator an even more immersive interaction with the 
remote site. 

Anthropomorphically designed teleoperation systems may consist of such transparent 
media technologies, that any human operator would quickly "forget" the technology; would 
feel and act as if the technology is not there (e.g., IJsselsteijn, 2004). This, in turn, may result 
in a phenomenon that in the domain of teleoperation systems is called telepresence: the 
experience of being there at the remote site (Sheridan, 1992), or the experience of being in 
the location of the slave robot (Loomis, 1993). Cole, Sacks and Waterman (2000) describe 
their experience of the phenomenon when they used a teleoperation system at Johnson 
Space Center in Houston: 

 
"...one sees and controls the robot’s moving arms, without receiving any peripheral 

feedback from them, (but having one’s own peripheral proprioceptive [kinesthetic3] feedback 
from one’s unseen arms). In this situation we transferred tools from one hand to another, 
picked up an egg, and tied knots. Making a movement and seeing it effected successfully led to 

                                                                        
2 This example is taken from Haans and IJsselsteijn (2007). 
3 We prefer to use the term kinesthesia instead of proprioception to denote the information that is 
received from the muscle and joint receptors. Following Sherrington (1961), we use proprioception to 
refer to the sense of position and movement of the body in time and space, which involves sensations 
from the muscle and joint receptors (i.e., the kinesthetic system), the semicircular canals and otolith 
organs (i.e., the vestibular system), and the eyes. 
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a strong sense of embodiment within the robot arms and body. This was manifest in one 
particular example when one of us thought he had better be careful for if he dropped a wrench 
it would land on his leg!" (p. 167) 

 
Their experience of the phenomenon of telepresence was, however, not limited to a 

sense of being physically located at the remote site:  
  
"... there is a misidentification of the sense of ownership of one’s own body, this being 

transferred into a set of steel rods and stubby robotic hands with little visual similarity to 
human arms." (p. 167) 

 
Cole and colleagues started to sense the slave robot’s arms, which were visible through 

the head-mounted display, as an actual part of their own body; feeling as if they had 
ownership over the robot’s arms and hands. This process in which the central nervous 
system categorizes a foreign object as a part of the body, and thus in which a discrimination 
is made between what is contained within and outside the boundaries of the body, is called 
self-attribution.4  

The ease with which foreign objects can be incorporated into the body as a 
phenomenological extension of the self can be demonstrated by means of a short 
experiment. For this experiment, two persons and one fake left hand (e.g., a stuffed 
household glove) are required. The first person, who has the role of participant, takes place 
in a chair, and places his or her left hand on a table. The second person, who has the role of 
experimenter, places the left fake hand in front of the participant at a lateral distance of 
about 30 centimeters from his or her left hand (see Figure 1.1). Next, the experimenter 
conceals the participant’s left hand from view, for example, by placing a wooden barrier 
between his or her left hand and the fake hand (alternatively, a cardboard box can be placed 
over the participant’s left hand). The participant is asked not to move his or her left hand, 
and to focus on what he or she is going to feel and see. Using both hands, the experimenter 
now starts to tap and stroke the fingers of the participant’s concealed hand in precise 
synchrony with the fake hand (preferably by means of two small brushes). After a few 
minutes of this kind of synchronous tapping and stroking of the fingers of the concealed 

                                                                        
4 Although this aspect of the phenomenon of telepresence has received relatively little attention, Held 
and Durlach (1991) already pointed toward the relation between self-attribution and telepresence. 
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hand and the fake hand, the person in the chair might develop the vivid impression that the 
fake hand is actually his or her own. This so-called rubber-hand illusion was first described 
by Botvinick and Cohen (1998). Two aspects of the rubber-hand illusion are remarkable. 
First, people develop the illusion despite the obvious absurdity of the experimental setup 
(see also Holmes & Spence, 2006). People are well aware of the fact that there is a fake hand 
lying on the table, and that two brushes are used to stimulate the fake hand and their own 
concealed hand. Yet, for most people, this knowledge does not appear to be an obstacle in 
developing a strong, or vivid, rubber-hand illusion. A second remarkable aspect of the 
rubber-hand illusion is the relative speed with which the illusion develops. Some people 
report to have experienced a sense of ownership toward the fake hand within only a few 
minutes of multimodal stimulation. 

Having highly malleable body representations accommodates a lifetime of development 
and change, but also enables us to experience technology, such as the slave robot in a 
teleoperation system, as a phenomenological extension of the self (IJsselsteijn, 2005). Since 
bodily illusions, such as the rubber-hand illusion, can be induced in the majority of people, 
they are an excellent tool in the aid of experimental research on body consciousness and 
related phenomena. The aim of this thesis, then, is twofold:  

 
Figure 1.1: Experimental setup for the rubber-hand illusion. 
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(a) To determine the personal factors (e.g., the characteristics of an individual’s 
psychological makeup) and situational factors (e.g., the appearance of the foreign 
object) that constrain or facilitate the development of a vivid rubber-hand illusion.  

 
(b) To determine the degree to which the situational factors that constrain or facilitate 

self-attribution in the rubber-hand illusion also affect people’s experience with 
media technology, such as the phenomenon of telepresence discussed at the outset 
of this chapter. 

1.1. Outline of This Thesis 

In chapter 2, we will describe the theoretical background of our research. At the 
foundation of this theoretical background lies a conception of the user of technology as an 
embodied agent: not just a brain, but a biological body.  

In chapter 3, we investigate whether the rubber-hand illusion can be elicited under 
mediated situations in which people are looking at a video projection of the fake hand 
rather than the actual object. Differences in the strength of the illusion under mediated and 
unmediated conditions are discussed in terms of the mechanism underlying the rubber-
hand illusions, and the potential of using media technology for experimental research on 
self-attribution and related phenomena.  

In Chapter 4, we examine the effect of visual dissimilarities between the foreign object 
and a human hand on the vividness with which people develop the rubber-hand illusion. In 
contrast to previous research (e.g., Tsakiris & Haggard, 2005), we explore the effects of 
shape and texture independently by systematically manipulating these qualities of the 
foreign object. We will test Armel and Ramachandran’s (2003) hypothesis that people will 
experience a stronger illusion when the foreign object is a skin-like textured sheet instead of 
a tabletop. 

In Chapters 5, we examine the shift in the felt location of the concealed hand that is 
commonly observed during the rubber-hand illusion. The extent of this so-called 
proprioceptive drift is often regarded as a corroborative, and more objective, measure of a 
person’s self-reported vividness of the illusion (e.g., Tsakiris & Haggard, 2005). In order to 
substantiate this claim, we investigate the extent to which the various features of the 
experimental setup of the rubber-hand illusion, which in themselves are not sufficient to 
elicit the illusion (e.g., the mere presence of a fake hand), can explain proprioceptive drift. 
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In addition, we compare a person’s proprioceptive drift under these conditions with his or 
her self-reported vividness of the rubber-hand illusion.  

In Chapter 6, we test a model of the vividness of the rubber-illusion in which the 
probability of reporting a certain level of vividness (e.g., the fake hand feels as one’s own) 
depends on a person’s susceptibility for the rubber-hand illusion, the processing demand 
required to develop that particular level of vividness, and the concrete situational features of 
the setup in which the illusion is created. In addition, we provide empirical evidence 
regarding the effect of small asynchronies between seen and felt stimulation (i.e., between 
100 and 500 ms), and regarding Armel and Ramachandran’s (2003) hypothesis that the 
strength of the illusion is dependent on the amount of information in the stimulation. 
Finally, we provide further evidence regarding the relation between proprioceptive drift and 
the vividness of the rubber-hand illusion. 

In Chapter 7, we further test the validity of our susceptibility measure by investigating 
the relation between susceptibility for the rubber-hand illusion, body image instability, and 
people’s ability to mentally position their hands in an extracorporeal location. In addition, 
we investigate whether the commonly reported effect of the orientation of the fake hand on 
the vividness of the illusion is dependent on the anatomical implausibility of that 
orientation (which indicates that the attribution of foreign objects to the self is constrained 
by the morphological characteristics of the human body; cf. Tsakiris & Haggard, 2005). 

In Chapter 8, we investigate the effect of morphological correct visual feedback (i.e., 
matched to the human body) on people’s experience with media technologies that allow for 
mediated social touch (i.e., that allow geographically separated people to touch each other 
by means of haptic or tactile feedback technology; e.g., Haans & IJsselsteijn, 2006). We 
investigate the extent to which morphological correct visual feedback affects (a) 
physiological arousal in response to a mediated touch (assessed by means of skin 
conductance response), (b) the experience of telepresence, and (c) the perceived naturalness 
of the mediated touches. Results are discussed in terms of the identification with virtual 
bodies, and the mechanisms underlying self-attribution.  

Chapter 9, the epilogue, brings the various chapters of this thesis together, while taking a 
broader perspective on the field of research on media technologies and corporeal awareness. 
The main contributions of this thesis and interesting future research directions will be 
discussed. 
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─ Chapter 2 ─ 

The Embodied User 

"Hawen yuda dasibi unaia, his whole body knows," they say. When I asked him where specifically a wise 

man had knowledge, they listed his skin, his hands, his ears, his genitals, his liver, and his eyes. "Does his 

brain have knowledge?" I asked. "Hamaki (it doesn’t)," they responded 

─ Kenneth M. Kensinger  

Porcina Schemata (A hog’s morphology) 

Four legs, one snout, a curly tail 

Forty-six pork chops, two sixteen-pound hams 

Eight thousand grams of shoulder roast 

A hundred and eighty bacon strips smoked 

For soup, or stew, ten pounds of bones 

Four sausages measuring two and half stone 

In cans are stored the final parts 

Fourteen kilos of brawn and lard  

─ AH 

In recent years, the term embodiment (or being embodied) has become popular in 
various disciplines of science and technology, including human-computer interaction (e.g., 
embodied interaction with computers; Dourish, 2001) and cognitive psychology (e.g., 
embodied cognition; Varela, Thompson & Rosch, 1991). In these instances, the term 
embodiment is commonly used in the tradition of philosophers like Heidegger, Husserl or 
Merleau-Ponty: as being an active participant in the world. Embodied cognition, for 
example, postulates that it is through this participation, which is bounded by the 
characteristics and possibilities of the human body, that intelligence and the mind itself can 
be explained. Yet, how exactly are we embodied? According to Metzinger (2006), there are 
three different levels of being embodied, which he calls, first, second, and third order 
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embodiment. These three orders of embodiment can be explained in terms of the 
morphology of the body, the body schema, and the body image.5  

2.1. Morphology 

The most obvious way in which human beings are embodied is by means of the human 
body itself. The human body has certain characteristics, including the type and number of 
limbs, and the modality and location of sensory receptors, that distinguish it from bodies of 
other animals, such as pigs, birds, or bats. These morphological characteristics largely 
determine the animal’s behavior. Having wings, for example, is a necessary condition to fly. 
In other words, the morphological and physiological characteristics of the body both enable 
and constrain the animal’s action possibilities. Scratching your own back when it itches can 
be annoyingly difficult, because the length and flexibility of the arm, as well as the degrees 
of freedom of its joints, do not allow you to reach the itching spot easily. At the same time, 
body morphology determines, to some extent, the quality of the individual animal’s 
experiences. An eye, for example, is a prerequisite for sight. Since all human beings have a 
highly similar morphology, one can presume that others are capable of having the same or 
highly similar experiences. In contrast, if one lacks wings and a sense of echolocation, then 
it is hard to imagine what it would be like to be a bat (Nagel, 1974).  

Having a body is the most fundamental way in which an organism can be embodied, 
and constitutes what Metzinger (2006) calls first order embodiment.6 An example of a first 
order embodiment would be a simple Braitenberg vehicle such as depicted in Figure 2.1. 
This device consists of a mechanical body with wheels and two light sensors as eyes. Each 
light sensor is connected directly to the motor of the contra-lateral wheel. Since the two 
light sensors are located at a distance from each other, the automaton’s direction of 
movement is dependent on how much light each sensor registers. If the rightmost sensor 
receives more light than the leftmost sensor, then the left wheel will spin faster than the 

                                                                        
5 The term "corporeal awareness" in the title of this thesis is adopted from Critchley (1979) who 
suggested this single label to replace the often confused terms of body schema and body image. This 
term is adopted, however, without adopting Critchley’s opinion that the body schema and the body 
image can be described under a single heading. 
6 Clark (2007; 2008) distinguishes between two types of body morphologies: (a) Morphologies which 
have a biomechanical structure that inherently allows for energy efficient motions, and (b) 
morphologies without such structures, and that thus require constant motor actuation for movement. 
Examples of the former include humans, passive dynamic walking robots (e.g., Fallis, 1888), most 
things on wheels, and airplanes. Examples of the latter include Honda’s Asimo robot, and helicopters. 
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right wheel. As a result the automaton will orient itself toward the light source. Moreover, 
the closer the automaton is to a light source, the more light each sensor receives, and thus 
the higher the speed of movement will be. For an outside observer it might appear as if the 
automaton has the intention to aggressively attack the light source. Note that this 
Braitenberg vehicle’s action possibilities are rigid rather than plastic: Being first order 
embodied, the automaton’s action possibilities are hard-wired as morphological 
characteristics of its body. For an organism, or robot, to be second order embodied, it not 
only requires a body (i.e., a certain morphology), but a dynamic body schema as well. 

2.2. Body Schema 

Our bodies are in a constant interaction with the environment, yet we generally do not 
pay much attention to what the body is doing. We can, for example, walk without having to 
consciously deliberate on every step we make. Consider a simple task as fetching a book 
from the top shelf of a bookcase. If the bookcase is not too high, then you "simply" extend 
your arm and grab the book in a single fluent motion. However, even such a simple task 
involves a complex pattern of muscle contractions which are required for extending the 
arm, standing on the tips of your toes, keeping balance, and grabbing the book, while at the 

 
Figure 2.1: A simple Braitenberg vehicle 
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same adjusting your posture for the weight of the book. It is due to the body schema that we 
can interact fluently with the environment despite the complexity of human motion. 
Although the term body schema or body schemata can be traced back to the writings of 
Bonnier (see Critchley, 1979), the term was popularized by the famous neurologist Henry 
Head. According to Head and Holmes (1911), the body schema is a postural model of the 
body which is constantly updated to account for the position and movement of the body 
and its limbs. Since the body schema is involved in the continuous regulation of posture 
and movement, Gallagher defines the body schema as the "non-conscious performance of 
the body" (Gallagher, 1986; p. 548), or as "a nonconscious system ... of motor-sensory 
capacities that function below the threshold of awareness, and without the necessity of 
[conscious] perceptual monitoring" (Gallagher, 2005a; p. 234). The body schema necessarily 
constrains the action possibilities that the morphological characteristics of the body allow: 
There are many different ways in which we could fetch the book, but only one specific 
motion is endorsed. Another important aspect of the body schema is that it is dynamic 
rather than rigid (Gallagher, 2005a). It is due to this dynamic nature of the body schema 
that one can grab the book with the same effectiveness when, for example, one leg is injured 
or when holding a stack of books in the other hand. Similarly, the body schema can adjust 
itself to long term morphological changes, for example, due to growth or the accidental loss 
of a limb.  

The most obvious function of the body schema is to keep track of the relative position of 
the body and its parts in time and space. According to Head and Holmes (1911) this 
involves an internal representation of the body, or a postural model of the body, which is 
constantly updated to account for the position and movement of the body and its limbs. 
They argue that there may be more than one single body representation, and discuss the 
possibility of another representation that maps a tactile sensation to a certain part of the 
body (i.e., a faculty of localization). However, determining the spatial position of body parts 
and the localization of tactile stimulation are not sufficient for the body schema to function. 
It requires, amongst others, a mapping of the space immediately around the body (e.g., to 
determine whether an object is within reach) and appropriate action selection (cf. Maravita, 
Spence, & Driver, 2003). The body schema can, thus, best be described as a dynamic 
distributed network of procedures aimed at guiding behavior (cf. Kugel, 1969).7  Although 
                                                                        
7 Our definition of the body schema resembles closely Kugel’s (1969) notion of the body plan: The 
organization of all sensorimotor structures that prescribes unconscious and automatic human 
behavior (p. 52). 
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each individual procedure might serve rather simple tasks, such as determining whether 
something is happening around a certain part of the body, the network of procedures can 
subserve complex tasks such as keeping balance or determining whether an object is within 
reaching space.  To an observer (including the owner of a body), it might appear that the 
body schema functions by means of a coherent whole-body representation (i.e., a 
homunculus of some sort), but such a representation is not required for the individual 
procedures to function (Minsky, 1988; Brooks, 1991). This has implications for the 
discussion on how many body representations there actually are (e.g., de Vignemont, 2007; 
Schwoebel, Buxbaum, & Coslett, 2004): One may find many different and useful body 
representations depending on how one functionally groups the individual procedures 
together. Furthermore, consistent with Gallagher’s (1986; 2005b) conclusion that the body 
is anonymous on the level of the body schema, the network of procedures functions without 
conscious reference to the body and its limbs as owned by a person. The body schema, thus, 
requires neither a puppet, nor a puppeteer (and thus no Cartesian puppet-theatre either; cf. 
Dennett, 1991). 

2.2.1. Incorporation of Artifacts into the Body Schema 

Head and Holmes (1911) already describe that objects in the environment can be 
incorporated into the body schema.8 Their famous examples include the blind man’s cane 
and the feather on a woman’s hat. Regarding the latter example, one should understand that 
in the beginning of the 20th century it was fashionable for women to wear tall feathered 
hats (think of the famous 1910 painting "the black feather hat" by Gustav Klimt). Head must 
have observed how elegantly and effortlessly these women passed through small doorways 
without disturbing the feathered piece of millinery on top of their heads. There is an 
increasing amount of empirical evidence to support such observations. In this section, three 
examples of research on the use of tools, such as sticks and rakes, to increase our reaching 
space (or peripersonal space; e.g., Holmes & Spence, 2004) will be discussed. Yamamoto 
and Kitazawa (2001a) asked their participants to judge the order in which two tactile 
stimuli, which were delivered to a finger of the left and right hand, were presented. With the 
arms uncrossed, people are generally quite proficient in making such temporal order 
                                                                        
8 By defining the body schema as a network of procedures, rather than an internal representation of 
some sort, it is perhaps incorrect to say that tools are incorporated into the body schema. More 
correctly formulated, the individual procedures in the distributed network adapt themselves to a tool, 
thereby allowing for a more fluent interaction with that tool. 
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judgments. However, people perform significantly worse when they make such judgments 
with the arms crossed (see also Shore, Spry, & Spence, 2002). Yamamoto and Kitazawa 
(2001b) also investigated people’s performance in making such temporal order judgments 
when the tactile stimuli were delivered to the tip of two sticks, which were held by the 
participant in each hand, rather than to the fingers. They found that crossing the sticks had 
a similar detrimental effect on performance as crossing the arms, indicating that the sticks 
were incorporated into the body schema as extensions of the arms.  

Further evidence is provided by research on bimodal neurons that respond to tactile 
stimulation of the hand as well as to visual stimuli near the hand (e.g., Iriki, Tanaka, & 
Iwamura, 1996; see also Maravita & Iriki, 2004). Iriki and colleagues trained Japanese 
macaques in using a rake to retrieve a piece of food outside of the monkeys’ normal reach 
(i.e., outside of the monkey’s peripersonal space). Using single cell recording, they found 
that the monkey’s bimodal neurons would not only respond to stimuli near the hand, but 
started to respond to stimuli near the rake as well. In other words, while the monkey 
retrieved pieces of food with the rake, the receptive field of its bimodal neurons had 
temporarily expanded to include the entire rake. No such expansion of the receptive field 
was found when the monkeys passively held the rake.  

Finally, Berti and Frassinetti (2000) provide evidence of the incorporation of tools into 
the body schema in an experiment involving a patient P.P. who suffers from left-sided 
visual neglect after a stroke in the right hemisphere. As such, P.P. cannot attend to, and has 
no awareness of, the left side of her visual field. For P.P. this deficit is limited to reaching 
space (i.e., near-space neglect). In other words, although she is unaware of the left most side 
of her reaching space (or near space), her awareness of far space is unaffected. This 
dissociation between near and far space in patient P.P. indicates that reaching and non-
reaching space is dealt with by the central nervous system in different ways. In their 
experiment, Berti and Frassinetti asked patient P.P. to perform a series of line bisection 
tasks, in which she had to indicate the midpoint of a line by means of a laser pointer. 
Consistent with near space neglect, she would perceive the midpoint of the line to be closer 
toward the right when the line was located at a distance of 50 cm (and thus within her 
normal reaching distance), but not when the line was located at a distance of 100 cm (i.e., 
outside of reach). However, when she had to point toward the midpoint of the line by 
means of a stick rather than a laser pointer, a displacement toward the right was observed 
even when the line was located at a distance of 100 cm. This illustrates that when using tools 
and rakes to touch objects that would otherwise be out of one’s reach, the brain actually 
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remaps the space around us to accommodate for the expansion of our reaching space. For 
patient P.P. this unfortunately included an expansion of her neglect as well. 

These examples provide empirical evidence for the often made claim that tools, such as 
a rake, a hammer, or a violin bow, can become incorporated into the body schema. 
However, due to its anonymous nature, incorporation into the body schema does not 
change our perception of these tools into something other than just an object in the 
environment. Incorporation of tools into the body schema, thus, appears to be mainly 
functional, allowing for the unconscious preparation of the body for fluent interaction with 
the tool (see also Gallagher & Cole, 1995). 

2.2.2. The Role of the Body Schema in the Perception of Others 

The anonymity of the body schema is exemplified not only by the possibility of 
incorporating tools and artifacts, but by the role of the body schema in observing other 
people as well. There is increasing evidence to support that some of the procedures of the 
body schema are involved both in action execution (whether mental or real) and in action 
observation. Reed and Farah (1995), for example, asked people to judge whether a posture 
of another person had changed between two photographs taken from different angles, while 
simultaneously making repetitive movements with their own limbs. They found that a 
person’s accuracy in detecting a change in the position of a particular limb of another 
person significantly improved when participants moved that same limb at the same time. 
The authors demonstrated that this facilitation effect is not due to actively matching the 
limb position of the other person, and that it did not apply to inanimate objects. 

Shiffrar and Freyd (1990) showed people two static images of a human character. In one 
image the character had his or her arm in a different position than the other. When the two 
static images were presented sequentially, people perceived an apparent motion of the arm 
(for an example, see Figure 2.2). At temporal rates consistent with the time normally 
required for a person to make these movements, people perceived biomechanically 
plausible paths of apparent movement. In contrast, when the two images were presented 
more rapidly after one another, people perceived the implausible shortest path. This finding 
demonstrates that the visual system, when given sufficient processing time, constructs a 
path of apparent motion that satisfies the morphological characteristics of the human body 
(see also Shiffrar & Freyd, 1993). Interestingly, when the images depicted objects, such as 
clocks or boxes, participants always experienced the shortest path of movement (i.e., 
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irrespective of the temporal rate). Funk, Shiffrar and Brugger (2005) demonstrated that the 
rate-dependency of the perceived path of apparent motion cannot be explained by the fact 
that we have knowledge about the biomechanical constraints of the human body. They 
compared two persons born without arms (i.e., aplasic) with normally-limbed persons. 
Whereas one of the aplasic persons experienced genuine phantoms for both arms, the other 
did not (for evidence regarding the reality of the aplasic phantom limbs, see Brugger et al., 
2000; Brugger & Funk, 2007). For the person with aplasic phantoms, perception of the path 
of apparent motion was rate-dependent (similar to the normally-limbed controls; see Figure 
2.2). In contrast, the person without aplasic phantoms predominantly experienced the 
shortest, but biomechanically impossible, path of motion. Since both aplasic individuals 
have knowledge about the biomechanical constrains of normally-limbed others, this study 
provides evidence for the supporting role of the body schema in the observation of other 
people. 

The recent discovery of the mirror neuron system in monkeys and humans is important 
in understanding how such a supporting role is implemented in the brain (for a recent 
review, see Rizzolatti & Craighero, 2004). This class of neurons discharges both when the 
individual performs a particular action (e.g., grasping) and when it observes that same 
action being performed by another individual (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996). 

 
Figure 2.2: The two stimuli of an apparent motion paradigm superimposed. The 
longest but biomechanically plausible path of apparent motion is indicated with an 
A. The shortest implausible path is indicated with a B. Picture adapted from Funk, 
Shiffrar and Brugger (2005). 
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In other words, the actions of the other individual are automatically mapped onto one’s 
own motor system as if one is performing the action oneself.9 Similar mirror-like neural 
mechanisms are found for the observation of emotions (e.g., disgust; Wicker et al., 2003) 
and touch (Keysers et al., 2004). Behavioral evidence for the existence of a somatosensory 
mirror system is, for example, provided by Thomas, Press, and Haggard (2006). The 
authors investigated whether a visual event on another person’s body facilitates tactile 
perception. Such an effect on the detection of tactile stimuli was found, but only for visual 
cues presented in the same anatomical position on the other person’s body. This indicates 
that the transformation of visual information regarding locations on another person’s body 
occurs in a somatotopic reference frame. Correspondingly, no effect was found when the 
cues were presented on a house rather than a human body, providing evidence that the 
cueing effect is body-specific.  

In the scheme of Metzinger (2006), having both a body, whether biological or 
mechanical, and a body schema is sufficient for second-order embodiment. For third order 
embodiment, an organism or robot requires not only a body and a body schema, but a body 
image as well. More specifically, third order embodiment requires the kind of higher-order 
consciousness that enables humans to hold a concept of their own body over time. 

2.3. Body Image 

Gallagher (1986; 2005b) has defined the body image as our perceptions of the body, 
which includes the way we see and experience our bodies, as well as any conceptual 
knowledge we have about our bodies. In contrast to the body schema, the body image is, in 
terms of Gallagher (1986; 2005b), not anonymous but owned. The body image can, in our 
point of view, best be described as a part of the process of consciousness. According to 
Edelman (2003; 2006) consciousness is the result of neural processes that allow for a large 
amount of refined discriminations and perceptual categorizations, by combining 

                                                                        
9 Since not all people that are born without limbs experience phantom limbs, the relation between 
aplasic phantom experiences and performance on apparent motion tasks points toward a possible role 
of observing other people in the structuring of the body schema as well (for an overview, see Price, 
2006). It has been argued that individual differences in the experience of aplasic phantoms might be 
related to differential activation of mirror-like neural mechanisms (Brugger et al., 2000, Funk et al., 
2005; Brugger & Funk, 2007). Interestingly, several studies have revealed a relation between the 
activation of neural mirror-like mechanisms and individual differences in self-reported empathy and 
perspective taking personality characteristics (e.g., Banissy & Ward, 2007; Gazzola, Aziz-Zadeh, & 
Keysers, 2006; Jabbi, Swart, & Keysers, 2007). 
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multimodal sensory information, and connecting such sensory information with memory 
content. These higher-order discriminations are qualia, which are not limited to, for 
example, "red" or "cold" but include all aspects of subjective experiences: the unitary 
perceptual scene, moods, and memories alike. If one accepts this formulation of 
consciousness, then the body image consists of those discriminations, and thus of those 
qualia, that pertain to the individual’s own body (i.e., to those objects that the central 
nervous system has categorized as being a part of the physical body).  

Although we have described the body image as a part of the process of consciousness, 
not all organisms are necessarily conscious of their body image. According to Edelman 
(2003; 2006), one can distinguish between two types of consciousness: primary and higher-
order consciousness. All organisms that have primary consciousness have a body image. 
That is, they can make some minimal discrimination between their body and the 
environment out of all information that is available to them at a certain moment in time. 
Organisms with only primary consciousness, however, make such discrimination only for 
that brief period in time that Edelman calls "the remembered present". They lack the 
higher-order consciousness that enables the linking of the remembered present with a 
remembered past, and an anticipated future. Organisms with primary consciousness alone 
lack the capacity to be conscious about having a body image. Similarly, they lack the 
capability of being self-conscious. Put differently, with primary consciousness alone, an 
organism will possibly experience one bodily self after the other, without being able to 
combine these temporary bodily selves into a longer lasting conception of its own body.  

How might the high-order body image have evolved, and what is the benefit of having a 
high-order body image? One interesting hypothesis with respect to the evolutionary 
development of the high-order body image is given by Povinelli and Cant (1995). 
According to their hypothesis, it has evolved as a mechanism that enables large-bodied apes 
to maintain their arboreal lifestyle. Animals that spend most of their lives in trees are faced 
with a challenging environment: the size, strength and stability of branches and lianas is 
highly variable, fruit and leaves often grow on the end of thin, easily bendable branches, and 
individual trees may be separated by considerable distances. This is not much of a problem 
for small animals who will survive a ten meter fall from the canopy. When our ape 
ancestors grew bigger, however, their arboreal lifestyle became increasingly challenging. Of 
course, those individual apes that could make the higher-order discriminations required to 
plan and perhaps even simulate their movements were more fit to arboreal life, and had an 
advantage over their contemporaries who did not possess this ability. The higher-order 
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body image, thus, might have evolved from the stubbornness of our ancestors in 
committing to an arboreal lifestyle. In contrast to our ancestors, most humans do not live in 
trees. However, a higher-order body image remains important as it enables a wide range of 
behaviors: planning and learning of complex movements (e.g., learning to play a musical 
instrument or to play golf), learning by simulating such complex movements before the 
mind’s eye, or managing one’s appearance (e.g., a soon-to-be wed woman who puts 
together a diet or training schedule in order to fit into a wedding dress she has to wear 
several months later). Each of these tasks requires the higher-order consciousness that 
enables humans to hold a concept of their own body over time. 

In the scheme of Metzinger (2006), only organisms that have a body, a body schema and 
are conscious of having a body image are third-order embodied. Since this requires higher-
order consciousness, only animals that are self-conscious (and, thus, in terms of Metzinger 
possess a phenomenological self model; see also Metzinger, 2003) are third-order 
embodied. The traditional test to determine whether an animal is self conscious is the rouge 
test (Gallup, 1970). For this test, the animal is anesthetized and a patch of skin on the head 
or ear is marked with rouge (or another odorless dye). After the animal has fully recovered 
from anesthesia, a mirror is placed in the animal’s cage. If the animal, after seeing the marks 
in the mirror, attempts to remove the marks from its body, then the inference is that the 
animal recognizes itself in the mirror and, thus, is self-conscious. Currently, only human 
beings, chimpanzees, bonobos, orang-utans, a single abnormally reared gorilla (Povinelli & 
Cant, 1995), and perhaps dolphins (Reiss & Marino, 2001), elephants (Plotnik, de Waal, & 
Reiss, 2006) and magpies (Prior, Schwarz, & Güntürkün, 2008) have passed the rouge test, 
and can thus be expected to have higher-order body images. 

2.3.1. Incorporation of Artifacts into the Body Image 

Incorporation of foreign objects into the body image requires that the central nervous 
system categorizes the object as a part of one’s body. A distinction can thus be made 
between two different kinds of bodily extensions: functional (i.e., incorporation into the 
body schema) and phenomenological (i.e., incorporation into the body image; cf. Gallagher 
& Cole, 1995). Functional extensions allow for fluent and proficient interaction with tools, 
such as a hammer, a car, or a violin. In contrast to a phenomenological extension, 
functional extensions are not experienced as becoming an actual part of one’s own body, 
but remain to be experienced as objects in the environment instead. In other words, a mere 
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functional extension lacks the kind of self-attribution that, for example, might occur when 
operating anthropomorphically-designed teleoperation systems. Some tools and 
technological artifacts, thus, can become incorporated into both the body schema and the 
body image, thereby becoming both a functional and a phenomenological extension of the 
body. The benefits of such a double incorporation is perhaps most obvious in the case of 
mechanical prostheses, where an amputee’s attitude toward his or her prosthetic limb 
depends on both the functionality of the prosthesis (i.e., how well it can be operated), and 
the extent to which the prosthesis is experienced as a part of the self (Desmond & 
MacLachlan, 2002).  

This incorporation of foreign objects into the body image (i.e., self-attribution) is 
mainly dependent on the capability of the central nervous system to extract correlations 
between the various sensory modalities, upon which it reconstructs a meaningful 
representation of the world (and thus one’s body; e.g., Armel & Ramachandran, 2003). 
There is increasing evidence that infants, through their interaction with objects and other 
people, learn to distinguish between themselves and the environment by establishing body 
specific sensorimotor contingencies (Botvinick, 2004; Lackner, 1988; Rochat & Striano, 
2000; see also O’Regan, Myin & Noë, 2005). Every event the infant perceives (e.g., the 
clapping of hands), whether self-inflicted or not, consists of correlated multisensory 
impressions (e.g., the visual image and sound of clapping hands). In time, the infant learns 
that some of these patterns of sensorimotor contingencies are exclusively associated with 
the body, and hence self-specifying. Whenever a person exercises or perceives these 
sensorimotor contingencies, he or she "knows" (in a skill-like fashion; cf. O’Regan et al., 
2005) that the perceived object belongs to the body: When the visual image of clapping 
hands is accompanied immediately by a tactile sensation in the hands, then by inference it 
must be your hands that do the clapping.  

By altering the patterns of sensorimotor correlations, one can temporally induce 
perceived bodily alterations in other people. Consider for example, the so-called Pinocchio 
illusion (e.g., Lackner, 1988; Ramachandran & Hirstein, 1998). To elicit this illusion, two 
persons take a seat in two chairs positioned exactly behind each other, such that the person 
in the rearmost chair is looking at the back of the head of the person sitting in the front 
chair (see Figure 2.3). The experimenter takes a position to the right side of the persons 
sitting in the chairs. Next, the experimenter asks the person in the rearmost chair to close 
the eyes, and to concentrate on what he or she is going to feel. Subsequently, the 
experimenter takes a hold of the index finger of right hand of the person sitting in the 
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rearmost chair, and uses that finger to gently stroke and tap the nose of the person sitting in 
the front chair. At the same time, the experimenter uses the index finger of his or her own 
left hand to stroke and tap the nose of the person sitting in the rearmost chair in precise 
synchrony with the nose of the person sitting in front. After a few minutes of this kind of 
synchronous tapping and stroking, the person in the rearmost chair might develop the vivid 
impression that his or her own nose has considerably elongated.10  

In the Pinocchio illusion, there is a near perfect correlation between afferent 
proprioceptive information and the touches felt at the nose and index finger. Moreover, this 
pattern of multisensory correlations matches the body-specific sensorimotor contingencies 
normally registered when your nose is stroked with your own index finger. As a result, the 
central nervous systems cannot do else but deduce that one’s nose has elongated to about 
arm’s length. Apparently, it considers the rapid growing of the nose to be more likely than 
the existence of two perfectly synchronized sources of stimulation. Experimentally induced 
bodily illusions, such as the Pinocchio illusion, are excellent paradigms in the aid of 

                                                                        
10 There are considerable individual differences in susceptibility to the Pinocchio illusion. Based on 
our own experiences in trying to induce the illusion, about two thirds of the people will experience an 
elongation of the nose. Alternatively, some people may experience a lengthening of the fingers of the 
right hand (see Burrack & Brugger. 2005).  

 
Figure 2.3: Experimental setup for the induction of the Pinocchio illusion (Panel A), and a 
picture of the author inducing the illusion at the Interdisciplinary College in Günne, Germany, 
March 9 - 16, 2007 (Panel B). 
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experimental research on body consciousness and related phenomena. The rubber-hand 
illusion (Botvinick & Cohen, 1998; see also Chapter 1) is another such experimental 
paradigm, which is particularly suited for investigating the incorporation of tools and 
technological artifacts into the body image. In the following chapters, we explore this 
rubber-hand illusion in more detail. 
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─ Chapter 3 ─ 

The Rubber-Hand Illusion in Reality, Virtual 
Reality, and Mixed Reality11  

Abstract 
In the rubber-hand illusion, which is induced by stroking a person’s concealed 
hand in precise synchrony with a visible fake hand, people sense the fake hand 
as an actual part of their body. This chapter presents a first study in which the 
rubber-hand illusion is investigated under mediated conditions. In our 
experiment, we compared the strength of the illusion under three conditions: 
(1) an unmediated condition, replicating the original paradigm, (2) a virtual 
reality condition, where both the fake hand and its stimulation were projected 
on the table in front of the participant, and (3) a mixed reality condition, 
where the fake hand was projected, but its stimulation was unmediated. 
Although we succeeded in eliciting the rubber-hand illusion under mediated 
conditions, the resulting illusion was less vivid than in the traditional 
unmediated setup. Results are discussed in terms of the perceptual 
mechanisms underlying the rubber hand illusion, and the relevance of using 
media technology in research on self-attribution and other aspects of body 
consciousness. 

By simultaneously stroking a person’s concealed hand together with a visible fake one, 
some persons start to sense the fake hand as an actual part of their own body (Botvinick & 
Cohen, 1998; see also Chapter 1). This rubber-hand illusion illustrates that a few minutes of 
the proper kind of multisensory stimulation can radically alter our sense of bodily 
boundaries, thereby providing evidence for the malleability of the central nervous system in 
accommodating perceived bodily alterations. Armel and Ramachandran (2003) have shown 
that when the fake hand is threatened, for example by bending a finger of the fake hand in 
an anatomically impossible and hence potentially painful manner, people show signs of 
increased arousal (assessed by means of skin conductance response). This finding has 
recently been corroborated in a brain imaging study by Ehrsson, Wiech, Weiskopf, Dolan 

                                                                        
11 This chapter is based on IJsselsteijn, de Kort, and Haans (2006). 
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and Passingham (2007). They showed that threatening the fake hand in the rubber-hand 
illusion induced activity in brain areas associated with anxiety and interoceptive awareness. 
The rubber-hand illusion also results in a distortion of proprioception. After experiencing 
the illusion, participants misperceive the location of their concealed hand toward the 
direction of the fake hand (i.e., proprioceptive drift; Botvinick & Cohen, 1998; Tsakiris & 
Haggard, 2005).  

3.1. Underlying Mechanisms 

Similar to the Pinocchio illusion (see Chapter 2), the rubber-hand illusion depends on 
the capability of the central nervous system to extract correlations between the various 
sensory modalities (Armel & Ramachandran, 2003). In the rubber-hand illusion, the seen 
and felt stimulation co-occurs with such a high probability, that the brain cannot do else 
but deduce that the fake arm is part of the body. If this is no longer the case, for example 
when participants try to move the fake hand, or when there is a delay between seen and felt 
stimulation, the illusion will diminish or break down. Because of such an impeding effect of 
temporal delay on the vividness of the illusion, asynchronies of 500 to 1000 ms are 
commonly used as an experimental control condition in which the illusion is thought not to 
be elicited (e.g., Ehrsson, Spence, & Passingham, 2004; Tsakiris & Haggard, 2005).12  

In Chapter 1, it was described how Cole and colleagues (2000) experienced a sense of 
ownership over the slave robot’s arms, despite the obvious discrepancies between biological 
human arms and the iron mechanical limbs of the robot. For the rubber-hand illusion, 
several studies have explored the effects of discrepancies between the appearance of the fake 
hand and that of a human hand. Armel and Ramachandran (2003) demonstrated that the 
illusion could be elicited with the tabletop as the foreign object, which, of course, bears no 
visual resemblance to a human hand. In their experiment, they removed the fake hand from 
the table, and stroked the participant’s concealed hand in precise synchrony with the 
tabletop (on the location where the fake hand had been). Their participants experienced 
psychological arousal (assessed by means of skin conductance response) when the tabletop 
was "harmed" by pulling a band-aid off the table (the experimenters also placed a band-aid 
on the participant’s occluded hand before the start of the experiment). Based on this 

                                                                        
12 In these studies, time delay is typically only impressionistically determined and dependent on the 
skills of the experimenter who controls the delay between the stimulation of the real and fake hand 
manually (i.e., by an offset between the two brush strokes). 
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finding, they conclude (a) that the rubber-hand illusion is highly resistant to top-down 
knowledge about the appearance of one’s own body, and (b) that reliable correlations of 
visuotactile events are both necessary and sufficient for self-attribution to occur. However, 
their participants rated the strength of the rubber-hand illusion to be much lower with the 
tabletop as compared to a fake hand as the foreign object. Similarly, Tsakiris and Haggard 
(2005) found that people showed less proprioceptive drift when the fake hand was replaced 
by a wooden stick. These findings suggest that bottom-up visuotactile correlations are 
modulated, top down, by a cognitive representation of what the human body is like 
(Tsakiris & Haggard, 2005; see also de Vignemont, Tsakiris & Haggard, 2006).13  

3.2. Research Aims 

In this chapter, we explore whether the rubber-hand illusion can also be elicited in 
mediated situations in which people are looking at a video projection of the fake hand 
rather than the actual object. By comparing a virtual and mixed reality version of the 
rubber-hand illusion with the traditional (i.e., unmediated) version, we aim to demonstrate 
that the mechanisms underlying the rubber-hand illusion are also operative in those 
instances in which the stream of sensory information is mediated by technology (as, for 
example, in the teleoperation systems described in Chapter 1).  

3.3. Experiment 

3.3.1. Method 

Participants. Our sample was drawn from students and employees of the Eindhoven 
University of Technology, Eindhoven, the Netherlands. Thirty persons were invited to 
participate in the experiment. All participants were tested on their ability to experience the 
rubber-hand illusion several days prior to the actual experiment. Six (20%) out of 30 
participants did not experience the illusion and were excluded from the experiment. Of the 
remaining 24 participants, the mean age was 23.4 (SD = 2.2; range 20 to 32 years);  
16 participants were male, and 20 were right handed. All participants received a 
compensation of € 7.00. 
                                                                        
13 Tsakiris and Haggard (2005) also found that proprioceptive drift would occur for the middle finger, 
when both the index and the little fingers were stimulated. The fact that proprioceptive drift can occur 
for a non-stimulated finger provides evidence against an exclusively bottom-up explanation as well 
(also de Vignemont et al., 2006). 
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Design and Apparatus. A within-subject experiment was conducted in which we tried to 
induce the rubber-hand illusion under three different conditions: (a) a traditional (i.e., 
unmediated) condition, (b) a virtual reality condition (abbreviated as VR), and (c) a mixed 
reality condition (MR). The traditional condition was similar to Botvinick and Cohen 
(1998; see Figure 3.1A). In the VR condition, participants were not looking at the fake hand 
directly, but were looking at video projection of the fake hand and its stimulation. A 
standard mini-DV camera, mounted on a tripod, was used to record the stimulation of the 
fake hand (see Figure 3.1B). The camera output was directly fed to an InFocus LP750 
beamer that was mounted on the ceiling and projected the image of the fake hand and its 
stimulation downwards onto the tabletop surface in front of the participant. Care was taken 
that the projected hand was of the same size as the fake hand itself, and that its perspective 
was matching the participant’s viewpoint. In the MR condition, the rubber hand was again 
projected in front of the participant, yet this time the stimulation with the brush was 
physically applied to the projection of the fake hand rather than to the fake hand itself (see 
Figure 3.1C). The order of the three conditions was counterbalanced across participants. 

 

Figure 3.1: Experimental setup. Panel A 
shows the setup for the traditional rubber-
hand illusion, panel B the setup for the 
virtual reality condition (VR), and panel C 
the setup for the mixed reality condition 
(MR). 
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Procedure. Participants were asked to take a seat and place their left hand on a table. A 
pencil mark indicated the exact location at which participants had to place their middle 
finger. First, the experimenter obtained, for each participant, the base-line (i.e., pre-
exposure) difference between actual and felt position of the left hand. For this task, the 
experimenter asked the participant to close his or her eyes. With eyes closed and keeping 
their left hand in place on the table, participants were asked to indicate the location of their 
left hand by moving their right hand in a straight line over the underside of the tabletop to 
indicate the felt position of the left hand. The differences between actual and felt position 
were calculated by taking the lateral distance between the middle fingers of the right and the 
left hand. It was coded with a positive sign when the felt position was biased towards the 
participant’s right-hand side, and with a negative sign when the felt position was biased 
beyond the left hand’s actual position.  

Next, the rubber-hand illusion was induced in three 7.5 minute sessions. At the 
beginning of each session, the participant was asked to place his or her left hand back on the 
table in the position indicated by the pencil mark. Next, the experimenter either placed the 
fake hand in front of the participants (in the traditional condition), or projected the fake 
hand onto the tabletop (in the VR and MR condition). The lateral distance between the 
participant’s left hand and the (projected) fake hand was always 30 cm. Participants were 
instructed not to move their left hand during the sessions, and to focus their attention on 
what they saw and felt. Next, the experimenter placed a wooden screen between the 
participant’s left hand and the (projected) fake hand. Finally, the experimenter used two 
small brushes to stroke and tap the middle and index finger of the participant’s left hand, 
and, simultaneously, congruent positions on the fake hand. Whereas the experimenter 
stimulated the fake hand in the traditional and VR condition, the projection of the fake 
hand was stimulated in the MR condition. 

After each session, the experimenter obtained the post-exposure difference between 
actual and felt position of the left hand, and the participant completed a questionnaire. The 
post-exposure difference between actual and felt position was obtained by means of the 
same procedure as for the base-line differences. 

 

Measures. Similar to previous studies on the rubber-hand illusion, both self-reports and 
a proprioceptive drift measure were employed (e.g., Botvinick & Cohen, 1998). The self-
reports consisted of a questionnaire containing fixed response items and an open-ended 
question. The open-ended question asked participants to describe their experiences during 
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Table 3.1: Items of the self-report measure 

 Items 
1 It seemed as if I were feeling the touch in the location where I saw the fake hand touched. 
2 It seemed as though the touch I felt was caused by the paintbrush touching the fake hand. 
3 It felt as if the fake hand were my hand. 
4 It felt as if my hand were drifting towards the fake hand. 
5 It seemed as if I had more than one left hand or arm. 
6 It seemed as if the touch I was feeling came from somewhere between my own hand and the 

fake hand. 
7 It felt as if my hand was turning rubbery. 
8 It appeared as if the fake hand were drifting towards my hand. 
9 The fake hand began to resemble my hand in form. 
10 The fake hand began to resemble my hand in texture. 
11 It felt as if my hand was inside the fake hand. 

 
the session in their own words. Whereas the self-reports tap more or less directly into the 
participants’ experiences, proprioceptive drift is considered to be a corroborative behavioral 
measure of the rubber-hand illusion (Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). 
We also informed participants that they were allowed to comment on their experiences 
during the sessions. During the actual experiment, we did not further encourage, nor 
remind, participants to do so. Remarks were transcribed by an experimenter.  

The self-report items were adopted from Botvinick and Cohen (1998). Their 
questionnaire consisted of nine statements describing specific perceptual effects associated 
with the rubber-hand illusion, such as "I felt the rubber hand was my hand" or "It seemed as 
though the touch I felt was caused by the paintbrush touching the rubber hand". Several 
changes were made to this questionnaire. Firstly, all items were translated into Dutch. 
Secondly, the item "The rubber hand began to resemble my own (real) hand, in terms of 
shape, skin tone, freckles or some other visual feature" was divided into two separate items, 
one on the resemblance between the rubber hand and the real hand in terms of shape, the 
other in terms of texture. Thirdly, one item was added describing a sensation that a number 
of people reported during the pilot phase of the study: "It felt as if my hand was inside the 
fake hand". Participants were asked to indicate the extent to which each statement matched 
their own experiences on a seven-point scale ranging from "not at all" (coded with a 0) to 
"completely" (coded with a 6). The resulting 11 items are reported in the table 3.1. There 
were no missing responses. 
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Proprioceptive drift is conventionally defined as the difference between two differences: 
the baseline difference between actual and felt hand position (i.e., before exposure to the 
rubber-illusion) subtracted from the post-exposure difference between actual and felt 
position (Tsakiris & Haggard, 2005).14 There were no missing responses. 

3.3.2. Results 

Self-Reports. Scores on the questionnaire items for the three experimental conditions are 
shown in Figure 3.2. Similar to previous findings with the same or a comparable sets of 
items, the first three items were most strongly affirmed and demonstrated the greatest 
effects of our manipulations (e.g., Botvinick & Cohen, 1998; Ehrsson, 2007; Peled, Ritsner, 
Hirschmann, Geva & Modai, 2000; for an overview see Holmes & Spence, 2007).15 With 
these first three items as dependent variables, we performed a Multivariate Analysis of 
Variance (MANOVA) with the level of mediation (i.e., the traditional, VR, and MR 
conditions) as a within-subject factor. Using Wilks’ criterion, we found that the combined 
dependent variables were significantly affected by the level of mediation, with F(6, 88) = 9.1, 
p < .01 and partial η2 = 38.2%. Subsequent contrast analyses revealed that participants 
agreed more strongly with all three items in the traditional (i.e., unmediated) condition 
compared to the two mediated conditions, with F(1, 23) ≥ 7.5 and p ≤ .01. Also, participants 
agreed more strongly to Items 2 and 3 (see Table 3.1) in the VR compared to the MR 
condition, with F(1, 23) ≥ 7.4 and p ≤ .01. For Item 1 (see Table 3.1), no significant 
difference was found between the VR and MR condition, with F(1, 23) = 0.5 and p = .47. 
The various p-values should, however, be interpreted with care, as assumptions of 
normality, and homogeneity of variance and covariance matrices were not met. 

                                                                        
14 Other and / or additional baseline measures, such as the difference between actual and felt hand 
position after five minutes without stimulation, might perhaps be more informative. For now, we 
adopt Tsakiris and Haggard’s definition of proprioceptive drift, but we consider additional baseline 
measures in Chapter 5.  
15 These three items are commonly regarded as most important in assessing the vividness of the 
rubber-hand illusion. Some researchers have argued that the remaining items of the questionnaire by 
Botvinick and Cohen (1998) ask about impressions unrelated to the rubber-hand illusion, and that 
participants who strongly agree on these items should be removed from the analysis to control for 
suggestibility and compliance with task demands (e.g., Ehrsson, 2007). In our opinion, such strong 
claims should be based on sound psychometric analyses of people’s self-reported experiences. Such an 
analysis is reported in Chapter 6. For now, we make no commitment to any of these claims, and 
analyze the self-reports in multiple ways. 
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As an alternative, we decided to calculate each person’s mean score across all 11 items. 
The estimated reliability (Cronbach’s alpha) of this aggregated self-report measure was  
α = .64 in the traditional, α = .78 in the VR, and α = .83 in the MR condition. With these 
mean scores as the dependent variable, we performed a repeated measure Analyses of 
Variance (ANOVA) with level of mediation as the within-subject factor. This time, 
assumptions of normality and sphericity were met. As before, we found that the strength of 
the rubber-hand illusion was significantly affected by the level of mediation, with  
F(2, 46) = 27.8, p < .01 and partial η2 = 54.7% (see Figure 3.3A). Further contrast analyses 
revealed that people experienced a stronger illusion in the traditional condition compared 
to the two mediated conditions, with F(1, 23) > 27.7, p ≤ .01. Moreover, people experienced 
a stronger rubber-hand illusion in the VR as compared to the MR condition, with  
F(1, 23) = 5.3, p = .03. 

 

Proprioceptive Drift. With proprioceptive drift as the dependent variable, we performed 
a repeated measures ANOVA with mediation as a within-subject factor. One participant 
was identified as an outlier, as his or her standardized drift score in the VR and MR 
conditions was larger than 3.0. With this participant removed from the analysis, 
assumptions of normality and sphericity were met. We found a significant effect of 

 
Figure 3.2: Average response and standard deviation for each of the 11 self-report items. See 
Table 3.1 for a description of the items. 
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mediation, with F(2, 40) = 3.7, p = .03, and partial η2 = 15.7% (see Figure 3.3B). Contrast 
analyses revealed that participants showed significantly more drift in the traditional 
condition compared to the MR condition, with F(1, 20) = 5.3 and p = .03. The difference in 
drift between the traditional and the VR condition was found to be marginally significant, 
with F(1, 20) = 3.9, and p = .06. No difference was found between the two mediated 
conditions, with F(1,20) = .01, and p = .75. 

 

Open-Ended Descriptions. Participants sometimes used descriptions that signaled a 
sense of bodily ownership of the fake hand: "The feeling seems to build up the first few 
minutes and then, all of a sudden, the hand feels like my own. And after a while they [the fake 
hand and the participant’s own hand] start to look the same as well", or "Quickly you have 
the feeling [that] the rubber hand is really your hand, you can really feel it being touched". 
One participant remarked that the illusion was particularly vivid when fingers of the fake 
hand moved a little as a result of the force applied by the experimenter. In the VR 
condition, participants sometimes claimed that they felt as if the projection of the fake hand 
was a projection of their own hand: "I had a feeling I was looking at a projection of my own 
hand", or "It quickly appeared as if the projection was my own hand, and my own hand was 

 
Figure 3.3: Mean self-reported vividness (Panel A) and mean proprioceptive drift (Panel B) for 
the three experimental conditions. Error bars depict 95% confidence intervals. In the estimation 
of proprioceptive drift, one outlier was removed. 
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being touched". Interestingly, in the MR condition participants sometimes noted that the 
flat image appeared to obtain volume: "It felt as if the projection became three-dimensional, 
just like my own hand", or "The illusion was not strong, but the image appeared to become 3D 
as time passed". 

3.4. Discussion  

As demonstrated by both our participants’ self-reports and a proprioceptive drift 
measure, we were able to elicit the rubber-hand illusion under mediated conditions, in 
which people were watching a projection of the fake hand rather than the actual object. 
However, the resulting vividness with which people experienced the illusion was less in the 
mediated conditions as compared to the traditional (i.e., unmediated) condition. This 
finding partially contradicts Armel and Ramachandran’s (2003) claim that reliable 
correlations of visuotactile events are both necessary and sufficient to constitute self-
attribution. If this were true, then no difference ought to be found between the mediated 
and the unmediated conditions. The main difference between the mediated and 
unmediated conditions was that in both mediated conditions the foreign object was flat 
rather than three-dimensional. The results, thus, point toward a role of top-down 
mechanisms that impose restrictions on the appearance of the foreign object, thereby 
supporting the view that the rubber-hand illusion is affected, top-down, by a cognitive 
representation of the human body (Tsakiris and Haggard, 2005; see also de Vignemont et 
al., 2006). Based on our experiment, we can argue that such a top-down cognitive body 
representation needs to include a specification of the three dimensional shape of the hand 
as this was the main difference between the mediated and unmediated conditions. This 
issue needs to be investigated further, for example, by means of stereoscopic imaging.16   

Although the difference between the VR (in which the fake hand and its stimulation 
were projected) and the MR condition (in which stimulation was applied to the projection 
of the fake hand) was not always found to be statistically significant, the VR condition 
seems to be slightly more capable of eliciting a vivid rubber-hand illusion. This difference 
between the VR and the MR condition can, however, not be explained by differences in 

                                                                        
16 Slater, Perez-Marcos, Ehrsson and Sanchez-Vives (2008) have recently induced the rubber-hand 
illusion in an immersive virtual environment in which, by means of stereoscopic imaging, a virtual 
arm was attached to people’s right shoulder. The authors, however, did not make a direct comparison 
with either the traditional (i.e., unmediated) setup, or the two-dimensional setup presented in this 
chapter. 
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appearance of the foreign object which was similar in the VR and MR condition. A 
plausible explanation is suggested by the open-ended descriptions. In the VR condition a 
considerable number of participants had the impression that the projected hand was a video 
recording of their own concealed hand. None of the participants mentioned this in the MR 
condition (which would not have made sense since the stimulation was applied to the 
projected image). In the MR condition, the illusion appears to suffer somewhat from the 
conflict between the real brush and the virtual hand. This finding points toward the basic 
challenge of creating seamless perceptual fusion between the real and the virtual in mixed 
reality. Such a seamless fusion did not seem to occur in our experiment, although some 
participants mentioned that it appeared as though the two-dimensional image became 
three-dimensional. Interestingly, this was only mentioned after the MR condition. This 
specific impression, thus, could be related to the perceptual system solving the 
contradiction of watching a flat hand being stroked by a three-dimensional brush.  

By demonstrating that the rubber hand illusion can be reproduced under mediated 
conditions, we have shown that the mechanisms underlying the illusion are also operative 
in mediated situations. This is promising for two reasons. First, to obtain a deeper 
understanding of the various factors that constrain or facilitate people in developing a vivid 
illusion, it is necessary to have complete and systematic control over the variables one may 
want to manipulate. Mediated environments provide such a level of control by combining 
the ability to systematically tweak relevant variables with high ecological validity, and the 
precise replication of conditions (Loomis, Blascovich, & Beall, 1999). The setup of the 
virtual reality version of the rubber-hand illusion could, for example, be extended with a 
digital delay unit operating on the output of the camera. This would allow for a precise and 
controlled manipulation of temporal asynchrony between seen and felt stimulation. Second, 
since the mechanisms underlying the illusion are also operative in mediated situations, 
research on the rubber-hand illusion can, in turn, provide structure to the design of media 
technologies that benefit from self-attribution. Determining the various factors that 
facilitate or constrain self-attribution will aid in development of a set of requirements for 
such media technologies as the teleoperation systems discussed in the outset of this thesis. 
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─ Chapter 4 ─ 

The Effect of Fake Hand Appearance on the 
Rubber-Hand Illusion17  

...equality of appearance is neither necessary nor a sufficient condition of identity. One egg looks just like 

another egg and still they are not the same: Incubating one would not make the other one hatch. In contrast, 

the little puppet into which the voodoo priest sticks his needles, only remotely resembles the life victim, and 

nevertheless the latter is expected to suffer from the procedure. 

─ Doris Bischof-Köhler 

Abstract 
In the rubber-hand illusion, people attribute a foreign object to their own 
body. In this chapter, we investigate the extent to which the rubber-hand 
illusion is affected by visual discrepancies between the foreign object and a 
human hand. We tested Armel and Ramachandran’s (2003) hypothesis that 
people will experience a stronger rubber-hand illusion when the foreign object 
is a skin-like textured sheet instead of a tabletop. We did not find support for 
their hypothesis, but the strength of the illusion diminished when the texture 
of a hand-shaped object did not resemble the human skin (manipulated by 
putting a white glove over the cosmetic prosthesis). We provide an alternative 
explanation for this finding, based on a skill-based sensorimotor account of 
perceived body ownership. Such an explanation supports Armel and 
Ramachandran’s more general claim that discrepancies in the nature of 
expected and felt touch diminish the rubber-hand illusion. 

Research on the rubber-hand illusion, such as described in the previous chapter, has 
provided substantial empirical evidence regarding the mechanisms that underlie self-
attribution (i.e., the discrimination between what belongs and does not belong to the body). 
Research has demonstrated that the perceived boundaries of the body are not hard-wired, 
but are dynamically inferred through the integration of sensorimotor information. A 
process which, in turn, is modulated by the morphological characteristics of the human 

                                                                        
17 This chapter is based on Haans, IJsselsteijn, and de Kort (2008). 
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body. Armel and Ramachandran (2003), for example, demonstrated that the vividness of 
the rubber-hand illusion is considerably diminished when the illusion is induced with the 
tabletop as the foreign object, which, of course, bears no visual resemblance to a human 
hand. Similarly, Tsakiris and Haggard (2005) have shown that the extent to which the 
illusion occurs is considerable reduced when a wooden stick rather than a human hand is 
used as the foreign object. These findings demonstrate that reliable correlations between 
seen and felt touch are not sufficient to elicit a vivid rubber-hand illusion, and suggest that 
bottom-up visuotactile correlations are modulated, top down, by a cognitive representation 
of what the human body is like (Tsakiris & Haggard, 2005; see also de Vignemont et al., 
2006). This view is supported by our experiment in Chapter 3, which demonstrates that 
people experience a less vivid rubber-hand illusion when looking at a two-dimensional 
projection of the fake hand rather than the actual, three-dimensional, fake hand. 

In addition to this impeding effect of visual dissimilarities between the foreign object 
and a human hand, Armel and Ramachandran (2003) have argued that discrepancies in the 
nature of expected and actually felt touch may also diminish the rubber-hand illusion. They 
reported, anecdotally, that their participants experienced a stronger illusion when the 
tabletop and the real hand were both touched on the band-aid (i.e., a shared texture). They, 
therefore, conjectured that people will experience a more vivid rubber-hand illusion when 
the foreign object is a skin-like textured sheet (i.e., visually resembling the human skin) 
instead of a tabletop.  

4.1. Research Aims and Hypotheses 

In this chapter, we further explore the extent to which the rubber hand illusion is 
affected by discrepancies between the morphology of the foreign object and that of a human 
hand. In contrast to previous research (e.g., Tsakiris & Haggard, 2005), we explore the 
effects of dissimilarities in shape and texture independently by systematically manipulating 
these qualities of the foreign object. With respect to shape, we expect to corroborate existing 
research which shows that people develop a more vivid rubber-hand illusion when the 
foreign object resembles a human hand (e.g., Armel & Ramachandran, 2003; Tsakiris & 
Haggard, 2005). In other words, we expect that hand-shaped objects are more easily 
attributed to the self than non-hand-shaped objects. The effect of texture has, to our 
knowledge, not yet been empirically examined. However, a similar effect is to be expected as 
for shape: People will develop a stronger illusion when the texture of the foreign object 
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resembles the human skin. Specifically, we expect to provide empirical support for Armel 
and Ramachandran’s (2003) hypothesis that a skin-like textured sheet would induce a 
stronger illusion than a tabletop. 

4.2. Experiment 

4.2.1. Method 

Design. A two (hand vs. no hand shape) by two (natural vs. non-natural skin texture) 
repeated measures experiment was conducted. For the hand shape with natural texture 
condition (further to be referred to as the ST condition), a cosmetic prosthesis of a man’s 
left hand was used which was highly realistic in terms of skin texture, color, and shape. For 
the hand shape with non-natural texture condition (S¬T), a white latex glove was fitted over 
the prosthesis to modify texture and color, but not shape. For the no hand shape with 
natural texture condition (¬ST), a flat sheet (size 24 by 13 cm) of the same material as the 
prosthesis was used (as suggested by Armel & Ramachandran, 2003). Finally, for the no 
hand shape with non-natural texture condition (¬S¬T), no object was used, thereby leaving 
only the white tabletop to be stimulated. The ST condition was always in the first session as 
this condition was used to select only those participants that were susceptible to the 
traditional version of the illusion. The order of the remaining three conditions was 
counterbalanced across participants. 

 

Participants. Our sample was drawn from students and employees of the Eindhoven 
University of Technology, Eindhoven, the Netherlands. Twenty-six persons were invited to 
participate in the experiment. Three (11.5%) out of 26 participants did not experience the 
illusion in the ST condition. Of the remaining 23 participants, the mean age was 22.3  
(SD = 2.2; range 18 to 27 years); 14 participants were male, and 18 were right handed. All 
participants received a compensation of € 7.00. 

 

Procedure. Participants were asked to take a seat and place their left hand on a table. A 
pencil mark indicated the exact location at which participants had to place their middle 
finger. First, the experimenter obtained, for each participant, the base-line (i.e., pre-
exposure) difference between actual and felt position of the left hand. In an attempt to 
increase the accuracy of the estimation, this difference was obtained in a different manner 
as in the experiment in Chapter 3. First, the experimenter asked the participant to close his 
or her eyes. Subsequently, the experimenter placed a small platform (30 cm by 80 cm with a 
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height of 24 cm) over the participant’s left hand (see Figure 4.1). Next, the experimenter 
guided the participant’s right hand to the right most edge of the platform (from the 
participant’s point of view), and instructed the participant to slide his or her hand over the 
platform to indicate the felt position of the left hand. The differences between actual and 
felt position were calculated by taking the lateral distance between the middle fingers of the 
right and the left hand. It was coded with a positive sign when the felt position was biased 
towards the participant’s right-hand side, and with a negative sign when the felt position 
was biased beyond the left hand’s actual position. The difference between actual and felt 
position was consecutively assessed three times. 

The experimenter removed the platform, and instructed the participant to move his or 
her hands for a while. Next, the rubber-hand illusion was induced in four five minute 
sessions. At the beginning of each session, the experimenter placed the foreign object in 
front of the participant (depending on the experimental condition, a cosmetic prosthesis, a 
white fake hand, a sheet of skin-like material, or no object was used). The participant was 
asked to place his or her left hand back on the table in the position indicated by the pencil 
mark (at a lateral distance of 30 cm from the foreign object), to keep the hand motionless 
during the session, and to focus his or her attention on what he or she saw and felt (see 
Figure 3.1A). Next, the experimenter placed a wooden screen between the participant’s left 
hand and the foreign object. Finally, the experimenter used two small brushes to stroke and 
tap the middle and index finger of the participant’s left hand, and, simultaneously, 
congruent positions on the foreign object. After each session, the experimenter obtained the 
post-exposure difference between actual and felt position of the left hand, and the 

 
Figure 4.1: Experimental setup for the measurement of proprioceptive drift 
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participant completed a questionnaire. The post-exposure difference between actual and felt 
position was obtained by means of the same procedure as for the base-line differences. This 
time, however, only a single difference was obtained for each participant. 

 
Measures. Similar to the experiment in the Chapter 3, we employed both self-reports 

and a proprioceptive drift measure. The self-reports, again, consisted of a questionnaire 
containing fixed response items and an open-ended question. The open-ended question 
asked participants to describe their experiences during the session in their own words. 
Whereas the self-reports tap more or less directly into the participants’ experiences, 
proprioceptive drift is considered to be a corroborative behavioral measure of the rubber-
hand illusion (Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). At the beginning of the 
experiment, we also informed participants that they were allowed to comment on their 
experiences during the sessions. During the actual experiment, we did not further 
encourage, nor remind, participants to do so. Their remarks were transcribed by an 
experimenter. 

The self-report items were adopted from Chapter 3. For the purpose of the present 
experiment, however, several changes were made. First of all, the statements "The foreign 
object began to resemble my hand in form" and "The foreign object began to resemble my 
hand in texture" were excluded as these might potentially be biased in favor of the hand 
shape and natural texture conditions. Secondly, the statement "It felt as if my hand was 
turning rubbery" was changed into "It felt as if my hand was turning into the same material 
as the foreign object". Thirdly, the term "foreign object" in the statements was replaced by 
the appropriate term for each condition (e.g., "fake hand" or "rubber sheet"). Participants 
were asked to indicate the extent to which each statement matched their own experiences 
on a seven-point scale ranging from "not at all" (coded with a 0) to "completely" (coded with 
a 6). The resulting nine items are reported in Table 4.1. There were no missing responses.  

Proprioceptive drift is defined as the difference between two differences: the baseline 
difference between actual and felt hand position (i.e., before exposure to the rubber-
illusion) subtracted from the post-exposure difference between actual and felt position 
(Tsakiris & Haggard, 2005). Since baseline differences were obtained three times for each 
participant (Cronbach’s α = .95), the participant’s average baseline difference was used for 
the calculation of his or her proprioceptive drift. There were no missing responses.  
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Table 3.1: Items of the self-report measure 

 Items 
1 It seemed as if I were feeling the touch in the location where I saw the foreign object being 

touched. 
2 It seemed as though the touch I felt was caused by the paintbrush touching the foreign object. 
3 It felt as if the foreign object were my hand. 
4 It felt as if my hand were drifting towards the foreign object. 
5 It seemed as if I had more than one left hand or arm. 
6 It seemed as if the touch I was feeling came from somewhere between my own hand and the 

foreign object. 
7 It felt as if my hand was turning into the same material as the foreign object. 
8 It appeared as if the foreign object were drifting towards my hand. 
9 It felt as if my hand was inside the foreign object. 

Note that the term foreign object was replaced by the appropriate term for each experimental condition. 
 

4.2.2. Results 

Self-Reports. Scores on the questionnaire items for the four experimental conditions are 
shown in Figure 4.2. Similar to the experiment in Chapter 3, the first three items were most 
strongly affirmed and also demonstrated the greatest effects of our manipulations. With 
these first three items as dependent variables, we performed a two (hand vs. no hand shape) 
by two (natural vs. non-natural skin texture) repeated measures Multivariate Analysis of 
Variance (MANOVA). Using Wilks’ criterion, we found that the combined dependent 
variables were significantly affected by Shape, with F(3, 20) = 28.5, p < .01, and partial  
η2 = 81.0%, indicating that a hand-shaped object induced a stronger rubber-hand illusion 
than a non-hand-shaped object. In contrast, we did not find a significant main effect of 
Texture, with F(3, 20) = 2.2, p = .12, and partial η2 = 24.6%. The Shape by Texture 
interaction, however, was found to be significant, with F(3, 20) = 4.7, p = .01, and partial  
η2 = 41.4%. Additional simple effect analyses on the combined dependent variables showed 
that a natural skin texture increased the strength of the rubber-hand illusion for a hand-
shaped object, with F(3, 20) = 7.4, p < .01, and partial η2 = 52.7%, but not for a non-hand-
shaped object, with F(3, 20) < 0.1, p = .98, and partial η2 = 1.0%. The various p-values 
should however be interpreted with care as assumptions of normality, and homogeneity of 
variance and covariance matrices were not met.  
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As an alternative, we calculated each person’s mean score across all 9 items, and we used 
those as an aggregated measure of the vividness of the rubber-hand illusion in our analyses. 
The estimated reliability (Cronbach’s alpha) of this aggregated vividness measure was  
α = .62 in the ST, α = .72 in the S¬T, α = .83 in the ¬ST, and α = .89 in the ¬S¬T condition. 
With these mean scores as the dependent variable, we performed a repeated measure 
Analyses of Variance (ANOVA) with Shape and Texture as within-subject factors. This 
time, assumptions of normality and sphericity were met. As before, we found a statistically 
significant main effect of Shape, with F(1, 22) = 53.6, p < .01, and partial η2 = 70.9%, but no 
significant main effect of Texture, with F(1, 22) = 0.4, p = .56, and partial η2 = 1.6% (see 
Figure 4.3A). Although the effect of texture was again larger for a hand-shaped compared to 
a non-hand shaped object, this time the difference was not found to be statistically 
significant, with F(1, 22) = 0.7, p = .40, and partial η2 = 3.2%.  

 

Proprioceptive Drift. Participants showed, on average, a pre-exposure difference between 
actual and felt position of the left hand of M = 3.5 cm with SE = 0.9 (i.e., towards the 
participant’s right-hand side). The average post-exposure difference was M = 7.1 cm  
(SE = 1.0) after the ST, M = 7.2 cm (SE = 1.3) after the S¬T, M = 6.5 cm (SE = 0.9) after the 
¬ST, and M = 7.4 cm (SE = 1.4) after the ¬S¬T condition. We used a series of paired sample 

 
Figure 4.2: Average response and standard deviation for each of the 9 self-report items. See 
Table 4.1 for a description of the items. 
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t-tests to compare pre- and post-exposure differences. Post-exposure differences were 
found to be significantly different from pre-exposure differences for all experimental 
conditions, with t(22) ≥ 2.7 and p ≤ .02. 

Secondly, we calculated each person’s proprioceptive drift (i.e., post minus pre-exposure 
difference between actual and felt position of the left hand) and performed a repeated 
measure ANOVA with Shape and Texture as within-subject factors. Assumptions of 
normality and sphericity were met. None of the effects were found to be significant, with 
F(1, 22) ≤ 0.8, p ≥ .38 and partial η2 ≤ 3.5% (see Figure 4.3B).  

 

Open-Ended Descriptions. Generally, participants made spontaneous remarks like "this 
was strange" or "something was not right here". During the sessions, one participant 
remarked, "Sometimes I was not sure whether my hand was still being stimulated by the 
brush". In the S¬T condition, this same participant noticed that the stimulation of his own 
hand and the fake hand were implausibly similar: "There were so many small details (e.g., a 
couple of hairs on the brush that leaped from one finger to the other) that I both saw and felt, 
which cannot have happened synchronously". Interestingly, some participants remarked that 
the felt stimulation in the S¬T condition did not match their expectations: e.g., "If I would 

 
Figure 4.3: Mean self-reported vividness (Panel A) and mean proprioceptive drift (Panel B) for 
the three experimental conditions. Error bars depict 95% confidence intervals. 
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have worn a glove, [then] it would have made more sense, as the stimulation of the glove [on 
the foreign object] did not match with what I felt". 

In the ST condition, one participant remarked, "I was sure that when I would move a 
finger, I would see the finger of the fake hand move as well". Such feelings of perceived 
agency were described by several other participants as well. One male participant, for 
example, remarked, "Sometimes it felt as if the fake hand would respond to my movements". 
Some of these participants had a similar experience in the S¬T condition. 

Our participants differed in the location in which they perceived their left hand to be. In 
the S¬T condition, some participants had the feeling that their hand was inside the glove. 
After the ¬ST condition, one female participant wrote, "It seemed as if my hand was on top 
of the rubber sheet". In contrast, another participant experienced her hand to be under the 
sheet. In the ¬S¬T condition, one participant remarked, "[It seemed] as if I felt my hand to 
be underneath the table, feeling the stroking that occurred on the surface". In that same 
condition, another participant remarked, "At one time, I saw a hand shape emerge on the 
table". Another participant wrote down a similar experience: "I saw my hand appear on the 
table, but as a transparent ghost hand".  

4.3. Discussion 

On the self-report measure, we found that a hand-shaped object induced, as expected, a 
stronger rubber-hand illusion than a non-hand-shaped object (cf. Armel & Ramachandran, 
2003; Tsakiris & Haggard, 2005). In contrast, we did not find a significant main effect of 
texture, but there was a significant shape by texture interaction (at least in the MANOVA 
analysis on the three items normally considered as most important in assessing the 
vividness of the illusion; e.g., Ehrsson, 2007; see also Chapter 3). Further analyses showed 
that a natural skin texture increased the strength of the rubber-hand illusion for a hand-
shaped object, but not for a non-hand-shaped object. These findings corroborate the 
hypothesis that the rubber-hand illusion diminishes when the foreign object does not 
resemble the human hand, and thus supports the view that the rubber-hand illusion is 
affected by top-down cognitive information regarding what a human body is like (Tsakiris 
& Haggard, 2005; de Vignemont et al., 2006; see also Chapter 3). Our experiment, however, 
does not support Armel and Ramachandran’s (2003) hypothesis that a skin-like textured 
sheet induces a stronger rubber-hand illusion than the tabletop.  
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Although we did not find support for Armel and Ramachandran’s (2003) hypothesis 
that people will experience a stronger rubber-hand illusion when the foreign object is a 
skin-like textured sheet rather than the tabletop, people experienced a stronger illusion 
when a natural skin-like texture was applied to a fake hand (at least when assessed with the 
first three item of the questionnaire). In contrast, no such effect of texture was found for the 
tabletop conditions. In this study, we used a white latex glove to manipulate the color and 
texture of the fake hand. By doing so, we not only reduced textural similarity, but perhaps 
inadvertently changed the expected pattern of sensorimotor contingencies as well. During 
and after the S¬T session, several participants remarked that their tactile sensations did not 
match those generally perceived while wearing gloves. It is not unlikely that people know 
(in a skill-like fashion; cf. O’Regan et al., 2005) how their tactile sensations change when 
they put on gloves. People, for example, might know the difference in "feel" between being 
touched directly on the skin and while wearing gloves (or a band-aid). To experience the 
gloved fake hand as a part of the body, the perceived sensorimotor contingencies should 
match those that normally occur while wearing latex gloves. It might, thus, be that the 
significant difference between the ST and S¬T conditions on the first three items of the self-
report measure is not an effect of visual similarity, but an effect of a change in the 
admissible pattern of sensorimotor correlations. This would explain why texture had an 
effect on the hand-shaped objects, but not on the non-hand-shaped objects. Such an 
explanation supports Armel and Ramachandran’s (2003) more general claim that 
discrepancies in the nature of expected and felt touch diminish the rubber-hand illusion.18  

 The qualitative data that were gathered during the two experiments show substantial 
individual differences in the vividness with which people develop the rubber-hand illusion, 
even when the experimental conditions are similar between participants. Whereas some 
participants’ rubber-hand illusion is limited to experiencing something strange, others even 
reported to have had the vivid impression that they could move the foreign object. These 

                                                                        
18 Unfortunately, the rubber-hand illusion procedure employed in the present study cannot separate 
the effect of visual similarity from that of knowledge regarding sensorimotor contingencies with 
respect to tactile sensations. Instead, future studies into this issue might use a somatic version of the 
rubber-hand illusion (see Ehrsson, Holmes & Passingham, 2005). In this somatic version of the 
rubber-hand illusion, the experimenter takes hold of the index finger of a person’s right hand and 
strokes that finger over an foreign object. Simultaneously, the experimenter uses his or her own index 
finger to stroke the person’s left hand in a synchronous manner. Since the participant is blindfolded, 
this setup allows an investigation of the effect of tactile discrepancies (i.e., discrepancies in feel) in 
isolation from visual discrepancies (i.e., discrepancies in appearance). 
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data point toward an illusion that is not only experienced at different levels of vividness, but 
that is marked by considerable individual differences as well. To date, only a few studies 
have investigated these individual differences in the rubber-hand illusion (MacLachlan, 
Desmond & Horgan, 2003; Mussap & Salton, 2006; for similar studies regarding other 
experimentally induced body illusions, see Burrack & Brugger, 2005; Juhel & Neiger, 1993). 
Further research is needed to understand the physiological mechanisms behind, and 
personality correlates of these individual differences in people’s susceptibility to 
experimentally induced body illusions.  

Similar to the experiment in Chapter 3, there was a slight difference in the interpretation 
of the results when the vividness of the illusion was assessed by means of an aggregated 
score across all self-reports, and when assessed by means of the first three self-reports only 
(which are commonly regarded as most important for assessing the illusion; see Chapter 3). 
In this chapter, the shape by texture interaction was statistically significant when the first 
three items were considered, but not when all items were considered. In contrast, the 
difference between the VR and the MR condition in Chapter 3 was statistically significant 
when all items were included in the analyses, but not when only the first three items were 
included in the analysis. Further research is, therefore, needed to determine which of the 
impressions contained within these items can best distinguish between the various levels of 
vividness of rubber-hand illusion.  

Although the proprioceptive drift measure largely corroborated self-reports in  
Chapter 3, this was clearly not the case in the present experiment. Contrary to our 
expectations, no differences were found on the proprioceptive drift measure: Participants 
showed the same amount of proprioceptive drift in all experimental conditions. This is 
surprising, since Tsakiris and Haggard (2005) found that people showed significantly less 
proprioceptive drift when a wooden stick was used as the foreign object rather than a 
cosmetic prosthesis. However, there are several notable differences between our method of 
measuring proprioceptive drift and the method used by Tsakiris and Haggard. Their 
participants reported on where their left hand was located, whereas our participants 
reported on where they felt their left hand was located. Gross and Melzack (1978) prefer the 
latter method of estimating drift, since some (yet few) people are aware of the difference 
between felt and actual (i.e., remembered) location of their left hand. Secondly, the two 
methods differ in how participants made their reports. Whereas the participants of Tsakiris 
and Haggard made their reports verbally, our participants pointed to the felt location with 
their other hand. However, when directly comparing the two methods of estimation, Gross, 
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Webb and Melzack (1974) did not find a substantial difference between reports made 
verbally or by pointing with the other hand. Finally, compared to Tsakiris and Haggard, we 
only partially counterbalanced the experimental conditions (i.e., each participant did the ST 
condition first), therefore our proprioceptive drift measurements may have been more 
vulnerable to carry-over effects. Since the proprioceptive drift measure did not always 
corroborate the self-report measure, further research is needed to demonstrate the 
conditions under which proprioceptive drift can be assumed to reliably correspond to the 
vividness of people’s rubber-hand illusion.  

In sum, we have corroborated that a hand-shaped foreign object can be more easily 
attributed to the self than a non-hand-shaped object (e.g., Armel & Ramachandran, 2003; 
Tsakiris & Haggard, 2005). Our results, thus, support the view that bottom-up visuotactile 
correlations are modulated, top down, by a cognitive representation of what the human 
body is like (see also de Vignemont et al., 2006). In contrast, we did not find support for 
Armel and Ramachandran’s (2003) hypothesis that a skin-like textured sheet would allow 
for a more vivid illusion than a tabletop. Instead, we found that texture might have an effect 
on a hand-shaped object: The rubber-hand illusion was significantly decreased when the 
texture of the fake hand did not resemble the human skin. This finding seems to support 
Armel and Ramachandran’s more general claim that discrepancies in the nature of expected 
and felt touch diminish the rubber-hand illusion. 
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─ Chapter 5 ─ 

Magnitudes of Drift 

Abstract 
In the rubber-hand illusion, people commonly misperceive the location of 
their concealed hand toward the direction of the fake hand (so-called 
proprioceptive drift). To what extent can this perceptual recombination of 
proprioception be attributed to experiencing the illusion? In this chapter, we 
investigate the extent to which the various features of the experimental setup 
of the rubber-hand illusion, which in themselves are not sufficient to elicit the 
illusion, affect proprioceptive drift. Our experiments corroborate existing 
research demonstrating that looking at a fake hand or a tabletop for five 
minutes, in absence of visuotactile stimulation, is sufficient to induce a change 
in the felt position of an unseen hand. In addition, our experiments indicate 
that the use of proprioceptive drift as a measure for the strength of the rubber-
hand illusion might yield different conclusions than an assessment by means 
of self-reports. Results are discussed in terms of the validity of proprioceptive 
drift as a measure of the vividness of the rubber-hand illusion. 

In the rubber-hand illusion, people commonly misperceive the location of their 
concealed hand toward the direction of the fake hand (e.g., Botvinick & Cohen, 1998; see 
also chapters 3 and 4). In the literature on the rubber-hand illusion, this shift in the felt 
position of the concealed hand is called proprioceptive drift (e.g., Tsakiris & Haggard, 
2005). This proprioceptive drift seems similar to the perceptual recombination of 
proprioception that is found in prism adaptation studies (for an overview, see Welch, 1986). 
When seen and actual position of a limb are in conflict, the visually displaced limb is usually 
felt where it is seen; a phenomenon known as immediate visual capture (Welch & Warren, 
1980). Prolonged exposure to prism induced visual displacements often results in after-
effects including misreaching in the direction opposite to the previous visual displacement. 
Similar effects have been reported in adapting to teleoperation systems and virtual 
environments (e.g., Groen & Werkhoven, 1998; Held & Durlach, 1991). Moreover, 
proprioceptive drift of a concealed hand occurs also when there is no kinesthetic and visual 
information about hand position, for example, when kinesthetic information is blocked by 
pressure-cuffs (Gross & Melzack, 1978) or anesthetics (Melzack & Bromage, 1973), or when 
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people are asked not to move their concealed arm for a while (Gross et al., 1974; Wann & 
Ibrahim, 1992). In such situations, people feel that their concealed hand is located closer to 
the body midline than it actually is. Moreover, these studies demonstrate that the 
proprioceptive drift continues over time with felt hand position slowly approaching the 
chest, thereby apparently following a path that is anatomically possible.  

Proprioceptive drift, thus, is not limited to the rubber-hand illusion, but is common in 
situations in which there is a conflict between kinesthetic and visual information, or in 
which there is no such sensory information from which arm location can be deduced. The 
experimental setup in which the rubber-hand illusion is elicited provides a combination of 
these two factors: People have little kinesthetic and no visual information regarding the 
location of their left hand for a considerable amount of time (e.g., five minutes), and the 
location of the visible fake hand is in conflict with actual hand location. Both these factors 
can contribute to the shift in felt hand position that is commonly observed in research on 
the rubber-hand illusion, but they are in themselves not sufficient to elicit the rubber-hand 
illusion. Yet, the extent of proprioceptive drift is commonly regarded as a corroborative 
measure of the vividness of the rubber-hand illusion (e.g., Tsakiris & Haggard, 2005). The 
question is: To what extent can proprioceptive drift be attributed to experiencing the 
illusion?  

5.1. Research Aims 

In this chapter, two studies are reported in which we examine the perceptual 
recombination of proprioception that occurs under various conditions related to the setup 
of rubber-hand illusion. Knowing the various magnitudes with which proprioceptive drift 
occurs under these conditions is important to assess the effect of the rubber-hand illusion 
on proprioceptive drift: If experiencing the rubber-hand illusion does increase a person’s 
proprioceptive drift, then drift ought, at least, to be higher in conditions in which people 
can develop the illusion (i.e., when synchronous stimulation is applied to the participant’s 
concealed hand and the fake hand), compared to those conditions in which they are not 
expected to develop the illusion (e.g., when no tactile stimulation is applied). Additionally, 
by comparing proprioceptive drift with people’s self-reported vividness of the illusion, we 
aim to provide empirical support for the often made claim that proprioceptive drift is a 
corroborative measure of the vividness of the rubber-hand illusion (e.g., Tsakiris & 
Haggard. 2005). 
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For the two experiments described in this chapter, several changes were made to the 
platform on which participants had to indicate the felt position of their left hand (cf. Figure 
4.1). The table was lowered to nine cm, thereby bringing the platform as closely as possible 
to the participant’s left hand underneath (i.e., without the underside of the table touching 
the hand; see Figure 5.1). By decreasing the vertical distance between the left hand and the 
platform on which participants indicate the felt location of their left hand, we aimed to 
increase the accuracy with which felt hand position could be estimated. For a better 
assessment of the lateral distance between felt and actual hand position, a string was 
mounted over the length of the platform to which a small wooden block (4.0 cm by 1.5 cm 
by 1.5 cm) was attached. By sliding the small wooden block over the platform, participants 
could indicate the felt position of his or her concealed left hand. For the remainder, the 
procedure of measuring proprioceptive drift remained similar to previous chapters.  

5.2. Experiment 1: Various Magnitudes 

5.2.1. Method 

Participants. Our sample was drawn from students and employees of the Eindhoven 
University of Technology, Eindhoven, the Netherlands. Twenty-three persons were invited 
to participate in the experiment. Several days prior to the actual experiment, all participants 
were tested on their ability to experience the rubber-hand illusion. Five (22%) out of 23 
participants did not experience the illusion and were excluded from the experiment. Of the 
remaining 18 participants, the mean age was 25.9 (SD = 7.5; range 20 to 52 years); 
12 were male; 17 were right handed. All participants received € 3.50 as compensation.  

 
Figure 5.1: The setup for the measurement of proprioceptive in front view (Panel A) and top 
view (Panel B). 
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Design. A within-subject experiment was conducted in which we assessed the magnitude 
of people’s proprioceptive drift under three different conditions: (a) A "real and fake hand" 
condition in which the participant’s concealed hand was stimulated in precise synchrony 
with a visible fake hand (i.e., the traditional rubber-hand illusion setup; see Figure 3.1A), (b) 
a "real hand only" condition in which the participant’s concealed hand is stimulated, but not 
the fake hand, and (c) a "fake hand only" condition in which the fake hand is stimulated, but 
not the participant’s concealed hand. The order of the conditions was counterbalanced 
across participants. 

 

Procedure. At the beginning of the experiment, participants were asked to take a seat 
and place their left hand on a table. A pencil mark indicated the exact location at which 
participants had to place their middle finger. For each participant, the experimenter first 
obtained the baseline (i.e., pre-exposure) difference between actual and felt position of the 
left hand. For this, the experimenter asked the participant to close his or her eyes. Second, 
the experimenter placed the newly designed measurement platform over the participant’s 
left hand (see Figure 5.1). Third, the experimenter guided the participant’s right hand to the 
small block attached to the string that was mounted on the platform, and instructed the 
participant to slide the block over the platform (starting from the participant’s outermost 
right-hand side) to indicate the felt location of the middle finger of his or her left hand. The 
differences between actual and felt position were calculated by taking the lateral distance 
between the wooden block and the index finger of the participant’s concealed hand. It was 
coded with a positive sign when the felt position was biased towards the participant’s right-
hand side, and with a negative sign when the felt position was biased beyond the left hand’s 
actual position.  

After the experimenter removed the platform, participants were asked to move their 
hands as if conducting an orchestra, while the experimenter placed a fake hand in front of 
the participant. As a fake hand, a cosmetic prosthesis of a man’s left hand was used that was 
highly realistic in terms of skin texture, color, and shape. The participants were asked to 
place their left hand back on the table in the position indicated by the pencil mark (at a 
lateral distance of 30 cm from the fake hand), to keep it motionless during the session, and 
to focus their attention on what they saw and/or felt. Depending on the experimental 
condition, the experimenter used paint brushes to stroke the fake hand, the concealed hand, 
or both in a synchronous manner for five minutes. After each session, the experimenter 
obtained the post-exposure difference between actual and felt location of the left hand, and 
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the participant completed a questionnaire. The post-exposure difference between actual and 
felt location was obtained by means of the same procedure as for the pre-exposure 
difference. 

 

Measures. Similar to the experiments in the previous chapters, we employed both a self-
report and a proprioceptive drift measure. The self-report measure consisted of a single 
statement "At some times during the session, it felt as if the fake hand were my hand". 
Participants were asked to indicate the extent to which this statement matched their own 
experiences on a seven-point scale ranging from "not at all" (coded with a 0) to "completely" 
(coded with a 6). There were no missing responses. Proprioceptive drift is defined as the 
difference between two differences: the baseline difference between actual and felt hand 
position (i.e., before exposure to the rubber-illusion) subtracted from the post-exposure 
difference between actual and felt position (Tsakiris & Haggard, 2005). Again, there were 
no missing responses.  

5.2.2. Results 

Self-Reports. Since our participants’ responses to the self-report item were not normally 
distributed, the non-parametric Friedman test was used to test for differences in self-
reported vividness between the three conditions. We found that there was at least one 
significant difference between the three conditions, with χ2(2, N = 18) = 28.6, and p < .01 
(see Figure 5.2A). Further contrast analysis by means of a series of Wilcoxon signed-rank 
tests revealed that people, as expected, reported the highest vividness of the illusion in the 
"real and fake hand" condition as compared to the other conditions, with Z(N = 18) ≥ 3.6, 
and p ≤ .01. No difference in self-reported vividness was found between the "real hand only" 
and "fake hand only" conditions, with Z(N = 18) = 0.8, and p = .41. 

 

Proprioceptive drift. Participants showed, on average, a pre-exposure difference between 
actual and felt position of the left hand of M = 1.0 cm with SD = 2.6 (i.e., towards the 
participant’s right-hand side). The average post-exposure difference was M = 2.1 cm  
(SD = 2.9) after the "real hand only" condition, M = 3.8 cm (SD = 5.4) after the "fake hand 
only" condition, and M = 7.5 cm (SD = 6.7) after the "real and fake hand" condition. We 
used a series of paired sample t-tests to compare pre- and post-exposure differences. Post-
exposure differences were found to be significantly different from pre-exposure differences 
for the "fake hand only" and the "real and fake hand" condition, with t(17) = 4.8 and p < .01, 
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and t(17) = 2.5 and p = .02, respectively. There was a marginally significant difference 
between the pre- and post-exposure differences between actual and felt position for the "real 
hand only" condition, with t(17) = 1.7 and p = .09.  

Secondly, we calculated each person’s proprioceptive drift (i.e., post-exposure minus 
pre-exposure difference between actual and felt position of the left hand; see Figure 5.2B), 
and performed a repeated measures ANOVA with proprioceptive drift as the dependent 
variable. Assumptions of normality, and sphericity were met. The repeated measures 
ANOVA revealed a significant difference between the three conditions, with F(2,34) = 19.1, 
p < .01 and partial η2 = 52.9%. Further contrast analyses revealed that, as expected, 
proprioceptive drift was found to be significantly larger in the "real and fake hand" 
condition compared to the two other conditions, with F(1,17) ≥ 24.3, and p ≤ .01. In 
contrast to the self-report measure, there was a marginally significant difference in 
proprioceptive drift between the "real hand only" and "fake hand only" conditions, with 
F(1,17) = 4.1, and p = .06. 
  

 
Figure 5.2: Mean self-reported vividness (Panel A) and mean proprioceptive drift (Panel B) for 
the three experimental conditions of Experiment 1. Error bars depict 95% confidence intervals. 
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5.2.3. Discussion 

As expected, the difference between pre- and post-exposure differences between felt and 
actual hand location was statistically significant for the "real and fake hand" condition (in 
which the rubber-hand illusion is expected to occur). The difference between pre- and post-
exposure differences was, however, found also to be statistically significant for the "fake 
hand only" condition. Since people are not expected to develop the rubber-hand illusion 
without synchronous stimulation of the fake hand and the concealed hand, this difference 
cannot be due to the experience of the rubber-hand illusion. This difference between and 
pre- and post-exposure differences can perhaps be explained by the common finding that 
the perceptual recombination of proprioception increases over time (e.g., Gross & Melzack, 
1978; Wann & Ibrahim, 1992; Tsakiris & Haggard, 2005). Yet, the difference between pre- 
and post-exposure differences between felt and actual hand location was not found to be 
statistically significant for the "real hand only" condition. In other words, stimulating only 
the participant’s real hand did not change felt hand location, whereas stimulating only the 
fake hand did. A possible explanation for this finding might be that the stimulation directed 
the participant’s attention toward the hand that is stimulated, thereby resulting in a larger 
shift in felt position when the fake hand was stimulated, and a smaller shift when the 
participant’s own hand was stimulated. We, therefore, conducted an additional t-test to 
compare the post-exposure differences between felt and actual hand location in these two 
conditions, but found only a marginally significant difference, with t(17) = 2.0 and p = .06. 
Although an attention-based explanation sounds plausible, there is little published evidence 
that supports such an effect of attention on the perceptual recombination of 
proprioception. Gross and colleagues (1974), for example, did not find a difference in felt 
hand position between a group of participants that received tactile stimulation to the 
concealed hand and a group that did not. In contrast, Wann and Ibrahim (1992) did find a 
significant effect of attention on the perceptual recombination of proprioception, but this 
effect was in the opposite direction. That is, when attention was directed away from the 
concealed hand, by having participants performing a tracking task with their other hand, 
they observed a lesser shift in felt location of the concealed than when participants were 
specifically asked to concentrate on the location of their concealed hand.  

Proprioceptive drift (i.e., the baseline difference between actual and felt hand position 
subtracted from the post-exposure difference) was found to be significantly larger in the 
"real and fake hand" condition, compared to the conditions in which either only the fake 
hand, or only the real hand were stimulated. In contrast, only a marginally significant 
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difference in proprioceptive drift was found between the "fake hand only" and the "real 
hand only" conditions. A similar pattern of differences between the experimental conditions 
was found on the self-report measure. As expected, our participants reported the most vivid 
rubber-hand illusion when their concealed hand and the fake hand were stimulated in 
precise synchrony. Similar to the proprioceptive drift measure, the difference in self-
reported vividness of the illusion between the "fake hand only" and the "real hand only" 
conditions was not found to be significant. Our experiment thus illustrates that the 
perceptual recombination of proprioception during the induction of the illusion can be 
explained by factors other than the experience of the illusion, but that the proprioceptive 
drift measure might still adequately distinguish between experimental conditions in which 
people can and cannot develop the illusion. 

Several interesting questions, however, were not addressed in this experiment. What 
would be the magnitude of proprioceptive drift resulting from a five-minute exposure to a 
fake hand (i.e., without stimulation), and how would this drift compare to the drift 
normally observed after the rubber-hand illusion has been induced. These questions will be 
addressed in a second experiment. 

5.3. Experiment 2: More Magnitudes 

5.3.1. Method 

Participants. Our sample was drawn from the students and employees of the Eindhoven 
University of Technology, Eindhoven, the Netherlands. Thirty-two persons were invited to 
participate in the experiment. Several days prior to the actual experiment, all participants 
were tested on their ability to experience the rubber-hand illusion. Eight (25%) out of 32 
participants did not experience the illusion and were excluded from the experiment. Of the 
remaining 24 participants, the mean age was 27.7 (SD = 1.4; range 24 to 30 years);  
20 participants were male; 22 were right handed. All participants received € 5.00 as 
compensation.  

 

Design. A two (fake hand vs. tabletop) by two (stimulation vs. no stimulation) within-
subject experiment was conducted. The "fake hand with stimulation" condition was similar 
to the traditional rubber-hand illusion setup in which the participant’s concealed hand is 
stroked, by means of two brushes, in precise synchrony with a visible fake hand (Botvinick 
& Cohen, 1998; see Figure 3.1A). In the "fake hand without stimulation" condition, a fake 
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hand was again placed in front of the participant, but neither the fake hand nor the 
participant’s concealed hand were stroked. In the "tabletop with stimulation condition", 
there was no fake hand in front of the participant. Instead, the experimenter stroked the 
participant’s concealed hand in synchrony with corresponding locations on the tabletop 
(similar to the ¬S¬T condition in the experiment in Chapter 4). Finally, in the "tabletop 
without stimulation" condition, the experimenter neither stroked the participant’s 
concealed hand, nor the tabletop. The order of the conditions was counterbalanced across 
participants.  

 

Procedure. At the beginning of the experiment, the experimenter obtained, for each 
participant, the baseline (i.e., pre-exposure) difference between actual and felt position of 
the left hand. This was done in a similar manner as in Experiment 1. After the measurement 
of baseline drift, participants were asked to move their hands as if conducting an orchestra. 
Meanwhile, the experimenter, depending on the experimental condition, either placed a 
fake hand in front of the participant, or continued without the fake hand. Next, the 
participants were asked to place their left hand back on the table in the position indicated 
by the pencil mark (at a lateral distance of 30 cm from the fake hand or the corresponding 
location on the tabletop) and to keep it motionless during the session. In the conditions 
with stimulation, the experimenter stimulated the participant’s concealed hand, and the 
fake hand or tabletop for five minutes in a synchronous manner. In the conditions without 
stimulation, the participant sat and stared at the fake hand or tabletop for five minutes. 
After each session, the experimenter obtained the post-exposure difference between actual 
and felt position of the left hand, and the participant completed a questionnaire.  

 

Measures. Similar to Experiment 1, we employed both a self-report and a proprioceptive 
drift measure. The self-report measure consisted of a single statement "At some times during 
the session, it felt as if the foreign object was a part of my body." The term "foreign object" 
was replaced by the appropriate term for each condition (i.e., fake hand, or tabletop). 
Participants were asked to indicate the extent to which this statement matched their own 
experiences on a seven-point scale ranging from "not at all" (coded with a 0) to "completely" 
(coded with a 6). There were no missing responses. Proprioceptive drift is defined as the 
difference between two differences: the baseline difference between actual and felt hand 
position (i.e., before exposure to the rubber-illusion) subtracted from the post-exposure 
difference between actual and felt position (Tsakiris & Haggard, 2005). Again, there were 
no missing responses.  
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5.3.2. Results 

Self-Reports. Since our participants’ responses to the self-report item were not normally 
distributed, the non-parametric Friedman test was used to test for differences in self-
reported vividness between the four conditions. We found that there was at least one 
significant difference between the four conditions, with χ2(3, N = 24) = 50.3, and p < .01  
(see Figure 5.3A). Additional pair-wise comparisons by means of a series of Wilcoxon 
signed-rank tests revealed that people, as expected, experienced a more vivid illusion in the 
"hand shape with stimulation conditions" than in all other conditions, with Z(N = 24) ≥ 3.8, 
and p ≤ .01. There was no difference between the "tabletop with stimulation" and the "fake 
hand without stimulation" condition, with Z(N = 24) = 1.5, and p = .12. Finally, people 
reported a less vivid illusion in the "tabletop without stimulation condition" than in any 
other condition, with Z(N = 24) ≥ 3.0, and p ≤ .01.  

Additionally, we performed a two (hand vs. tabletop) by two (stimulation vs. no 
stimulation) repeated measures ANOVA with participants’ responses to the self-report 
measure as the dependent variable. The main effect of the mere presence of a fake hand on 

 
Figure 5.3: Mean self-reported vividness (Panel A) and mean proprioceptive drift (Panel B) for 
the four experimental conditions of Experiment 2. Error bars depict 95% confidence intervals. 
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the table, with F(1, 23) = 43.6, p < .01, and partial η2 = 65.5%, and the main effect of 
synchronous stimulation of the participant’s concealed hand and the foreign object, with 
F(1, 23) = 74.8, p < .01, and partial η2 = 76.5%, were found to be significant. In addition, 
there was a statistically significant interaction effect, with F(1, 23) = 19.1, p < .01, and partial 
η2 = 45.3%. Further contrast analysis revealed that the facilitating effect of synchronous 
stimulation was larger when stimulation was applied to the fake hand, with F(1, 23) = 76.0, 
p < .01, and partial η2 = 76.8%, than when it was applied to the tabletop, with  
F(1, 23) = 14.1, p < .01, and partial η2 = 38.1%. The estimated p-values and effect sizes 
should, however, be interpreted with care, as assumptions of normality and sphericity were 
not met. 

 

Proprioceptive Drift. Participants showed, on average, a pre-exposure difference between 
actual and felt position of the left hand of M = 1.5 cm with SD = 2.6 (i.e., towards the 
participant’s right-hand side). The average post-exposure difference was M = 8.1 cm  
(SD = 5.7) after the fake hand with stimulation, M = 6.1 cm (SD = 0.9) after the fake hand 
without stimulation, M = 5.5 cm (SD = 0.7) after the tabletop with stimulation, and M = 2.9 
cm (SD = 0.6) after the tabletop without stimulation condition. We used a series of paired 
sample t-tests to compare pre- and post-exposure differences. Post-exposure differences 
were found to be significantly different from pre-exposure differences for all experimental 
conditions, with t(23) ≥ 2.1 and p ≤ .04.  

Secondly, we calculated each person’s proprioceptive drift (i.e., post- minus pre-
exposure difference between actual and felt position of the left hand; see Figure 5.3B), and 
performed a two (hand vs. tabletop) by two (stimulation vs. no stimulation) repeated 
measures ANOVA with proprioceptive drift as the dependent variable. Assumptions of 
normality and sphericity were met. Two participants were identified as an outlier, as their 
standardized drift scores were larger or smaller than three times the standard deviation. 
Since the removal of these outliers did not affect the interpretation of the results, we report 
the analyses with all data included. We found that proprioceptive drift significantly 
increased with mere exposure to a fake hand, with F(1,23) = 27.1, p < .01, and partial  
η2 = 54.1%. In addition, the main effect of stimulation was found to be significant with, 
F(1,23) = 13.0, p < .01 and partial η2 = 36.1%. As expected, our participants showed more 
proprioceptive drift when their concealed hands were stroked in precise synchrony with the 
fake hand or the tabletop. In contrast to self-report measure, the hand by stimulation 
interaction was not found to be significant, with F(1,23) = 0.2, p = .63 and partial η2 = 1.0%.  
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5.3.3. Discussion 

There was a statistically significant difference between pre- and post-exposure 
differences between actual and felt hand location for all experimental conditions. Looking 
at the tabletop for five minutes (i.e., without any tactile stimulation), for example, was 
found to increase the difference between seen and felt stimulation to a statistically 
significant extent. Since no illusory sense of ownership over the tabletop is expected to be 
elicited in such a situation, this finding can be explained only as the result of having little 
kinesthetic and no visual feedback about hand location for five minutes (cf., e.g., Gross & 
Melzack, 1978; Wann & Ibrahim, 1992). This finding corroborates Experiment 1 in 
demonstrating that the perceptual recombination of proprioception during the induction of 
the rubber-hand illusion can be explained, partially, by factors other than the experience of 
the illusion. 

Further analyses of the proprioceptive drift measure (i.e., the baseline difference 
between actual and felt hand position subtracted from the post-exposure difference) 
revealed a significant main effect of synchronous stimulation, and a significant main effect 
of the presence of a fake hand. In the experiment in Chapter 4, the extent to which 
proprioceptive drift occurred was not affected by the visual dissimilarities between the 
foreign object and a human hand: Using a the tabletop rather than a fake hand as the 
foreign object did not affect proprioceptive drift. In the present experiment proprioceptive 
drift was found to be larger for the fake hand with stimulation condition as compared to the 
tabletop with stimulation condition. Interestingly, however, mere exposure to a fake hand 
for five minutes (i.e., without stimulation) resulted in a similar proprioceptive drift as trying 
to induce the illusion with the tabletop. Since we cannot expect that people will develop the 
illusion without synchronous stimulation (see also Holmes, Snijders, & Spence, 2006), we 
must conclude either that we could not elicit the rubber-hand illusion in the "tabletop with 
stimulation" condition, or that proprioceptive drift is not a valid measure for the strength or 
vividness of the illusion. 

If we compare people’s proprioceptive drift with their self-reported vividness of the 
illusion, then we find that proprioceptive drift, as in the previous experiment, was largest in 
the condition in which participants developed the most vivid rubber-hand illusion: When 
the participant’s own hand was stimulated in precise synchrony with a visible fake hand. 
Consistent with the view that bottom-up visuotactile correlations are modulated, top down, 
by a cognitive representation of what the human body is like (Tsakiris & Haggard, 2005; de 
Vignemont et al., 2006; see also Chapters 3 and 4), the effect of synchronous stimulation on 
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the self-reported vividness of the illusion was found to be larger for a hand-shaped foreign 
object as compared to the tabletop. In contrast, we did not find a significant hand by 
stimulation interaction effect on proprioceptive drift. The self-report and the 
proprioceptive drift measures thus yield different conclusions with respect to the effect of 
experimental manipulations. Our experiment, thus, does not support the claim that 
proprioceptive drift is a valid corroborative measure of the vividness with which people 
experience the illusion (e.g., Tsakiris & Haggard, 2005). 

5.4. General Discussion 

In this chapter, we investigated the commonly made claim that proprioceptive drift is a 
corroborative measure of the vividness with which people experience the rubber-hand 
illusion. This proprioceptive drift is usually defined as the difference between two 
differences: the baseline difference between actual and felt hand position (i.e., before 
exposure to the rubber-illusion) subtracted from the post-exposure difference between 
actual and felt position (Tsakiris & Haggard, 2005). In two experiments, we examined the 
extent to which changes in the felt location of the concealed hand occur under conditions 
that are related to the setup of the rubber-hand illusion, but which in themselves are not 
sufficient to elicit the illusion. As we would expect from prior research (e.g., Gross et al., 
1974; Wann & Ibrahim, 1992), we found that several of such conditions had a statistically 
significant effect on felt hand location, such as the mere exposure to a fake hand. We 
demonstrated, for example, that looking at the tabletop for five minutes (i.e., without any 
tactile stimulation) is in itself sufficient for a statistically significant difference between pre- 
and post-exposure differences between actual and felt hand location. Since no illusory sense 
of ownership over the tabletop is expected to be elicited in such a situation, this finding 
does not support the often made claim that proprioceptive drift is a corroborative measure 
of the vividness of the rubber-hand illusion. In support of this conclusion, Experiment 2 
demonstrates that the use of proprioceptive drift to assess the extent of the illusion might 
yield different conclusions than an assessment by means of self-reports. 

A similar conclusion is made by Holmes and colleagues (2006). In their experiments, 
the participant’s left hand was concealed from sight by aligning a mirror with the body 
midline. Reflected in this mirror, the participants could either see their own right hand, a 
fake right hand, or a wooden block (i.e., the foreign objects). When the concealed left hand 
and the foreign object were placed at unequal distances from the mirror, visual information 



66  Magnitudes of Drift 
 

  
 

was in conflict with actual hand position. Their participants performed a series of reaching 
task in which they had to touch a target (reflected in the mirror) with their concealed left 
hand. Holmes and colleagues found that the reflection of a fake hand in the mirror resulted 
in a similar amount of misreaching as a reflection of the participant’s own right hand. 
Looking at a reflection of the wooden block resulted in significantly less reaching bias. 
According to the authors, this suggests that the brain areas involved in integrating 
proprioceptive and visual information might have access to very rudimentary visual 
information only (e.g., basic shape and size information). More importantly, their results 
support our own finding that mere exposure to a fake hand increases proprioceptive bias 
without necessarily experiencing the rubber-hand illusion (note that there was no tactile 
stimulation in the experiment by Holmes and colleagues).  

There were two notable limitations to the present experiments. First, we measured the 
extent of the perceptual recombination of proprioception by means of the difference 
between two differences: the baseline difference between actual and felt hand position (i.e., 
before exposure to the rubber-illusion) subtracted from the post-exposure difference 
between actual and felt position (Tsakiris & Haggard, 2005). Although this so-called 
proprioceptive drift is the most commonly used method, Tsakiris and Haggard (2005) have 
suggested an alternative method of assessing the extent of perceptual recombination of 
proprioception in the rubber-hand illusion. This so-called proprioceptive shift is defined as 
the proprioceptive drift observed after asynchronous stimulation of the concealed hand and 
the fake hand subtracted from the proprioceptive drift observed after synchronous 
stimulation. This proprioceptive shift, thus, corresponds to the effect of synchronous 
stimulation on proprioceptive drift. The question remains whether this proprioceptive shift 
measure corresponds better with the strength or vividness with which people develop the 
rubber-hand illusion. 

Second, our self-report measure consisted of a single item asking people to indicate the 
degree to which they felt that the foreign object was their own (Experiment 1) or a part of 
their body (Experiment 2). Single item measures are more sensitive to measurement error 
than aggregated measures (e.g., Anastasi, 1988). In other words, they have predictably poor 
reliabilities. Unfortunately, the experimental setup did not allow the inclusion of the two 
other items commonly used in research on the rubber-hand illusion (i.e., "it seemed as if I 
were feeling the touch in the location where I saw the foreign object being touched" and "it 
seemed as though the touch I felt was caused by the paintbrush touching the foreign object"; 
e.g., Botvinick & Cohen, 1998; Holmes & Spence, 2007; see also chapters 3 and 4).  
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Despite these limitations, our experiments provide little empirical support for the often 
made claim that proprioceptive drift is a corroborative measure of the vividness with which 
people develop the rubber-hand illusion (e.g., Tsakiris & Haggard, 2005). Yet, the 
perceptual recombination of proprioception might be still be a prerequisite for developing a 
vivid illusion (i.e., as a mechanism underlying self-attribution; see also Holmes et al., 2006). 
If such a relation indeed exists, then future research should be able to demonstrate a 
significant, but probably small, correlation between proprioceptive drift and the vividness 
of the rubber-hand illusion. Estimating a reliable such correlation not only requires a larger 
sample of participants than used in the experiments presented in this chapter, but also a 
valid and reliable measure for assessing the individual differences in the vividness with 
which people experience the illusion. 
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─ Chapter 6 ─ 

Quantifying the  
Rubber-Hand Illusion19  

Hier, wie in der Naturwissenschaft, bewährt sich die Richtigkeit des von Hegel in seiner "Logik" entdeckten 

Gesetzes, daß bloß quantitative Verändrungen auf einem gewissen Punkt in qualitative Unterschiede 

umschlagen. 

─ Karl H. Marx 

Abstract 
What determines the vividness of the rubber-hand illusion? We anticipate the 
probability that a person experiences a certain level of vividness (e.g., a sense 
of ownership) to depend on that person’s susceptibility for the illusion, the 
processing demand behind that level of vividness, and the concrete 
impediments of the situation (e.g., the degree of asynchrony in the 
stimulation). Our newly developed self-report measure turned out to be 
reliable in its capability to predict vividness experiences, and to assess 
individual differences in people’s susceptibility for the illusion (rel ≥ .83). 
Regarding validity, we corroborated a small, but significant, correlation 
between individual susceptibility and proprioceptive drift (r = .26). 
Additionally, we confirmed that asynchrony significantly impeded the 
development of vivid experiences. 

People differ considerably in their descriptions of what the rubber-hand illusion feels 
like. Some people, for example, claim that they sense the fake hand to be part of their body 
(Botvinick & Cohen, 1998), and others that they even feel they could move and use the fake 
hand (see Chapter 4). Still others appear to be relatively insensitive to the illusion, as the 
descriptions of their experiences are limited to impressions of strangeness and confusion. 
This apparent variability in responses in reports about the illusion points toward 
substantive interpersonal differences in how vividly people experience the rubber-hand 
illusion. The question is: What determines the vividness with which people experience the 

                                                                        
19 This chapter is based on Haans, Kaiser, IJsselsteijn, and Bouwhuis (2009). 
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illusion? And, at the same time, are self-reported experiences valid indicators of a person’s 
susceptibility for the rubber-hand illusion? 

In this chapter, we test a conception of the rubber-hand illusion, in which the 
probability of reporting a certain level of vividness (e.g., the fake hand feels as one’s own) 
depends on three factors: (a) a person’s susceptibility for the rubber-hand illusion, (b) the 
processing demand required to develop that particular level of vividness, and (c) the 
concrete situational features of the setup in which the illusion is created.  

6.1. Phenomenology of the Rubber-Hand Illusion 

In the rubber-hand illusion, people often mention that things seem "confusing" or "did 
not make sense" (Armel & Ramachandran, 2003; see also chapters 3 and 4). Sometimes, they 
report that it feels as if the fake hand belonged to them (Botvinick & Cohen, 1998). One 
participant in Botvinick and Cohen’s study, for example, stated: "I found myself looking at 
the dummy hand thinking it was actually my own" (p. 756). Several participants in the 
experiment in Chapter 4 even reported a sense of agency over the fake hand, which is 
illustrated by the following remark: "Sometimes it felt as if the fake hand would respond to 
my movements". For one participant in the experiment in Chapter 3, the concealed and the 
fake hand started to look the same. Similar distortions in the perceived appearance of the 
fake hand, and/or in the participant’s own hand have been reported by Ramachandran and 
colleagues (Armel & Ramachandran, 2003; Ramachandran & Hirstein, 1998).  

More systematically, Botvinick and Cohen (1998) asked their participants to deny or 
confirm the occurrence of nine specific impressions (e.g., it felt as if the fake hand was my 
own). Comparing the various studies that have used this instrument, it becomes apparent 
that there is a consistent order in the impressions with respect to how often they are 
encountered (e.g., chapters 3 and 4; Ehrsson et al., 2004; Peled et al., 2000; see also Holmes 
& Spence, 2007). The two most frequently acknowledged impressions relate to the location 
of the felt touch (e.g., feeling the touch in the location where one sees the rubber hand being 
touched). The third most frequently encountered impression is a sense of ownership toward 
the fake hand. Rarer are distortions in the perceived appearance of the fake hand, while the 
most infrequent of the nine impressions is a perceived motion of the concealed arm toward 
the fake hand. 

Taken together, the various experiential reports point toward some substantial 
interpersonal differences in how vivid people experience the rubber-hand illusion. A person 
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who, after several minutes of stimulation, only senses something strange, cannot be said to 
have experienced an intensive and vivid rubber-hand illusion. In contrast, another person, 
who reports feelings of ownership, agency, and perhaps even distortions in the perceived 
appearance of the fake hand, has developed quite a vivid illusion. The question is: Can we 
anticipate whether or not a person will develop a certain impression? In other words, can 
we determine a person’s level of vividness at which the rubber-hand illusion is experienced? 

6.2. Determinants of Vividness 

6.2.1. Susceptibility for the Rubber-Hand Illusion  

Individual differences in people’s susceptibility are likely in the rubber-hand illusion 
(MacLachlan et al., 2003; Mussap & Salton, 2006) as they are also common with other 
bodily illusions (e.g., Burrack & Brugger, 2005; Juhel & Neiger, 1993). Such differences 
could derive from differential information processing capabilities, or from differences in 
people’s psychological makeup. People could, for example, differ in how efficiently and 
accurately they receive and process information from different sensory modalities upon 
which a meaningful representation of the world is reconstructed, including a person’s body 
image (e.g., Armel & Ramachandran, 2003; Botvinick & Cohen, 1998). As Mussap and 
Salton (2006) have argued, it is also possible that people differ in the "tenacity" of their body 
image (as is, for example, reflected in the frequency of spontaneous body image alterations; 
Burrack & Brugger, 2005). The more stable a person’s body image, the less likely it is 
susceptible to change due to novel sensorimotor information. 

6.2.2. Processing Demands and Vividness.  

Some impressions related to the rubber-hand illusion (e.g., the experience of 
strangeness) are more frequently encountered than others (e.g., a sense of ownership 
toward the fake hand). Consequently, it seems plausible to suspect that the various 
impressions are differentially demanding to develop. Experiences of strangeness, for 
example, require presumably comparatively little cognitive and sensorimotor processing, as 
it is probably sufficient that the contradiction in the sensory information is registered (cf. 
Armel & Ramachandran, 2003). The impression that one’s tactile sensations originate from 
the fake hand is probably more demanding to create, as such impressions require that seen 
and felt sensation are combined into a single percept. Even more difficult to develop are 
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those impressions that involve a recalibration of the mental representation of one’s own 
body, such as ownership (e.g., the feeling as if the fake hand is part of one’s body) and 
agency (i.e., the feeling as if one could use the fake hand). A full-blown rubber-hand 
illusion, which also entails the impression that one’s own hand or the fake hand changes its 
appearance, is probably the most difficult one to develop. Expectedly, the more vivid the 
rubber-hand illusion is, the more demanding the processing behind. In other words, we 
suspect that the different impressions related to the vividness of the rubber-hand illusion 
can be ordered with respect to how much processing "effort" they require. At the same time, 
we anticipate that these processing requirements are the same for everyone (note  
that—ceteris paribus—such a functional equivalence assumption of individual information 
processing forms basically the backbone of all cognitive psychology). Thus, to experience 
the rubber-hand illusion at a certain level of vividness, each person has to meet the 
processing requirements needed to develop that particular experience. This would imply 
that the subjective phenomena related to the illusion are comparable for different persons. 
Conversely, this implies that people can be objectively compared with respect to the level of 
vividness at which they experience the illusion. 

6.2.3. Vividness Impediments in the Situation. 

By manipulating the situational features with which the rubber-hand illusion is induced 
(i.e., the experimental setup), one can obstruct the development of a full-blown rubber-
hand illusion, and, thus, the ease with which one develops certain experiences. If the real 
hand and the fake one appear less similar, then the processing demand required to develop 
a vivid illusion is probably increased. Similarly, temporal asynchrony between seen and felt 
stimulation effectively reduces the vividness of the illusion (Armel & Ramachandran, 2003; 
Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). By contrast, the development of the 
illusion can be facilitated if one increases the amount of information in the stimulation. The 
more complex and erratic the stimulation pattern (yet still synchronous and simultaneous), 
the more vivid the illusion becomes. Anecdotal evidence for such situation-specific 
facilitation/obstruction effects can be found in Armel and Ramachandran (2003).  

6.3. Predicting the Vividness of the Rubber-Hand Illusion 

To describe mathematically the expected relationships between individual susceptibility, 
processing demand, and the obstructions imposed by the situation, we adopt the many-
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facet Rasch model (for details, see Linacre, 1994; also Bond & Fox, 2007): 
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 In this model, the probability that person n reports to perceive a certain impression j 

(e.g., the fake hand feels as n’s own) is governed by three factors: n’s susceptibility for the 
illusion (θn), the specific processing demand required to develop that impression j (δj), and 
the obstructions imposed by a suboptimal setup l (λl). The model involves three predictions 
which can be translated into three specific hypotheses. 

6.4. Experiment 1: A First Model Test 

Our first hypothesis states that people can be reliably differentiated with respect to 
susceptibility for the rubber-hand illusion. A person who claims to have encountered only 
the least vivid experience (e.g., in the conventional setup, see Figure 3.1A) is probably not 
highly susceptible for the illusion. By contrast, if a person encounters, under comparable 
conditions, even the most vivid experiences, then he or she is presumably rather susceptible. 
Subsequently, we expect that the demand required to develop each of the various 
impressions is the same for everyone. Our second hypothesis, thus, states that there is an 
invariant order that reflects increasing processing demands required when developing 
progressively vivid rubber-hand illusions. This invariant order is assumed to reflect the 
processing requirements behind progressively vivid rubber-hand illusions. Necessarily, such 
a vividness-related invariant order of experiences implies also that the rubber-hand illusion 
is marked by more or less universal subjective phenomena. 

In the first experiment presented in this chapter, we model each of 22 impressions 
conventionally related to the rubber-hand illusion as a function of individual susceptibility 
(calculated from the number of affirmative responses) and of the processing demand 
behind each experience (calculated from the total number of participants affirming to have 
experienced that impression). A successful model test will, on the one hand, corroborate 
that individuals can be differentiated with regard to susceptibility for the rubber-hand 
illusion. On the other hand, it will confirm an invariant order of the 22 experiences and, 
thus, the anticipated universal differences with respect to processing demand. Additionally, 
we will investigate the relationship between a person’s susceptibility for the rubber-hand 
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illusion, as assessed by the self-report measure, and the extent of his or her proprioceptive 
drift. A correlation between susceptibility and proprioceptive drift is to be expected, as the 
perceptual recombination of proprioception might be a prerequisite for the rubber-hand 
illusion to occur (Holmes et al., 2006; see also Chapter 5).  

The third hypothesis states that features of the experimental setup obstruct or facilitate 
the development of a full-blown rubber-hand illusion. In a second experiment (following 
this first one), we will extend our model test by manipulating two features of the 
experimental setup: the extent of asynchrony between seen and felt stimulation, and the 
amount of information in the stimulation. In this first experiment, however, no features of 
the situation are manipulated. Therefore, the level of vividness at which a person 
experiences the rubber-hand illusion (e.g., the fake hand felt as my own) is dependent only 
on individual susceptibility and the processing demand behind that particular level of 
vividness  

6.4.1 Methods 

Participants. Our sample of participants was drawn from students and employees of the 
Eindhoven University of Technology, Eindhoven, The Netherlands. One hundred and 
twenty-seven persons participated in this experiment, 100 (79%) of which were male. Their 
mean age was 24.7 (SD = 6.5; range 19 to 65); 73% of our participants were right handed 
and 14% were ambidextrous (according to the Dutch handedness scale; van Strien, 1992). 
All participants received coffee and cake as a compensation. 

 

Procedure. Participants were seated in a chair with their left hand on a table in front. A 
pencil mark indicated the exact location at which participants had to place their middle 
finger. First, the experimenter obtained, for each participant, the base-line (i.e., pre-
exposure) difference between actual and felt location of the left hand. For this, the 
experimenter asked the participants to close their eyes. Then, a small platform (25 cm by 80 
cm with a height of 9 cm) was placed over the participant’s left hand (cf. Figure 5.1). A 
string was mounted over the length of the platform to which a wooden block (4 cm by 1.5 
cm by 1.5 cm) was attached. Next, the experimenter guided the participant’s right hand to 
this block, and instructed the participant to slide the block over the platform (starting from 
the participant’s outermost right-hand side) to indicate the felt position of his/her middle 
finger of the left hand. The difference between actual and felt position was consecutively 
assessed three times. It was coded with a positive sign when the felt position was biased 
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towards the participant’s right-hand side, and with a negative sign when the felt position 
was biased beyond the left hand’s actual position.  

After the platform was removed, participants were asked to move their hands as if 
conducting an orchestra, while the experimenter placed a fake hand in front of them. As a 
fake hand, a cosmetic prosthesis of a man’s left hand was used that was realistic in terms of 
skin texture, color, and shape. With each participant, the rubber-hand illusion was then 
conventionally induced in a single five minute trial (cf. Botvinick & Cohen, 1998). For this, 
participants were asked to place their left hand back on the table in the position indicated 
by the pencil mark (at a lateral distance of 30 cm from the fake hand) and to keep it 
motionless (see Figure 3.1A). Next, the experimenter placed a wooden screen between the 
participant’s left hand and the fake hand. Subsequently, the experimenter stroked and 
tapped the middle and index fingers of both hands, simultaneously and in synchrony, by 
means of two brushes.  

After the induction of the illusion, participants were instructed to continue to keep their 
left hand motionless on the table. Subsequently, the experimenter obtained, for each 
participant, the post-exposure difference between actual and felt location of the left hand, 
using the same procedure as before. Again three estimates were obtained for each 
individual. Finally, the participants were asked to fill out a questionnaire.  

 

Measures. The extent to which participants experienced the illusion was assessed by 
means of 22 self-report items and a conventional proprioceptive drift measure (Botvinick & 
Cohen, 1998; Tsakiris & Haggard, 2005).  

The 22 self-report items consisted of statements, such as "It felt as if the fake hand was 
part of my own body". Participants were asked to indicate whether they agreed or disagreed 
with these statements on a 5-point response scale, labeled "disagree", "slightly disagree", 
"neutral", "slightly agree", and "agree". Thirteen of these items were adopted from previously 
used instruments (e.g., Botvinick & Cohen, 1998; see also Chapters 3, 4, and 5), and nine 
were constructed specifically for this study. Several of the new items were, independently, 
also proposed by Mussap and Salton (2006), as well as by Longo, Schüür, Kammers, 
Tsakiris and Haggard (2008). For a complete list of the 22 items see Table 6.1. For all 
participants and across all 22 items, there were only two missing responses (< 0.1%). 

Proprioceptive drift is defined as the difference of two differences: the baseline difference 
(i.e., before exposure to the rubber-illusion) subtracted from the post-exposure difference 
between actual and felt position of a participant’s left hand (e.g., Tsakiris & Haggard, 2005). 
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Table 6.1: Processing demand (δ), mean square fit statistic (MS), and the probability of consent for an 

averagely susceptible person (p) in experiments 1 and 2. 
  Experiment 1  Experiment 2 
 Impressions         σ       MS      p         σ       MS      p 
1 Sometimes, it appeared as if the fake hand moved to my

left hand side. 
4.43 1.11 .01 3.84 1.10 .05

2 Sometimes, it felt as if my left hand moved towards my
right hand side. 

2.89 1.18 .03 2.20 0.80 .15

3 Sometimes, the shape of the fake hand appeared to change. 2.82 0.85 .03 1.06 0.88 .29
4 Sometimes, it felt as if my left hand turned rubbery. 2.29 1.23 .05 1.36 1.27 .25
5 Sometimes, it felt as if the shape of my left hand started to

change. 
2.16 1.05 .06 2.56 1.02 .12

6 Sometimes, the skin properties of the fake hand (i.e., color
or texture) appeared to change. 

1.40 0.98 .11 0.45 0.82 .38

7 Sometimes, it felt as if I had more than one left hand. 1.36 1.28 .12 2.59 1.26 .12
8 When a finger of the fake hand moved, I sometimes felt the 

finger of my left hand moving as well. 
1.09 1.08 .15 0.43 1.24 .39

9 Sometimes, it appeared as if the touch I felt originated
from somewhere between my own hand and the fake hand.

0.80 0.94 .19 1.53 0.92 .22

10 Sometimes, the fake hand began to match my own hand in 
appearance.  

0.44 0.90 .25 -0.67 1.12 .58

11 Sometimes, it felt as if my left hand was inside the fake
hand. 

0.25 0.87 .29 1.43 0.72 .24

12 Sometimes, it felt as if my left hand and the fake hand were 
on the same location on the table. 

-0.21 0.90 .39 0.61 0.90 .36

13 Sometimes, it felt as if I had complete control over the fake
hand: I could have moved the fake hand if I wanted to.  

-0.28 0.98 .41 0.64 0.80 .35

14 Sometimes, it felt as if the fake hand was part of my own
body. 

-0.76 0.78 .53 0.41 0.81 .39

15 Sometimes, I became confused about what I saw and felt. -1.29 0.92 .65 -2.37 1.48 .82
16 Sometimes, it appeared as if I felt the touch on my side of

the wooden screen (i.e., on the side of the fake hand). 
-1.29 0.95 .65 -0.13 1.11 .48

17 Sometimes, it felt as if the fake hand was my own hand.  -2.09 0.69 .81 -0.71 0.68 .58
18 Sometimes, it appeared as if I felt the touch on the location

where I saw the fake hand being touched. 
-2.22 1.02 .83 -1.98 1.06 .78

  

Continued 
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  experiment 1  experiment 2 
 Impressions         σ       MS      p         σ       MS      p 
19 I continuously felt as if the touches on my fingers and the

touches on the fake hand were caused by two different
brushes. 

-2.54 1.08 .87 -3.08 1.03 .88

20 Sometimes, it felt as if the touches on my fingers were
caused by the brush touching the fake hand. 

-3.01 1.07 .91 -2.74 .72 .85

21 I did not experience anything odd.  -3.08 1.05 .92 -4.99 1.09 .97
22 I continuously noticed clear differences between the touches

I saw on the fake hand, and the touches I felt.  
-3.15 1.09 .92 -2.47 1.05 .83

Note that the items are translated from their original Dutch version. Impressions are ordered according 
to processing demand (δ) as estimated in Experiment 1 in this chapter. All processing demands are in 
the metric of Experiment 1 of this chapter. Items in italic are negatively worded. They were reversed in 
their coding before they were analyzed. Words in bold were emphasized in the questionnaire. For 
Experiment 1, p represents the probability of an affirmative response for an averagely susceptible person. 
For Experiment 2, p represents the probability of affirmation for an averagely susceptible person in the 
synchronous (i.e., 0 ms delay) and information-rich (i.e., stroking) condition. 

 
 
Since the baseline and the post-exposure difference were each assessed three times, three  
proprioceptive drift estimates were calculated for each participant.20 The average of these 
three estimates was used in our analyses. The reliability (Cronbach’s alpha) of the three 
estimates of proprioceptive drift was α = .89. 

6.4.2. Results 

The results are presented in four sections. In the first three sections, we describe the 
calibration of the 22 impressions, and test our two hypotheses, the one regarding the 
invariant order of these 22 experiences and the other regarding reliable individual 
differences in susceptibility for the illusion. In the fourth section, we explore the relation 
between the vividness of a person’s rubber-hand illusion and the extent of his or her 
proprioceptive drift.  

 

                                                                        
20 These three proprioceptive estimates were calculated by subtracting the first pre-exposure 
difference from the first post-exposure difference, the second pre-exposure difference from the second 
post-exposure difference, and the third pre-exposure difference from the third post-exposure 
difference. There were no statistically significant differences between these three estimates of 
proprioceptive drift, with F(2, 125) = 1.2, p = .31, and partial η2 = .02. 



78  Quantifying the Rubber-Hand Illusion 
 

  
 

Scale Calibration. Because the subjective use of response categories can make answers 
more arbitrary and less reliable (cf. Kaiser & Wilson, 2000), we recoded the individual 
responses to the 22 vividness impressions into a less measurement error-sensitive 
dichotomous format. For this purpose "disagree" and "slightly disagree" were collapsed into 
a single category "refute", and "slightly agree" and "agree" into "assert". Neutral responses 
were treated as missing values, as these are expectedly picked when a participant can neither 
agree nor disagree with an impression, or is otherwise indecisive (cf. Raaijmakers et al., 
2000).21 A total of 207 "neutral" responses were treated as missing values (i.e., 7.4% of the 
data). A Rasch model test was performed using the Facets software (Linacre, 2006). The 
Facets software employs a joint maximum likelihood procedure for estimating each 
participant’s susceptibility (calculated from the number of affirmative responses) and for 
estimating the processing demand behind each of the 22 impressions (calculated from the 
total number of participants who affirmed having experienced that impression). The units 
of these estimates are called logits, or log odds units (i.e., the natural logarithm of the odds 
that one agrees to a certain impression statement). 

 

Vividness and Processing Demands. The 22 impressions and the estimated processing 
demand required to develop each of them are reported in Table 6.1. The processing 
demands were estimated with a reliability of .98. The appropriateness of the Rasch model is 
reflected by several fit statistics. All but two of the items fit the idea of an invariant item 
order with mean square values (MS) ≤ 1.20 (see Table 6.1): "It felt as if my left hand turned 
rubbery" (Item 4; MS = 1.23) and "It felt as if I had more than one left hand" (Item 7;  
MS = 1.28). Mean square values refer to the weighted average of squared standardized 
residuals, in which each residual is weighted by its variance (e.g., Bond & Fox, 2007).  
MS-values of, for example, 1.20 stand for a 20% excess in variation between the observed 
responses and the model’s predictions. As a guideline, mean square values up to 1.20 are 
considered good even for high-stake tests, and mean square values below 1.30 are 
considered acceptable (Bond & Fox,2007; Wright & Linacre, 1994). Thus, the fit statistics 
for the 22 impression items look quite reasonable. This is also reflected in the overall item 
fit statistics: the mean of mean squares [M(MS)] = 1.00, standard deviation of mean squares 

                                                                        
21 The susceptibility estimates were not substantially affected by our coding procedure. This becomes 
obvious in the correlations between various susceptibility scores. They are high r ≥ .91 irrespective of 
the type of coding that we used; whether we coded "neutral" also as "assert", or whether we employed 
the original 5-point response format. 
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[SD(MS)] = 0.14, mean of t-values [M(t)] = -0.15, standard deviation of t-values  
[SD(t)] = 1.01. Ideally, M(MS) should be 1.0. For SD(MS) no general reference value can be 
given. The t-values are standardized fit statistics and represent the statistical significance of 
the mean squares statistics (e.g., Bond & Fox, 2007). Ideally, M(t) should be 0, and SD(t) 
should be 1.0. From these statistics it can be concluded that our model prediction matches 
the data, thereby supporting our hypothesis that the order of the various impressions are 
the same for everyone.  

Additionally, we compared the processing demands as estimated for two extreme 
groups: people with a low and people with a high susceptibility for the rubber-hand illusion. 
For this purpose, we split our sample in half according to the estimated susceptibility scores, 
and estimated the processing demands for each group in separate analyses. The two 
estimates of the processing demand related with each vividness impression were found to 
be significantly correlated with r = .92, and p < .01 (rcorr = .97; see Figure 6.1A). This finding 
corroborates our hypothesis of an invariant order of the various impressions, which is 
expected to reflect the increasing processing demand required when developing a 
progressively vivid rubber-hand illusion. 

 

 
Figure 6.1: Invariance of vividness-related processing demands. These panels depict the 
processing demands behind each of the 22 impressions, as estimated for different (sub)samples. 
Panel (A) compares the estimates for highly (y axis) and poorly susceptible people (x axis) in 
Study 1, and Panel (B) compares the estimates for Study 2 (y axis) and Study 1 (x axis). 
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Differentially Susceptible Individuals. The individual susceptibilities for the rubber-hand 
illusion were estimated with a reliability of .83. The average susceptibility was M = -.65 
logits (SD = 1.63; range -5.86 to 3.75). For only 8 (6.3%) of the 127 participants, the model 
prediction did not fit the data, indicated by a significant t-value of t ≥ 1.96. The overall fit 
statistics for the participants were found to be M(MS) = 0.96, SD(MS) = 0.44, M(t) = -0.14, 
SD(t) = 1.24. From these statistics, it can also be concluded that the rubber-hand illusion is 
marked by a more or less universal phenomenology. At the same time, the statistics confirm 
our hypothesis that people can be reliably differentiated with regard to their susceptibility. 

Empirically, the Rasch model explained 54.9% of the variance in the observed data (for 
computational details, see Linacre, 2003). Because the Rasch model estimates probabilities 
for discrete events (i.e., whether a certain person claims to have encountered a certain 
impression or not), substantial quantization variance is to be expected. If the Rasch model 
would fit perfectly, then still 46.4% of the overall variance would be quantization variance 
(i.e., predicted unexplained variance), and only 53.6% is explained by individual 
susceptibility and processing demand. The observed (i.e., empirical) proportion of 
unexplained variance (i.e., 45.1%) is highly similar to the proportion of quantization 
variance that would have been observed when the model fitted the data perfectly, thereby 
providing additional support for the appropriateness of the Rasch model. In addition, we 
performed a principal component analyses on the standardized residuals (i.e., the data not 
explained by our model) to explore the possibility for another unaccounted factor in the 
data (Linacre, 1998). As an additional factor would only result in a trivial increase of 4.4% 
in the proportion of explained variance, we conclude that our set of 22 items taps into a 
single factor only. 

 

Susceptibility and Proprioceptive Drift. We found a small to moderate, but significant, 
correlation between a person’s susceptibility for the illusion and the extent of his or her 
proprioceptive drift (r = .26, p < .01). Even after correction for measurement error 
attenuation (cf. Charles, 2005), the correlation remained moderate rcorr = .30, indicating an 
overlap in variance of about 9.0%. As expected, proprioceptive drift increases with 
individual susceptibility and vice versa. 

6.4.3. Discussion 

With a sample of 127 participants, we were successful in modeling people’s self-reported 
experiences related to the vividness of the rubber-hand illusion based on estimates about 
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people’s susceptibility for the illusion and on estimates about the anticipated processing 
demand behind a specific experience. With respect to the individual differences in people’s 
susceptibility for the illusion, we found people to be separable with a reliability of .83. With 
respect to the phenomenology of the rubber-hand illusion, we found an invariant order in 
people’s self-reported experiences. This order, we believe, reflects the processing demand 
behind the respective impressions. As expected, the processing demand behind each 
vividness impression is the same for different persons, which is evidenced by the invariance 
of the item order. This finding was additionally supported with a high correlation  
(rcorr = .97) between the processing demands estimated for highly and poorly susceptible 
individuals (see Figure 6.1A). In other words, regardless of a person’s susceptibility for the 
illusion, the processing requirements behind the rubber-hand illusion are the same for 
everyone.  

Moreover, we found a small to moderate, but significant, correlation between a person’s 
susceptibility for the rubber-hand illusion and the extent of a person’s proprioceptive drift 
(rcorr = .30). With an overlap in variance of only 9.0%, predicting the extent of people’s 
rubber-hand illusion from their proprioceptive drifts becomes rather inaccurate. As a 
measure of the vividness with which people experience the rubber-hand illusion, 
proprioceptive drift, thus, demonstrates poor validity. However, the small to moderate 
correlation between individual susceptibility and proprioceptive drift supports the view that 
the perceptual recombination of proprioception is a mechanism behind self-attribution in 
the rubber-hand illusion (cf. Holmes et al., 2006; see also Chapter 5).  

6.5. Experiment 2: Extending the Model 

In a second experiment, we extended our model test by manipulating two features of the 
experimental setup: the extent of asynchrony between seen and felt stimulation and the 
information-richness in the stimulation. Asynchronies of 500 ms and more are an effective 
means to obstruct the vividness of the rubber-hand illusion. They are commonly used as 
experimental control conditions in which the illusion is meant to be suppressed (e.g., Armel 
& Ramachandran, 2003; Botvinick & Cohen, 1998; Ehrsson et al., 2004; Tsakiris & Haggard, 
2005). The reflection of such an impeding effect due to temporal asynchrony would give 
credit to the validity of our model. In addition, we investigate the effect of relatively small 
asynchronies on the vividness of the illusion (i.e., between 100 and 500 ms). We expect 
increasing delays to progressively obstruct the vividness with which people develop the 
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illusion. With regard to the information-richness in the stimulation, we expect to 
empirically confirm Armel and Ramachandran’s (2003) hypothesis that a more complex 
and erratic (and thus information-rich) stimulation pattern amplifies the vividness with 
which people experience the illusion. In contrast to experiment 1 of this chapter, the level of 
vividness at which people experience the rubber-hand illusion is determined, not only by 
individual susceptibility and processing demand, but by the constraints imposed by the 
features of the particular experimental setup as well. 

6.5.1. Method 

Participants. Our sample of participants was again drawn from students and employees 
of the Eindhoven University of Technology, Eindhoven, The Netherlands. Twenty-four 
persons were invited to participate in this experiment, 18 (75%) of which were male and all 
were sensitive to the rubber-hand illusion (which was assessed a few days prior to the actual 
experiment). Their mean age was 21.8 (SD = 2.4; range 18 to 28); 83% of the participants 
were right handed and 13% were ambidextrous (as based on the Dutch Handedness scale; 
van Strien, 1992). All participants received € 7.00 as a compensation. 

 

Experimental Design. A six (0, 100, 200, 300, 400, and 500 ms of asynchrony between felt 
and seen stimulation) by two (low vs. high information in the stimulation) within-subject 
design was implemented. The amount of information in the stimulation was varied by 
either shortly stroking (rich in information) or tapping (poor in information) the 
participant’s left hand and the fake hand. We used an incomplete design to reduce the 
number of trials per participant. The six delay conditions were employed with each 
participant only once. As a result, each person participated in only 6 of the 12 possible 
experimental conditions. The presentation order of the delays was randomly assigned to the 
participants. At the same time, we controlled that each delay condition was presented 
equally often in the first trial of each session. Whether a participant would receive strokes or 
taps during a certain delay condition was determined by means of a rotated-judgment plan 
(for more details, see Schumacker, 1999).  

 

Procedure. The rubber-hand illusion was elicited in six trials. To enable a reliable delay 
between seen and felt stimulation, a technologically mediated implementation of the 
rubber-hand illusion was used (for technical details, see Chapter 3). In this procedure, 
participants are not looking at the fake hand directly, but at a video projection of the fake 
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hand (see Figure 6.2). The projection of the fake hand and its stimulation was delayed by 
means of an Evertz7700 delay unit placed between the camera and the beamer. Instead of 
controlling the delay between the stimulation of the real and fake hand manually (i.e., by an 
offset between the two brush strokes), this setup allowed the experimenter to synchronously 
apply stimulation to the participant’s left hand and the fake hand. This procedure had two 
advantages. First, synchronous stimulations are easier to perform and more accurate than 
asynchronous ones. Second, the experimenter was blind with respect to the degree of 
asynchrony in each trial. To assure a constant interval between subsequent strokes or taps, 
the experimenter used a headset through which a tone was played at a one second interval. 
After each trial, participants completed a questionnaire.  

 

Measures. The extent to which participants experienced the rubber-hand illusion under 
the various experimental conditions was assessed with the same 22 impression items as in 
Experiment 1 of this chapter. We processed these items in the same manner as described in 
Experiment 1. This time, 379 "neutral" responses were treated as missing values (i.e., 12.0% 
of the responses). 

6.5.2. Results 

The results are presented in three sections. In the first two sections, we describe another 
calibration of the 22 experiences commonly reported with the rubber-hand illusion, and we 
confirm our previous findings regarding the invariant order of these impressions and 

 
Figure 6.2: Experimental setup for Experiment 2 of this chapter. 
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regarding reliable individual differences in people’s susceptibility for the rubber-hand 
illusion. In the third section, we test the anticipated obstruction effects imposed by a 
suboptimal setup. As in Experiment 1, we used the Facets software (Linacre, 2006) for these 
model tests. 

 

Processing Demands and Vividness. The 22 impressions and the estimated processing 
demand required to develop each of them are reported in Table 6.1. The processing 
demands were estimated with a reliability of .96. As in Experiment 1 of this chapter, Items 4 
(MS = 1.27) and 7 (MS = 1.26) only acceptably fitted our model with mean square values 
below 1.30. This time, Item 8 "When a finger of the fake hand moved, I sometimes felt the 
finger of my left hand moving as well" (MS = 1.24) also was found to have only an 
acceptable fit. One item (Item 15 "I became confused about what I saw and felt") did not 
even acceptably fit our model (MS = 1.48). These items are either poor indicators of the 
vividness of the illusion or problematic in their formulation. Overall, the fit statistics for the 
22 items are still reasonable with M(MS) = 0.99, SD(MS) = 0.21, M(t) = 0.07, and SD(t) = 
1.58. In addition, we correlated the two estimates of the processing demand related with 
each vividness impression from Experiments 1 and 2 (see Figure 6.1B). This correlation was 
found to be significant, with r = .89, and p < .01 (rcorr = .92), thereby corroborating our 
hypothesis of an invariant order of the various impressions.  

 

Differentially Susceptible Individuals. The individual differences in susceptibility for the 
rubber-hand illusion were estimated with a reliability of .97. The average susceptibility was 
M = -1.31 logits (SD = 1.70; range -4.09 to 4.01). This time, for only 2 (8.3%) out of 24 
participants the model prediction did not fit the data, indicated by significant t-values of  
t > 1.96. The overall fit statistics for all participants combined were again reasonable with 
M(MS) = 0.98, SD(MS) = 0.23, M(t) = -0.07, and SD(t) = 1.49.  

 

Situational Impediments. The estimated levels of impediment for 0 ms (-.91 with SE = 
.13), 100 ms (-1.00 with SE = .13), 200 ms (-.43 with SE = .13), 300 ms (.20 with SE = .14), 
400 ms (1.12 with SE = .16), and 500 ms (1.03 with SE = .16) delay between seen and felt 
stimulation are shown in Figure 6.3. The levels of impediment were estimated with a 
reliability of .97. The different delay conditions had a significant effect on the self-reported 
vividness of the illusion, with χ2(5, N = 24) = 210.5, p < .01. The higher the estimated 
impediment in Figure 6.3, the more difficult it is to develop a vivid illusion. Whereas the 
vividness of the illusion under a 100 ms delay is still comparable to synchronous 
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stimulation, longer delays result in a diminished rubber-hand illusion in terms of the 
vividness. For example, an average person has about 61% chance of developing a sense of 
ownership toward the fake hand (i.e., Item 17 in Table 6.1), when the delay between seen 
and felt simulation is 100 ms or less (in the information-rich condition; see Figure 6.3). By 
contrast, a 400 ms delay reduces this chance to 16%. Developing the illusion at a more vivid 
level with, for example, a sense of agency becomes even more unlikely when the extent of 
asynchrony increases. Hereby, the average person has about 37% chance of developing a 
sense of agency (i.e., Item 13 in Table 6.1) when the delay is 100 ms or less, this chance is 
only 6% with delays of 400 ms or more (in the information-rich condition). Asynchrony 
can thus be seen as an impediment that increases the processing demand for the vividness 
of the rubber-hand illusion. Based on fit statistics, we can also conclude that the extent of 
impediment can be accurately estimated (all six estimates resulted in mean square values 
below 1.20). 

 
Figure 6.3: Impediment levels to the vividness of the rubber-hand illusion as a function of 
temporal asynchrony. Error bars depict 95%-confidence intervals. The two y-axes at the right 
give the probability of an average susceptible person in the high information condition claiming 
that "the fake hand felt as my own" (ownership; Item 17 in Table 6.1) and "that it felt as if I had 
complete control over the fake hand" (agency; Item 13 in Table 6.1) as a function of delay. 
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The impeding effect of the two levels of information in the stimulation were estimated at 
.24 (SE = .08) and -.24 (SE = .08) for the information-poor (i.e., tapping) and information 
rich-stimulation (i.e., stroking) respectively. The levels of impediment were estimated with 
a reliability of .88. The information-richness of the setup was found to significantly affect 
the vividness of the rubber-hand illusion: χ2(1, N = 24) = 17.2, and p < .01). Compared to 
tapping the fingers of the participant’s left hand and the fake hand (poor in information), 
stroking the fingers (high in information) facilitated the development of a vivid illusion. An 
average person, for example, has a 12% higher chance of developing a sense of ownership 
over the fake hand (i.e., Item 17 in Table 1) in the stroking compared to the tapping 
condition (with no delay between seen and felt stimulation). Again, the fit statistics for 
these estimates were acceptable, with mean square values below 1.20. The interaction 
between asynchrony and information-richness was found to be non-significant:  
χ2(5, N = 24) = 4.0, and p = .55.  

6.5.3. Discussion 

With a sample of only 24 participants, we were able to largely replicate the findings of 
Experiment 1 of this chapter. We were successful in modeling people’s self-reported 
experiences related to the rubber-hand illusion based on estimates of people’s susceptibility 
for the illusion, estimates of the anticipated processing demand behind a specific 
impression, and estimates of the situational impediment. With respect to the individual 
differences in people’s susceptibility for the illusion, we found people to be separable with a 
reliability of .97. As predicted, the subjective phenomena related to the vividness of the 
rubber-hand illusion are comparable for different persons as well, which is evidenced by the 
invariance of the item order. This finding was additionally supported by a high correlation 
(rcorr = .92) between the demand estimates of Experiments 1 and 2 (see Figure 6.1B). In 
other words, even when people look at a two-dimensional projection of the fake hand, the 
subjective phenomena related to the vividness of the rubber-hand illusion remain 
comparable to that of the traditional unmediated setup. 

For only 1 out of the 22 impressions (Item 15 in Table 6.1: "I became confused about 
what I saw and felt") participants’ responses did not fit our model acceptably, indicating 
that the impression described in this item is either a comparatively poor indicator of the 
rubber-hand illusion, or that the item was problematic in its phrasing. It could also be that 
the asynchrony between seen and felt stimulation, in itself, causes impressions of confusion 
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in our participants. In other words, participants’ responses might not only reflect their 
vividness-related experience, but also their confusion caused by the chosen setup to delay 
felt stimulation. 

Regarding the validity of our extended model, we found that it became more and more 
difficult for our participants to experience a vivid rubber-hand illusion with increased 
asynchrony between seen and felt stimulation (cf. Botvinick & Cohen, 1998; Tsakiris & 
Haggard, 2005). Similarly, relatively low amounts of information contained in the 
stimulation of the participant’s concealed hand and the fake hand (i.e., tapping rather than 
stroking the fingers) obstructed the development of the illusion. Alternatively formulated, 
we found that the development of a vivid illusion can be facilitated by increasing the 
information-richness in the stimulation; that is, when the stimulation of the real and fake 
hand is done in a more complex and erratic (and thus information rich) fashion (cf. Armel 
& Ramachandran, 2003). 

6.6. General Discussion 

In two experiments, we were able to predict the probability that a person experiences the 
rubber-hand illusion at a certain level of vividness based on a person’s susceptibility for the 
illusion, the processing demand that is required for a particular experience, and the 
suppression/constraints imposed by the situation. In our model tests, we have 
demonstrated that the vividness impressions related to the illusion (e.g., the fake hand felt 
as my own) are invariably ordered with respect to the frequency of occurrence. This 
invariant order is assumed to reflect the processing requirements behind the different 
experiences. As such, these experiences and processes are comparable for different persons: 
Regardless of a person's susceptibility for the illusion, each person has to meet the 
processing requirements needed to develop the illusion at a certain level of vividness. Such 
an invariant order implies also that the rubber-hand illusion is marked by more or less 
universal subjective phenomena. We can, thus, speak of the rubber-hand illusion in a 
similar manner as we speak of, for example, the Müller-Lyer illusion. This is a non-trivial 
finding as such invariance is required for an objective scaling of individual susceptibility 
and situational impediment on the basis of self-reported experiences.  

The existence of large differences in the ease with which the various vividness-related 
impressions can be developed poses a problem for scaling methods based on conventional 
factor analysis (e.g., Longo et al., 2008; also Longo, Schüür, Kammers, Tsakiris, & Haggard, 
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2009). Large differences in item difficulty may give rise to spurious vividness dimensions 
(so-called difficulty factors; e.g., Gorsuch, 1997). Indeed, our analysis indicates that the 22 
vividness impressions tap into a single dimension only.  

By means of this unidimensional vividness measure, we were able to reliably 
differentiate people with respect to their susceptibility for the illusion (rel ≥ .83). Regarding 
the validity of our vividness model, the proposed model has proven useful in describing the 
effects of suboptimal situational conditions on the vividness with which people can develop 
the illusion. As expected, we found an impeding effect of asynchrony between seen and felt 
stimulation (cf. Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). Specifically, our data 
suggest that the vividness of the illusion under a 100 ms delay is still comparable to 
synchronous stimulation, but that longer delays result in a less vivid rubber-hand illusion 
(see Figure 6.3; a similar finding is recently reported by Shimada, Fukuda, & Hiraki, 2009). 
Also, tapping the fingers of the fake hand (the information-poor setup), compared to 
stroking (the information-rich setup), was found to hinder the development of the illusion. 
We thus found empirical support for Armel and Ramachandran's (2003) hypothesis that 
the development of a vivid rubber-hand illusion can be facilitated by providing more 
complex and erratic—and thus information rich—visuotactile stimulation. 

We found a small to moderate correlation between a person’s susceptibility for the 
rubber-hand illusion and the extent of his or her proprioceptive drift, with an overlap in 
variance of 9.0%. This small to moderate drift-susceptibility correlation implies that 
proprioceptive drift has poor validity as a measure of the vividness with which people 
experience the rubber-hand illusion (thereby corroborating the experiments presented in 
Chapter 5). However, the small to moderate correlation with proprioceptive drift supports 
the view that the perceptual recombination of proprioception is a mechanism behind self-
attribution in the rubber-hand illusion (cf. Holmes et al., 2006).  

There were several notable limitations to the present experiments. First of all, we did not 
randomize the order of the self-report items in our questionnaires. This might have affected 
our participants’ responses in a structured manner, thereby strengthening the presumed 
invariance in the order of the impressions. Therefore, we will test, in the next chapter, 
whether the invariance hypothesis is still supported when the 22 self-report items are 
presented to participants in a randomized order. Secondly, an alternative explanation for 
the invariant item order, rather than the hypothesized universality of the underlying 
processing demands, is that people can read off the order from the content of the 
questionnaire (e.g., due to the increasing oddness of the described impressions). A third 
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limitation of the present paper is that we have provided little evidence to support the 
validity of our susceptibility measure. In the next chapter, therefore, we further investigate 
the capabilities and characteristics that make up the individual’s susceptibility for the 
rubber-hand illusion. 

Despite these limitations, our model seems promising in various respects. It explains 
individual differences in reports about experiences related with the rubber-hand illusion. 
And it can be used as a starting point to explore the mental origins of the differences in 
individual susceptibility, or to explore the specific processing requirements behind 
increasingly vivid illusions. In particular, the proposed model and its specific 
implementation as a many-facet Rasch model advances theorizing about the rubber-hand 
illusion as it becomes a more quantitative and objective endeavor. 
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─ Chapter 7 ─ 

Validating Susceptibility 

Abstract 
What makes an individual more or less susceptible for the rubber-hand 
illusion? In this chapter, we investigate the relation between susceptibility for 
the rubber-hand illusion, body image instability, and people’s ability to 
mentally position their hands in extracorporeal locations. With respect to 
body image instability, we corroborated a small, but significant, correlation 
between susceptibility and body image aberration scores (rho = .24). With 
respect to mental own hand transformations, we found a small, but 
significant, correlation between susceptibility and responses times to a 
speeded left and right hands identification task (rho ≤ -.24). In addition, we 
demonstrated that the extent of anatomical implausibility of the fake hand’s 
position constrains the development of a vivid rubber-hand illusion. Taken 
together, our experiment suggests that people who are more attuned to engage 
in mental own hand transformations are also better equipped to meet the 
demands imposed by the position of the fake hand. At the same time, the 
experiment provides empirical evidence for the construct validity of our 
susceptibility measure. 

The experience of a vivid rubber-hand illusion, or at least a claim thereof, is dependent 
not only on the features of the experimental setup, but on the characteristics of the 
individual as well. Research on the rubber-hand illusion has provided substantial empirical 
evidence regarding the features of the situation that constrain or facilitate the illusion, such 
as the extent of temporal asynchrony between seen and felt touch (i.e., Armel & 
Ramachandran, 2003; Botvinick & Cohen, 1998; see also Chapter 6), or the extent to which 
the foreign object resembles a human hand (i.e., Tsakiris & Haggard, 2005; see also 
Chapters 3 & 4). In contrast, there has been little empirical research into the characteristics 
of the individual that make one person to report having encountered even the most vivid 
impressions (including, for example, a sense of agency), while another person, under the 
same experimental conditions, reports to have encountered no such experiences (for 
exceptions, see, e.g., MacLachlan et al., 2003; Mussap & Salton, 2006;). Questions are: What 
makes an individual more or less susceptible to the rubber-hand illusion? And, at the same 
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time, is the self-report measure presented in the previous chapter a valid measure of 
susceptibility? 

To address these questions, we investigate the relation between susceptibility for the 
rubber-hand illusion (as assessed by means of the 22-item self-report measure introduced 
in Chapter 6), and two aspects of the individual’s psychological make-up: body image 
instability, and the ability to mentally simulate one’s hand to be in an extracorporeal 
location (i.e., mental own hand transformations). In addition, we further investigate the 
extent to which the anatomical implausibility of the position and orientation of the fake 
hand is a situational impediment in developing a vivid illusion. 

7.1. Body Image Instability  

Burrack and Brugger (2005) investigated whether people who are more prone to 
experience body image disturbances in everyday life (such as experiencing a temporary 
elongation of the limbs) are also more susceptible to experimentally induced bodily illusion. 
Such aberrant body experiences point toward a less stable body image. A relation between 
body image instability and susceptibility for experimentally induced bodily illusion is to be 
expected, because less stable body images are more likely to change due to novel 
sensorimotor information (Mussap & Salton, 2006; see also Chapter 6). Indeed, Burrack 
and Brugger found that people with a less stable body image (measured with the Body 
Image Aberration scale; Chapman, Chapman, & Raulin, 1978) are more susceptible to 
tendon vibration induced illusory arm movements and nose elongations (often called the 
Pinocchio illusion, Lackner, 1988; see also Chapter 2). For the rubber-hand illusion, 
individual differences in susceptibility have also been linked to the tenacity with which 
people identify with their own bodies. People that tend to experience their own bodies as an 
entity that is clearly differentiated from objects in the environment were found to 
experience less vivid rubber-hand illusions (MacLachlan et al., 2003). Since the body image 
is commonly presumed to play a role in developing eating disorders and other types of 
unhealthy body changing behaviors, Mussap and Salton (2006) investigated whether the 
individual differences in people’s susceptibility for the rubber-hand illusion could aid in 
predicting such behavior. They found that people who were more susceptible to the rubber-
hand illusion were also more inclined to engage in bulimic (e.g., copiously eating) or body 
enhancing behaviors (e.g., taking food supplements, such as vitamins, protein drinks, or 
diet pills).  



Validating Susceptibility   93 
 

 

7.2. Fake Hand Position as a Situational Impediment 

Traditionally the rubber-hand illusion is induced with the fake hand positioned on the 
table in such a way as to extend naturally from the participant’s shoulder (and thus with the 
fingers pointing away from the participant; Botvinick & Cohen, 1998; see also Figure 7.1A). 
Tsakiris and Haggard (2005) demonstrated that rotating a left fake hand anticlockwise by 
90 degrees, and thus with the fingers of the fake hand pointing towards the participant’s left 
hand side (see Figure 7.1C), significantly reduced the extent to which the rubber-hand 
illusion occurred. A similar effect is reported by Ehrsson and colleagues (2004) for a 180 
degrees rotation of the fake hand (thus with the fingers pointing toward the participant). 
The development of a vivid rubber-hand illusion is also constrained by the distance 
between the fake hand and the participant’s concealed hand. Armel and Ramachandran 
(2003) investigated the effect of positioning the fake hand in a distal location. By placing the 
fake hand 91 cm away from its traditional position (and away from the participant’s body), 
the self-reported vividness of the rubber-hand illusion had significantly reduced. Lloyd 
(2007) investigated the impeding effect of the lateral distance between the participant’s 
concealed hand and the fake hand on the extent to which he or she developed the 
impression that the felt touch was caused by the experimenter stimulating the fake hand. 
Lloyd found that it became significantly demanding for people to develop such an 
impression when the lateral distance between the participant’s concealed hand and the fake 
hand was 27.5 cm or more. Moreover, increasing the lateral distance between fake hand and 
the participant’s concealed hand significantly increased the time required for people to 
develop the rubber-hand illusion.  

Taken together, these studies indicate that it is more demanding for the central nervous 
system to develop a vivid rubber-hand illusion when the fake hand’s location and 
orientation are different from the participant’s concealed hand (for similar findings on the 
effect of observing a fake hand on the localization of touch, tactile extension, and the 
perceptual recombination of proprioception, see, e.g., Austen, Soto-Faraco, Enss, & 
Kingstone, 2004; Farné, Pavani, Meneghello, & Làvadas, 2000; Pavani, Spence & Driver, 
2000). In terms of our model of the vividness of the illusion presented in Chapter 6, we can, 
thus, state that the orientation and position of the fake hand operate as a situational 
impediment of the vividness of the illusion. However, one question remains to be answered: 
What aspect of the position of the fake hand constrains the vividness of the illusion the 
most? Does the level of impediment depend merely on the degree in which the location and 
orientation of the fake hand are different from that of the participant’s concealed hand? Or 
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is the level of impediment dependent also on the anatomical awkwardness of the fake 
hand’s position (i.e., on the extent to which it is impossible, anatomically, for the 
participant to place his or her own hand in the fake hand’s position; cf. Armel & 
Ramachandran, 2003)? To our knowledge, this question has not yet been adequately 
addressed.  

Demonstrating that the anatomical awkwardness of the fake hand’s position affects the 
vividness of the rubber-hand illusion would provide further empirical evidence regarding 
the importance of morphological congruence between the foreign object and a human 
hand, and thus for the view that the integration of seen and felt touch is modulated, top 
down, by a cognitive representation of what the human body is like (Tsakiris & Haggard, 
2005; de Vignemont et al., 2006; also Chapters 3 & 4).  

7.3. Mental Own Hand Transformations and Susceptibility 

Since the orientation and position of the fake hand is a situational impediment of the 
vividness of the illusion, one interesting question presents itself: Is a person that is more 
attuned to mentally position his or her own hand in an extracorporeal position also better 
equipped to meet the demands imposed by the location and orientation of the fake hand? In 
other words, is there a relation between individual susceptibility and the ability to engage in 
the mental imagery of motor tasks? Individual differences in the ability to simulate motor 
tasks are often tested by a speeded left and right hands identification task (e.g., Cooper & 
Shepard, 1975). In this task people are shown a series of left and right hands depicted in 
various orientations, and are asked to make a speeded decision regarding the laterality of 
the depicted hands. Research suggests that people, in order to solve this task, mentally place 
their own hand in the position of the depicted hand before deciding whether a left of right 
hand is depicted. First, response times are dependent on the orientation of the depicted 
hands. People, for example, respond faster to hands that are depicted with fingers pointing 
upward, than to hands with fingers pointing downward (which require a longer, and a 
anatomically awkward, trajectory of mental movement; e.g., Cooper & Shepard, 1975; 
Parsons, 1987; Sekiyama, 1982). Secondly, response times are related to the time it requires 
to make the same movements with one’s actual hand (Parsons, 1994). Thirdly, right-handed 
people respond faster to stimuli that depict right hands than to stimuli depicting left hands 
(Nico, Daprati, Rigal, Parsons, & Sirigu, 2004). Finally, neuroimaging studies have 
demonstrated an involvement of the motor system when people decide on the laterality of 
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the depicted hands (e.g., Bonda, Petrides, Frey, & Evans, 1995; Parsons et al., 1995; Parsons, 
Gabrieli, Phelps, & Gazzaniga, 1998). Research on the speeded identification of left and 
right hands is, thus, consistent with the view that the body-schema plays a role in both 
motor imagery and the observation of people and their body parts (see Chapter 2).  

The ability to mentally move one’s own hands into a certain position in extracorporeal 
space might, then, play a role in the rubber-hand illusion as well. In the experimental setup 
of the rubber-hand illusion, people are watching a fake left hand that is placed on the table 
in a position that is incongruent with their own concealed left hand (see Figure 7.1). We 
expect that the fake hand is more easily attributed to the self, when people mentally place 
their concealed hand in the position of the fake hand. In other words, we expect a relation 
between motor imagery abilities (or the ability to engage in mental own hand 
transformations) and susceptibility for the rubber-hand illusion.  

7.4. Experiment 

7.4.1. Research Aim and Hypotheses 

The aim of this experiment is threefold: (a) to investigate the relation between body 
image instability and individual susceptibility for the rubber-hand illusion, (b) to 
investigate the relation between individual susceptibility for the rubber-hand illusion and 
the ability to mentally simulate one’s own hand to be in an extracorporeal location, and (c) 
to determine the effect of the anatomical awkwardness of the position and orientation of 
fake hand on the vividness with which people can develop the illusion. 

With respect to body image instability, we expect to corroborate existing research which 
shows that people with less stable body images are more susceptibility to experimentally 
induced bodily illusions (Burrack & Brugger, 2005; MacLachlan et al., 2003). More 
specifically, we hypothesize a positive relation between a person’s self-reported frequency of 
body image disturbances in daily life and his or her susceptibility for the rubber-hand 
illusion. Demonstrating such a relation would provide supporting evidence for the 
construct validity our susceptibility measure developed in Chapter 6.  

With respect to mental imagery of motor tasks, we expect that mentally positioning 
one’s own hand in the position and orientation of the fake hand will facilitate the 
attribution of the fake hand to the self. In other words, we hypothesize a relation between 
individual susceptibility for the rubber-hand illusion and the ability to engage in mental 
own hand transformations. If such a relation exists, then we expect to find a negative 
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correlation between a person’s susceptibility for the rubber-hand illusion and his or her 
response times in a speeded left and right hands identification task.  

Finally, to determine the effect of the anatomical awkwardness of the fake hand’s 
position and orientation, three different orientations of the fake left hand will be compared. 
(a) A congruent and anatomically plausible orientation, in which the fingers of the fake left 
hand point away from the participant’s body. In this case, the fake hand’s orientation (but 
not position) is congruent with the participant’s concealed hand, and it is possible 
anatomically for people to place their own left hand in the position and orientation of the 
fake hand. (b) An incongruent but anatomically plausible orientation, in which the fingers 
of the fake left hand point to the participant’s right hand side. In this case, the orientation of 
the fake hand is different from the participant’s concealed hand, but it is still anatomically 
possible for the people to place their own hand in the position and orientation of the fake 
hand. (c) An incongruent and anatomically awkward orientation, in which the fingers of 
the fake left hand point to the participant’s left hand side. In this case, the fake hand is not 
only orientated differently from the participant’s concealed hand, but it is also impossible, 
anatomically, for a person to place his or her left hand in the position and orientation of the 
fake hand. In both incongruent conditions, the real and fake hand are rotated by the same 
amount although in opposite directions. If anatomical plausibility is not important in 
attributing a fake hand to the self, both incongruent conditions will equally constrain the 
development of a vivid rubber-hand illusion. In contrast, if anatomical plausibility is 
important, then the incongruent and anatomically awkward orientation will have a larger 
impeding effect than the incongruent but anatomically plausible orientation.  

7.4.2. Method 

Participants. Our sample was drawn from the participant database of the J.F. Schouten 
School at Eindhoven University of Technology, Eindhoven, the Netherlands. Seventy-one 
persons were invited to participate in the experiment. The mean age was 23.4 (SD = 6.0; 
range 17 to 56); 55 (77.5%) of participants were male; 58 (81.7%) of the participants were 
right handed, and 7 (9.9%) were ambidextrous (as based on the Dutch handedness scale; 
van Strien, 1992).  

 

Experimental Design. A three condition (0°, 90°, -90° rotation of fake hand) repeated-
measures experiment was conducted. In the 0° condition, the participant’s concealed left 
hand was stroked in precise synchrony with a visible fake left hand, which was 
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conventionally positioned with the fingers pointing away from the participant (see 
Botvinick & Cohen, 1998; Figure 7.1A). In the 90° condition, the fake left hand was rotated 
clockwise with 90 degrees around its midpoint, thus with the fingers of the fake hand 
pointing to the right (from the participants perspective; see Figure 7.1B). As a result of this 
rotation, the fake hand was in an incongruent position with respect to the participant’s own 
concealed hand, yet the position of the fake hand was anatomically plausible. In the -90° 
condition, the fake hand was rotated anticlockwise with 90 degrees, thus with the fingers of 
the fake hand pointing to the left (i.e., similar to Tsakiris & Haggard, 2005; see Figure 7.1C). 
In contrast to the 90° condition, this rotation resulted in a position of the fake hand that is 
both incongruent with the position of the participant’s own hand and anatomically 
awkward. The three conditions were counterbalanced across participants. 

 

Procedure. The study was divided in two sessions. In one session, we elicited the rubber-
hand illusion in the three experimental conditions described above. In the other session, 
participants completed a body image instability questionnaire and a speeded left and right 
hand identification task. The order of these two sessions was counterbalanced across 
participants.  

For the induction of the rubber-hand illusion, participants were asked to place their left 
hand on the table and to keep it motionless during the session (see Figure 7.1). A pencil 

 

Figure 7.1: Experimental setup for the 
induction of the rubber-hand illusion. Panel 
A depicts the 0° condition. Panel B the 90° 
condition with the fake hand in a incongruent 
but anatomically plausible orientation, and 
Panel C the -90° condition with the fake hand 
in an incongruent and anatomically awkward 
orientation. 
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mark indicated the exact location at which participants had to place their middle finger. 
Next, the experimenter placed a fake hand on the table. Depending on the experimental 
condition, the fake hand was placed with the fingers pointing away from the participant (0° 
condition; see Figure 7.1A), pointing to the participant’s right hand side (90° condition; see 
Figure 7.1B), or pointing to the participant’s left hand side (-90° condition; see Figure 7.1C). 
As a fake hand, a cosmetic prosthesis of a man’s left hand was used that was highly realistic 
in terms of skin texture, color, and shape. In the 0° condition, the lateral distance between 
the fake hand and the participant’s concealed hand was 30 cm. Next, the experimenter 
placed a wooden screen between the participant’s left hand and the fake hand, and asked the 
participant to concentrate on what he or she see saw and felt. Subsequently, the 
experimenter, by means of two brushes, stroked and tapped the middle and index fingers of 
the participant’s concealed hand and the fake hand for five minutes. To assure a constant 
interval between subsequent strokes or taps, the experimenter wore a headphone through 
which a tone was played at a 1.5 second interval. At each tone, the experimenter stimulated 
a finger of the participant’s concealed hand and, synchronously and in the same manner, 
the corresponding finger of the fake hand. After each experimental condition, the 
participants completed a questionnaire using a laptop computer.  

In the other experimental session, participants were asked to take a seat behind a laptop 
computer. The participant completed a body image instability questionnaire (the Body 
Image Aberration scale by Chapman et al., 1978) and a speeded right and left hand 
identification task (similar to, e.g., Cooper & Shepard, 1975; Parsons, 1994). Each 
participant completed the Body Image Aberration questionnaire first. 

 

Measures. In this study, we employed two self-report measures: one regarding 
spontaneously occurring changes in body perception, the other regarding the vividness-
related impressions during the rubber-hand illusion. In addition, we employed a response 
time measure to assess a person’s ability in making mental own hand transformations.  
Self-reported vividness of the rubber-hand illusion was assessed by means of the 22 self-
report items developed in the previous chapter. These items consisted of statements 
regarding a particular vividness impression, such as "It felt as if the fake hand was part of 
my own body" (see Table 7.1). Participants were asked to indicate whether they agreed or 
disagreed with these statements on a 5-point response scale, labeled "disagree", "slightly 
disagree", "neutral", "slightly agree", and "agree". In contrast to the previous studies with 
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Table 7.1: Processing demand (δ), mean square fit statistic (MS), and the probability of consent for an 

averagely susceptible person in the 0 º condition (p). 
  Experiment 2 
 Impressions         σ       MS      p 
1 Sometimes, it appeared as if the fake hand moved to my left hand side. 4.53 1.05 .02
2 Sometimes, it felt as if my left hand moved towards my right hand side. 3.04 1.04 .05
3 Sometimes, the shape of the fake hand appeared to change. 1.66 0.88 .14
4 Sometimes, it felt as if my left hand turned rubbery. 2.41 1.12 .08
5 Sometimes, it felt as if the shape of my left hand started to change. 1.66 1.09 .14
6 Sometimes, the skin properties of the fake hand (i.e., color or texture) appeared 

to change. 

1.66 1.00 .14

7 Sometimes, it felt as if I had more than one left hand. 1.82 1.04 .13
8 When a finger of the fake hand moved, I sometimes felt the finger of my left 

hand moving as well. 

1.26 1.11 .19

9 Sometimes, it appeared as if the touch I felt originated from somewhere 

between my own hand and the fake hand. 

0.63 1.22 .27

10 Sometimes, the fake hand began to match my own hand in appearance.  -0.08 1.01 .39
11 Sometimes, it felt as if my left hand was inside the fake hand. -0.27 0.77 .43
12 Sometimes, it felt as if my left hand and the fake hand were on the same 

location on the table. 

-0.15 0.88 .41

13 Sometimes, it felt as if I had complete control over the fake hand: I could have 

moved the fake hand if I wanted to.  

0.85 0.95 .24

14 Sometimes, it felt as if the fake hand was part of my own body. -0.37 0.74 .45
15 Sometimes, I became confused about what I saw and felt. -1.40 1.30 .64
16 Sometimes, it appeared as if I felt the touch on my side of the wooden screen 

(i.e., on the side of the fake hand). 

-1.15 0.82 .60

17 Sometimes, it felt as if the fake hand was my own hand.  -1.23 0.68 .61
18 Sometimes, it appeared as if I felt the touch on the location where I saw the 

fake hand being touched. 

-2.10 0.85 .76

19 I continuously felt as if the touches on my fingers and the touches on the fake
hand were caused by two different brushes. 

-3.25 0.95 .88

20 Sometimes, it felt as if the touches on my fingers were caused by the brush
touching the fake hand. 

-3.04 0.86 .87

Continued  
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  Experiment 2 
 Impressions         σ       MS      p 
21 I did not experience anything odd.  -2.73 1.24 .84
22 I continuously noticed clear differences between the touches I saw on the fake

hand, and the touches I felt.  
-3.70 1.16 .92

The items are translated from their original Dutch version. Impressions are ordered according to 
processing demand (δ) as estimated in Experiment 1 in chapter 6. Processing demands (δ) are in the 
metric of Experiment 1 in Chapter 6. Items in italic are negatively worded. They were reversed in their 
coding before they were analyzed. Words in bold were emphasized in the questionnaire. p represents the 
probability of an affirmative response for an averagely susceptible person in the 0 º rotation condition 
(i.e., with fingers of the fake hand pointing away from the participant) 

 
these self-reports (i.e., Experiment 1 & 2 in Chapter 6), the statements were presented to the 
participant on a laptop computer, one by one, in a random order. There were no missing 
responses. 

Body image instability was assessed by means of self-reported frequency of 
spontaneously occurring changes in body perception. For this purpose, we used the Dutch 
translation (Hardy, 2001) of the 28-item Body Image Aberration questionnaire developed 
by Chapman and colleagues (1978). This questionnaire consists of statements like "I have 
sometimes had the feeling that one of my arms or legs is disconnected from the rest of my 
body" or "I sometimes have had the feeling that some parts of my body are not attached to 
the same person". Participants were asked to indicate whether or not they agreed with each 
of these statements by means of a dichotomous response format, labeled "true" and "false". 
A person’s Body Image Aberration score is calculated by taking the sum of the "true" 
responses. The reliability of the Image Aberration measure (Cronbach’s alpha) was α = .74. 
There were no missing responses. 

For the Mental Own Hand Transformation test (MOHT-test), participants were asked to 
make speeded right-left judgments. The stimuli were adapted from Cooper and Shepard 
(1975; also Parsons, 1987; 1994) and consisted of colored computer generated images of 
either a left or a right human hand (see Figure 7.2). The hands were presented to the 
participant with either the fingers pointing toward the top or the bottom of the screen, 
yielding four unique stimuli (fingers up or down vs. left or right hand). Participants were 
instructed to mentally place their own hand in the position of the displayed hand, before 
determining whether the displayed hand was a left or right hand. Participants were 
instructed to perform the task as quickly and accurately as possible.  
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The stimuli were presented to the participant on a computer screen until the participant 
made his or her response. After a response was made, a fixation marker was displayed on 
the computer screen for 1000 ms, after which the next stimulus was displayed. The E-Prime 
2.1 software package (Psychology Software Tools, Pittsburgh, PA) was used for presenting 
the stimuli and for recording response times. All stimuli were presented 30 times in a 
randomized order in two separate blocks. Participants made their responses through a PST 
Serial Response Box (Psychology Software Tools, Pittsburgh, PA) by means of two buttons. 
The left button was always used for making "left" responses, and the right button for "right" 
responses. In one block, participants were instructed to make their responses with the left 
hand. In the other block, participants were instructed to make their responses with the right 
hand. The order of the two blocks was counterbalanced across participants. We used a 
participant’s average response time for correct responses in the analyses. 

7.4.3. Results 

The results are presented in seven sections. In the first three sections, we confirm the 
previous calibration of our 22 vividness impressions (see experiment 1 & 2 in Chapter 6) 
and corroborate prior tests regarding the invariant order of these impressions’ processing 
demands, and the individual differences in people’s susceptibility for the rubber-hand 
illusion. In the fourth section, we test the predicted effect of the anatomical awkwardness of 
the fake hand’s position on the vividness of the rubber-hand illusion. In the final three 
sections, we describe the relation between individual susceptibility for the rubber-hand 
illusion, body image instability, and mental own hand transformation abilities.  

 

 
Figure 7.2: Stimuli for the Mental Own Hand Transformation test (MOHT-test). The original 
colored graphics are here depicted in grayscale. 
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Scale Calibration.  Similar to Chapter 6, we recoded the individual responses to the 22 
items of the self-report measure into a dichotomous format (cf. Kaiser & Wilson, 2000). For 
this purpose "disagree" and "slightly disagree" were collapsed into a single category "refute", 
and "slightly agree" and "agree" into "assert". Neutral responses were treated as missing 
values, as these are expectedly picked when a participant can neither agree nor disagree with 
a statement, or is otherwise indecisive (cf. Raaijmakers et al., 2000). By doing so, 323 (6.9%) 
of the responses were coded as missing values. Similar to Chapter 6, we adopt the many-
facet Rasch model to estimate individual susceptibility, the processing demand behind each 
impression, and the level of impediment of the three orientations of the fake hand (for 
details, see Linacre, 1994; also Bond & Fox, 2007): 
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In this model, the probability that person n reports to perceive a certain impression j 

(e.g., the fake hand feels as n’s own) is governed by three factors: n’s susceptibility for the 
illusion (θn), the specific processing demand required to develop impression j (δj), and the 
obstructions imposed by the particular orientation of the fake hand l (λl). A Rasch model 
test was performed using the Facets software (Linacre, 2006). The Facets software employs a 
joint maximum likelihood estimation procedure. The units of these estimates are called 
logits, or log odds units (i.e., the natural logarithm of the odds that one agrees to a certain 
impression statement). 

 

Vividness and Processing Demands. The 22 impressions and the estimated processing 
demand required to develop them are reported in Table 7.1. The processing demands were 
estimated with a reliability of .98. The appropriateness of the Rasch model is reflected by 
several fit statistics. All but 3 of the items fit the scale with mean square values (MS) ≤ 1.20: 
"It (at least sometimes) appeared as if the touch I felt originated from somewhere between 
my own hand and the fake hand" (Item 9 in Table 7.1; MS = 1.22), "I (at least sometimes) 
became confused about what I saw and felt" (Item 15 in Table 7.1; MS = 1.30), and "I did 
not experience anything odd" (Item 21 in Table 7.1; MS = 1.24). Mean square values refer to 
the weighted average of squared standardized residuals, in which each residual is weighted 
by its variance (e.g., Bond & Fox, 2007). MS-values of, for example, 1.20 stand for a 20% 



Validating Susceptibility   103 
 

 

excess in variation between the observed responses and the model’s predictions. As a 
guideline, mean square values up to 1.20 are considered good even for high-stake tests, and 
mean square values below 1.30 are considered acceptable (Bond & Fox, 2007; Wright & 
Linacre, 1994). Thus, the fit statistics for the 22 impression items look quite reasonable. 
This is also reflected in the overall item fit statistics: the mean of mean squares  
[M(MS)] = 0.99, standard deviation of mean squares [SD(MS)] = 0.16, mean of t-values 
[M(t)] = -0.27, standard deviation of t-values [SD(t)] = 1.83. Ideally, M(MS) should be 1.0. 
For SD(MS) no general reference value can be given. The t-values are standardized fit 
statistics and represent the statistical significance of the mean squares statistics (e.g., Bond 
& Fox, 2007). Ideally, M(t) should be 0 and SD(t) should be 1.0. Similar to our prior 
findings with the same 22 vividness impressions (see Chapter 6), only item 15 was found to 
have a MS ≥ 1.30 (cf. Table 6.1). Moreover, the estimated processing demand behind each 
vividness impression correlated significantly with those estimated in Study 1 in Chapter 6  
(r = .97, p < .01; rcorr = .99; see Figure 7.3). This high correlation corroborates our findings in 
Chapter 6, showing that the processing demands behind the different levels of vividness of 
the rubber-hand illusions can be presumed fairly identical for different persons. This, in 
turn, implies that the vividness of the illusion is marked by more or less universal subjective 
phenomena. 

 
Figure 7.3: Invariance of vividness-related processing demands, as evidenced by the relation 
between the estimates for Experiment 1 in Chapter 6 (x axis) and the present experiment  
(y axis). 
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Individual Susceptibility. The individual differences in susceptibility for the rubber-hand 
illusion were estimated with a reliability of .94. The average susceptibility was M = -1.30 
logits (SD = 1.65; range -5.33 to 2.42). For only two (2.8%) of the 71 participants, the model 
prediction did not fit the data, indicated by a significant t-value of t ≥ 1.96. The overall fit 
statistics for all participants were found to be reasonable, with M(MS) = .98, SD(MS) = .23, 
M(t) = -.15, SD(t) = 1.24.  

Additionally, we tested whether participants experienced the rubber-hand illusion at a 
different level of vividness when the illusion was induced in the first as compared to the 
second session (i.e., before or after the participant completed the Body Image Aberration 
scale and the MOHT-test). No difference in susceptibility was found, with t(69) = 1.1, and  
p = .29, indicating that the order of the two experimental sessions did not affect the self-
reported vividness of the rubber-hand illusion. 

 

Impediment Effect of Hand Orientation. The estimated levels of impediment for the -90° 
(.36 with SE = .08), 0° (-.08 with SE = .08), and -90° condition (-.28 with SE = .07) are 
shown in Figure 7.4. The levels of impediment were estimated with a reliability of .92. The 
fit statistics for these estimates were acceptable, with mean square values below 1.20. The 
different orientations of the fake hand had a significant effect on the self-reported vividness 
of the illusion: χ2(2, N = 71) = 36.3, p < .01. As can be seen in Figure 7.4, it was more 
difficult to experience a vivid illusion when the fake hand was rotated anticlockwise toward 
an anatomically awkward position (i.e., the -90° condition), as compared to the two other 
conditions. Whereas an average person, according to our model’s predictions, has a 44 
percent chance of developing a sense of ownership in the 0° condition, this probability was 
only 33 percent in -90° condition (as assessed with Item 17 in Table 7.1). Surprisingly, the 
90° condition was as effective (and perhaps even more effective) as the 0° condition in 
facilitating the development of a vivid illusion: An averagely susceptible person had a 49% 
to develop a sense of ownership in the 90° condition, and a 44% to develop such an 
impression in the -90° condition. 

 

Body Image Instability and Susceptibility. The average Body Image Aberration score was 
M = 4.4 with SD = 3.5. Body Image Aberration scores were not normally distributed. One 
participant was identified as an outlier, as his or her standardized body aberration score was 
higher than 4.0. Since the exclusion of this outlier did not affect the interpretation of the 
results, we will report on the analyses with all 71 participants included. Using the 
nonparametric Mann-Whitney U test, we did not find a statistically significant difference in 
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Body Image Aberration between participants that completed the scale before as compared 
to after the induction of the rubber-hand illusion, with Z(N = 71) = 0.7 and p = .51. The 
order of the two experimental sessions, thus, did not affect the self-reported frequency of 
aberrant body experiences in daily life. Secondly, we examined the relation between a 
person’s susceptibility for the rubber-hand illusion and his or her Body Image Aberration 
score using the nonparametric Spearman’s rho correlation. As expected, body image 
aberration scores were positively related to susceptibility, with rho = .24 and p = .048.  

 

Mental Own Hand Transformations and Susceptibility. In the MOHT-test, the average 
percentage of correct responses was M = 94.6% (SD = 6.5%) for hand stimuli with fingers 
pointing upwards, and M = 92.7% (SD = 10.0%) for hand stimuli with fingers pointing 
downwards. The number of correct responses was not normally distributed. Two 
participants were identified as outliers, with standardized scores below -4. Since excluding 
these outliers did not change the interpretation of the results, we will report on the analyses 

 
Figure 7.4: Level of impediment to the vividness of the rubber-hand illusion as a function of fake 
hand orientation. The y-axes on the right give the probability of an average susceptible person 
claiming that "the fake hand felt as my own" (ownership; Item 17 in Table 7.1) and "that it felt 
as if I had complete control over the fake hand" (agency; Item 13 in Table 7.1) as a function of 
the orientation of the fake hand. 
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with all 71 participants included. We used the nonparametric Wilcoxon signed-rank test to 
investigate whether people were more accurate in making left-right judgments for hands 
with fingers pointing upwards than for hands with fingers pointing downwards. We did not 
find a significant difference between the two types of stimuli, with Z(N = 71) = 1.3, and  
p = .20.  

As with accuracy, response times to hands with fingers pointing upward and to hands 
with fingers pointing downward were not normally distributed. One participant was 
identified as an outlier with standardized scores above 4 for both stimuli. Since excluding 
this outlier did not change the interpretation of the results, we report on the analyses with 
all 71 participants included. As expected from prior research with the MOHT-test (e.g., 
Cooper & Shepard, 1975; Parsons, 1987; 1994), our participants responded faster to hands 
that were presented with fingers pointing upward, with M = 1358 ms (SE = 175 ms), than to 
hands with fingers pointing downward, with M = 1878 ms (SE = 186 ms). This difference 
was found to be statistically significant, with Z(N = 71) = 7.3, and p < .01 (using the 
Wilcoxon signed-rank test). Secondly, we tested for speed-accuracy trade-off by calculating 
Spearman’s rho between a person’s accuracy and his or her response time (e.g., Pachella, 
1974). We found a significant negative correlation for stimuli with finger pointing upward, 
with rho = -.58 and p < .01, but not for stimuli with fingers pointing downward, with  
rho = -.20 and p = .10. In other words, people who are slower in making left-right 
judgments are also less accurate. Thirdly, we tested whether participants that completed the 
MOHT-test after the induction of the rubber-hand illusion had different response times 
than participants that completed the test before the induction of the illusion. Using the 
nonparametric Mann-Whitney U test, we did not find significant differences in response 
times between these two groups for either the fingers upward or finger downward stimuli, 
with Z(N = 71) ≤ 0.8 and p ≥ .43. In other words, the order of the two experimental sessions 
did not affect response times.  

Finally, we investigated the relation between a person’s susceptibility for the rubber-
hand illusion and his or her response times on the MOHT-test. For hands with fingers 
pointing upward, the correlation between susceptibility and response time was found to be 
significant, with rho = -.24 and p = .046. Similarly, we found a significant correlation 
between susceptibility and response time for stimuli with fingers pointing downward, with 
rho = -.27 and p = .02. These correlations indicate that people who are faster in making left 
or right hand discrimination (and thus, by inference, are better in performing mental own 
hand transformations) are also more susceptible to the rubber-hand illusion. In contrast, no 
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significant correlations were found between a person’s susceptibility and his or her accuracy 
in identifying left and rights hands for either the fingers upward or the fingers downward 
stimuli, with rho ≤ .03 and p ≥ 0.79. 

 

Body Image Instability and Mental Own Hand Transformations. Additionally, we 
investigated the relation between a person’s score on the Body Image Aberration scale and 
his or her performance on the MOHT-test. No significant correlation with Body Image 
Aberration scores were found for response times to either the stimuli with fingers pointing 
upwards, with rho = -.10 and p = .42, or the stimuli with fingers pointing downward, with 
rho = -.15 and p = .20. Similarly, a person’s Body Image Aberration score was not found to 
be related to his or her accuracy in identifying left and rights hands for either the fingers 
upward or the fingers downward stimuli, with rho = -.11, p = .36, and rho = .07,p = .59, 
respectively. 

7.5. Discussion 

With a sample of 71 participants, we were, again, successful in predicting people’s self-
reported vividness of the rubber-hand illusion based on estimates about people’s 
susceptibility for the illusion, the anticipated processing demands of a specific vividness 
experience, and the situational impediments of the experimental setup. We found a 
significant correlation between the processing demands behind the different levels of 
vividness of the rubber-hand estimated in this experiment and those estimated in 
Experiment 1 in Chapter 6 (rcorr = .99; see Figure 7.3). This near perfect correlation 
corroborates that the invariance in the order of the impressions with respect to their 
approval probabilities is due to the universality of the illusion’s processing requirements.  

In addition, we have provided empirical evidence regarding the construct validity of our 
susceptibility measure by corroborating a small to moderate, but significant correlation 
with the frequency of aberrant body experiences in daily life (as assessed by the Body Image 
Aberration scale; Chapman et al., 1978). This finding supports existing research that points 
toward a relation between body image instability and susceptibility to experimentally 
induced bodily illusion: Less stable body images are more likely to be vulnerable to change 
due to novel sensorimotor information (e.g., Burrack & Brugger, 2005; MacLachlan et al., 
2003; Mussap & Salton, 2006; see also Chapter 6).  

 With regard to the fake hand’s position as a situational impediment, we found that it 
was significantly more difficult for our participant’s to develop a vivid illusion in the 
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incongruent and anatomically awkward condition (i.e., the -90° condition) compared to the 
incongruent and anatomically plausible condition (i.e., the 90° condition; see Figure 7.4). In 
both these incongruent conditions, the difference between the orientation of the participant 
concealed hand and that of the fake hand was the same (i.e., the fake hand was always 
rotated by 90 degrees, but in different directions). Therefore, the significant differences 
between the 90° and -90° orientation condition reveals that the anatomical plausibility of 
the fake hand’s position is important for inducing a vivid rubber-hand illusion. To our 
surprise, the incongruent but anatomically plausible condition (i.e., the 90° condition) was 
as effective (and perhaps even more effective) in inducing a vivid rubber-hand illusion as 
the 0° condition. This is an unexpected finding, as the position of the fake hand was more 
incongruent with that of the participant’s concealed hand in the 90° as compared to the 0° 
condition. One possible explanation is that the position of the fake hand in the 90° 
condition somewhat matches the position to which felt hand position naturally shifts when 
the individual does not have visual or kinesthetic information about arm position (i.e., 
toward the body’s midline and the person’s chest; e.g., Gross & Melzack, 1978; see also 
Chapter 5). This might, perhaps, have facilitated the development of a vivid illusion in the 
90° condition. Further experimentation is required to test this explanation. Taken together, 
the observed effects of the orientation of the fake hand on the vividness of the illusion 
suggest that visuotactile integration in the rubber-hand illusion is modulated by the 
anatomical plausibility of the fake hand’s orientation (i.e., whether the orientation makes 
sense from an egocentric perspective; cf. Saxe, Jamal, & Powell, 2006). 

We found a significant relation between a participant’s response times in the MOHT-
test and his or her susceptibility for the rubber-hand illusion. As expected, we found that 
more susceptible persons had shorter response times in deciding whether a left or right 
hand was depicted. Such a negative relation with susceptibility was found both for hands 
with the fingers pointing upward and for hands with the fingers pointing downward. This 
finding illustrates that people who are better in mental own hand transformations are also 
better equipped to meet the processing demands required to develop a vivid rubber-hand 
illusion. Although further research is required to uncover the nature of this relation, we 
expect that some people automatically (i.e., involuntarily) engage in the mental positioning 
of the concealed hand in the location of the fake hand, thereby facilitating self-attribution. 
Such an explanation seems reasonable given the role of the body schema (defined in 
Chapter 2 as a distributed network of procedures aimed at guiding behavior) in the 
observation of other people and their body parts (see Chapter 2). Also possible is that motor 
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imagery and developing a vivid rubber-hand illusion share the same underlying neural 
mechanisms (see also Kitada, Naito, & Matsumura, 2002). 

Body Aberration scores were found not to be related to response times on the speeded 
left and right hand identification task (i.e., the MOHT-test). In other words, body image 
instability did not affect a person’s ability to engage in mental own hand transformation. In 
contrast, mental transformations that involve the whole body, rather than just the hand, are 
impaired by the instability of the body image (Arzy, Mohr, Michel, & Blanke, 2007; Mohr, 
Blanke, & Brugger, 2006). In these studies, participants were asked to make speeded 
judgments about whether a marker was attached to the left or right hand of a series of 
depicted human figures (see also Blanke et al., 2005; for an earlier version of such task, see 
Gordon, 1934). The stimuli were orientated in one of two ways: either with the face toward 
(front-facing figures), or away from the participant (back-facing figures). Participants 
generally responded faster to back-facing figures than to front-facing figures, suggesting 
that participants, before making a left or right response, situated their own body in the 
position of the depicted human figure (i.e., engaged in mental own body transformations). 
Response times to both front- and back-facing figures were found to correlate positively 
with people’s scores on the perceptual aberration scale (i.e., the body aberration scale 
extended with seven items not related to the body; Chapman et al., 1978). Body image 
instability, thus, affects the ability to engage in mental transformations of the whole body, 
but not the ability to engage in mental transformations of a hand. One possible explanation 
for this apparent contradiction is that own body transformations involve visuospatial 
perspective taking, which requires a spatial unity between body and self. Using transcranial 
magnetic stimulation, Blanke and colleagues (2005) demonstrated that impaired 
performance on the own body transformation task is linked to deficient activation in the 
temporoparietal junction (TPJ). The TPJ is assumed to be involved in mediating the spatial 
unity between self and body. Dysfunction of the TPJ has, for example, been related to the 
occurrence of out-of-body experiences in which people are looking at their own body from 
an extracorporeal perspective (for an overview, see Lenggenhager, Smith, & Blanke, 2006). 
Blanke, Ortigue, Landis, and Seeck (2002), for example, demonstrated that out-of-body 
experiences could be induced in a neurological patient by electrical stimulation of the TPJ. 
In contrast to mental transformations that involve the whole body, mental transformations 
of a hand do not require visuospatial perspective taking. Body Image Aberration scores 
might therefore correlate with the former but not with the latter type of mental motor 
imagery. Visuospatial perspective taking is also not required for developing a vivid rubber-
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hand illusion (Schwabe & Blanke, 2007). The positive relation between Body Image 
Aberration scores and individual susceptibility for the rubber-hand illusion can, thus, not 
be explained by an increased impairment of the spatial unity between body and self, but by 
the body image being more vulnerable to change due to novel sensorimotor information. 
Unfortunately, as a measure of body image instability, the body (or perceptual) aberration 
scale by Chapman and colleagues (1978) does not differentiate the various causes behind 
body image disturbances in everyday life (i.e., impaired spatial unity between body and self, 
or vulnerability to change due to novel sensorimotor information). Interesting future 
research, then, might explore ways of differentiating people with respect to the mechanisms 
behind their aberrant body experiences.  

There were two notable limitations to the experiment reported in this chapter. First, our 
participants completed the Body Image Aberration scale and the MOHT-test either 
immediately before or immediately after the induction of the rubber-hand illusion. Because 
of the short period of time between the administrations of the various tests, a participant’s 
performance on one test might have influenced his or her performance on another test. 
However, the order in which the participants completed the various tasks was found not to 
have a significant effect on any of the reported tests. Second, by rotating the fake hand 
around its midpoint, we did not keep the lateral distance between the stimulation of the 
participant concealed hand and that of the fake hand constant across the three conditions. 
Whereas the distance between the two points of stimulation was 30 cm in the 0° condition, 
this distance was increased and decreased by about 5 cm in the 90° and -90° conditions, 
respectively. Based on the results of Lloyd (2007), we can expect that the lateral distance 
between the points of stimulation will affect the vividness with which people experience the 
illusion. However, such an effect would be in the opposite direction than the effect of the 
orientation of the fake hand described in this chapter. For example, the lateral distance 
between the points of stimulation is larger in the anatomically plausible condition (i.e., the 
90° condition) as compared to the anatomically awkward condition (i.e., the -90° 
condition). This difference would, thus, be expected to impede the development of a vivid 
illusion in the anatomical plausible as compared to the awkward condition. Put differently, 
had we kept the lateral distance the same for all conditions (e.g., by rotating the fake hand 
around the point of stimulation), the estimated impeding effect of hand orientation might 
have been more pronounced. 

Despite these limitations, we have provided empirical evidence regarding two aspects of 
the individual’s psychological makeup that make him or her more susceptible to the rubber-
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hand illusion: body image instability, and the ability to engage in mental imagery of motor 
tasks. By doings so, we further demonstrated the construct validity of our self-report 
measure of susceptibility for the rubber-hand illusion. Moreover, we have provided 
empirical evidence that the anatomical awkwardness of the position and orientation of the 
fake hand constrains the development of a vivid rubber-hand illusion. This, in turn, 
provides further evidence for the view that the integration of seen and felt touch is 
modulated by a cognitive representation of what the human body is like. 
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─ Chapter 8 ─ 

Self-Attribution and Telepresence22 

From behind the screen where I hid, 

I advance personally, solely to you.   

Camerado! This is no book, 

Who touches this, touches a man,   

(Is it night? Are we here alone?)  

─ Walt Whitman  

In walking I felt as though I were moving along above the shoulders of the figure below me, although this too 

was part of myself,—as if I were both Sinbad and the Old Man of the Sea. 

─ George M. Stratton 

Abstract 
In this chapter, we investigate the relation between self-attribution (i.e., the 
discrimination between what is contained within and outside the boundaries 
of the body) and the phenomenon of telepresence (i.e., the experience of 
"being there" in a remote/mediated environment). For this purpose, mediated 
social touch (i.e., interpersonal touch over a distance by means of a tactile 
display) was combined with visual feedback, allowing a person to see, and feel, 
the touch acts being performed on either a morphologically congruent (a 
sensor equipped mannequin) or a morphologically incongruent input 
medium (a touch screen). Research on the rubber-hand illusion predicts that 
the mannequin input medium will be more easily attributed to the self than 
the touch screen. As a result, the experience of telepresence is expected to 
increase with the mannequin input medium. Our experiment demonstrates 
that morphologically correct visual feedback affects (a) physiological arousal 
in response to a mediated touch (assessed by means of skin conductance 
response), (b) the self-reported experience of telepresence, and (c) the self-
reported perceived naturalness of the mediated touches. Our experiment, 
however, suggests that other mechanisms than self-attribution might be 
involved. 
 

                                                                        
22 Part of this chapter is discussed in Haans and IJsselsteijn (2009b). 
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We tend to think of our bodies as relatively stable entities. Yet research on 
experimentally induced bodily illusions, such as the rubber-hand illusion discussed in the 
previous chapters, demonstrates that the perceived boundaries of the body are not hard-
wired, but are dynamically inferred through the integration of sensorimotor information. 
This process in which the central nervous system discriminates between what is contained 
within and outside the boundaries of the body is called self-attribution. Having highly 
malleable body boundaries accommodates a lifetime of development and change, yet it is 
the relative speed at which these boundaries can be adapted, that enables us to incorporate 
media technology into the body image as a phenomenological extension of the self 
(IJsselsteijn, 2005). Media technologies, such as the anthropomorphically-designed 
teleoperation systems discussed in Chapter 1, can at times become so transparent that the 
human operator "forgets" the technology, and starts to feel and act as if the technology is 
not there (e.g., IJsselsteijn, 2004). In Chapter 1, we described Cole and colleagues’ (2000) 
experiences with such a teleoperation system at Johnson Space Center in Houston. With 
this system, they could control the arms and hands of a robot located at a remote site (i.e., 
the slave robot). They had also a three-dimensional view on the remote site by means of a 
stereoscopic display (i.e., a head-mounted display) connected to two cameras attached to 
the slave robot’s head. While tying knots, and transferring tools from one hand of the robot 
to the other, Cole and colleagues developed the vivid impression that they were physically 
located at the remote site. This phenomenon is called telepresence: the experience of being 
there at the remote site (Sheridan, 1992), or the experience of being in the location of the 
slave robot (Loomis, 1993). However, beside the impression of "being there", Cole and 
colleagues (2000) also encountered the impression that the slave robot’s arms, which were 
visible through the head-mounted display, were actually their own. In other words, their 
central nervous systems came to categorize the slave robot’s arms as belonging to the body.  

Although it has received relatively little attention to date, Held and Durlach (1991) 
already pointed toward the relation between self-attribution and telepresence. They argued 
that the experience of telepresence in a teleoperation system is expected to diminish or 
break down, when the slave robot’s arms are not attributed to the self. In this chapter, we 
further investigate the relation between self-attribution and the phenomenon of 
telepresence. For this purpose we introduce the technological domain of mediated social 
touch which allows geographically separated people to touch each other by means of haptic 
or tactile feedback technology (for a recent overview, see, e.g., Haans & IJsselsteijn, 2006).  
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8.1. Mediated Social Touch 

Touching is an important part of our social interaction repertoire. Human touch, 
perhaps more than any other means of communication, bears the capacity for very intimate 
interpersonal interaction. Even a short touch by another person can elicit strong emotional 
experiences: from experiencing comfort when being touched by one’s spouse, to the 
experience of anxiety when touched by a stranger. Despite the significance of touch, current 
communication devices rely predominantly on vision and hearing. In recent years, 
however, several designers and researchers have developed prototypes that allow for 
mediated social touch; enabling people to touch each other over a distance by means of 
haptic and tactile feedback technology. Examples of such prototypes are the inTouch (Brave 
& Dahley, 1997), "hug over a distance" (Mueller et al., 2005), Taptap (Bonanni et al., 2006), 
and the FootIO (Rovers & van Essen, 2006; for a recent overview, see Haans & IJsselsteijn, 
2006). Designers of such systems conjecture that the addition of a haptic or tactile 
communication channel will enrich mediated interactions, and generally refer to the 
symbolic and intrinsic (e.g., recovery from stress) functions of social touch, as well as to the 
supposed intimate nature of addressing the skin. However, there are several notable 
differences between a real touch and the tactile and haptic stimulation provided by the 
prototypes described earlier.  

First, interpersonal touching requires people to be in very close proximity of each other, 
and thus involves a possible violation of a person’s personal space (i.e., the culturally 
defined area around the body in which the presence of others is considerate inappropriate; 
e.g., Hall, 1966; Hayduk, 1983). The strong relation between touch and physical closeness 
makes the notion of "touch over a distance" somewhat of a paradox, especially when 
compared to the mediation of visual or auditory interaction, which by their nature are less 
dependent on physical proximity. Second, simulating the sensation or "feel" of a human 
touch is difficult and expensive, despite advancements in tactile and haptic display 
technologies (for an overview, see, e.g., Burdea, 1996; Hayward & MacLean, 2007). As a 
result, current prototypes rely on simple electromechanical actuators, such as vibration 
motors, which are a poor substitute for real physical contact (i.e., in terms of the qualitative 
experience or "feel").  

Several interesting questions present themselves. What would be the effect of combining 
mediated touch with visual feedback? To our knowledge, published work on prototypes that 
allow for mediated social touch have not yet considered to combine vision and touch (see 
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also Gallace & Spence, 2010; Haans & IJsselsteijn, 2006).23 Combining mediated touch with 
video technology would allow people to see, and at the same time feel, their interaction 
partner performing the touches on an input medium. Research on the rubber-hand illusion 
predicts that combining tactile and visual stimulation will allow people to incorporate the 
input medium into the body image as a phenomenological extension of the self. However, 
as demonstrated in the previous chapters, self-attribution is dependent on the extent to 
which the visual stimulation is temporally and morphologically correct (see also Tsakiris & 
Haggard, 2005). We can thus expect that, to facilitate self-attribution, the input medium 
should be adequately matched to the human body, both in terms of appearance and in the 
mapping of seen and felt touch. Based on the relation between self-attribution and 
telepresence, we can thus expect that people will develop a more vivid experience of "being 
there" (i.e., of being in the same room as their interaction partner), when they see the touch 
act being performed on a morphologically congruent input medium as compared to an 
morphologically incongruent input medium. Relevant in this respect are recent attempts to 
induce a full-body analogue of the rubber-hand illusion, in which self-attribution is not 
limited to a fake hand but involves a whole body. 

8.2. A Full-Body Analogue of the Rubber-Hand Illusion 

Lenggenhager, Tadi, Metzinger, and Blanke (2007) aimed at inducing a full-body 
analogue of the rubber-hand illusion by means of virtual reality technology (for a similar 
experiment, see Ehrsson, 2007). In their experiment, participants wore a head-mounted 
display through which a virtual character was displayed standing with its back toward the 
participant. This virtual character was created by a real-time recording of a fake human 
figure (i.e., a mannequin). The experimenter stroked the backs of the participant and the 
mannequin in a synchronous manner. The participant could then feel the strokes on his or 
her body, while seeing the virtual person being stroked at the same time. With this 
experimental setup, Lenggenhager and colleagues were able to induce a full-body analogue 
of the rubber-hand illusion, as demonstrated with both self-reports and a behavioral 
measure. No self-attribution occurred when the backs of the participant and the mannequin 
were stroked asynchronously, or when a non-human-like object was used rather than a 

                                                                        
23 Interestingly, in the domain of internet-based adult toys (for which Ted Nelson coined the term 
teledildonics in the 1970s), there are several commercial systems available that take advantage of 
combining tactile stimulation with visual feedback.   



Self-Attribution and Telepresence  117 
 

 

mannequin (as would be expected from research on the rubber-hand illusion; e.g., 
Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005; Chapters 3, 4, & 6). This study 
demonstrates that it is possible to elicit a full-body analogue of the rubber-hand illusion in 
which a fake body, as a whole, is attributed to the self. This, in turn, illustrates the potential 
of combining mediated social touch with visual feedback, as it demonstrates that people can 
come to incorporate a morphologically congruent input medium (i.e., the mannequin in the 
study by Lenggenhager et al., 2007) into the body image.  

8.3. Experiment 

8.3.1. Research Aims and Hypotheses 

In this experiment, we investigated the effect of combining touch with morphologically 
correct visual feedback on people’s experiences with media technologies that allow for 
mediated social touch (i.e., that allow for interpersonal touching over a distance by means 
of a tactile display). Four hypotheses were formulated with respect to the differences 
between seeing the touch acts being performed on a morphologically congruent (which 
resembles the human body, and allows for a one-to-one mapping between seen and felt 
touch) and an incongruent input medium. 

Our first hypothesis states that combining mediated touch with morphologically 
congruent visual feedback will increase the experience of telepresence (i.e., a sense of being 
at the same location as one’s interaction partner). We thus expect that people will report a 
higher sense of telepresence, and correspondingly a higher sense of transparency (i.e., 
forgetting about the interface), when they see the touch acts being performed on an 
morphologically congruent as compared to an incongruent input medium.   

Our second hypothesis states that seeing the touch act being initiated on a 
morphologically congruent input medium will increase the perceived naturalness of the felt 
touches. That is, we expect that the electromechanical vibrations commonly used in 
mediated social touch will be experienced as more touch-like when people see the touch act 
being performed on a morphologically congruent as compared to an incongruent input 
medium.  

Our third hypothesis states that men will be more uncomfortable with a mediated touch 
by another man when they can see the touch act being performed on a morphologically 
congruent as compared to an incongruent input medium. We test this hypothesis by means 
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of both self-reports and the extent to which people experience physiological arousal in 
response to being touched (measured by means of Electrodermal Activity; EDA). This 
hypothesis is based on social psychological research in North America and North Western 
Europe which demonstrates that men generally dislike and avoid touching other men (for 
an overview, see, e.g., Floyd, 2000).24  

We anticipate such effects of morphologically congruent visual feedback on people’s 
experiences with mediated social touch, because a morphologically congruent input 
medium will be more easily attributed to the self, than a morphologically incongruent input 
medium. Our fourth hypothesis, thus, states that people will experience a more vivid full-
body analogue of the rubber-hand illusion with a morphologically congruent as compared 
to an incongruent input medium. We will test this hypothesis by means of self-reports and 
the measurement of people’s physiological arousal. Being touched by another person might 
involve the violation of one’s personal space. Research has demonstrated that such personal 
space violations are accompanied by increased physiological arousal (as assessed by means 
of EDA; McBride, King, & James, 1965). The measurement of EDA then provides an 
interesting means of corroborating the self-reported vividness of a possible full-body 
analogue of the rubber-hand illusion. If a person shows higher signs of physiological 
arousal when his or her interaction partner, rather than keeping a respectable distance, 
moves very close toward the input medium before initiating the touch, then this provides 
strong evidence that the input medium is incorporated into the body image (as his or her 
personal space must have extended to include the input medium).25 Since self-attribution is 
expected to depend on the morphological congruence between the input medium and the 
human body, the effect of the distance between the interaction partner and the input 
medium is expected to be larger with a morphologically congruent as compared to an 
incongruent input medium.  

8.3.2. Method 

Participants. Our sample was drawn from the participant database of the JF Schouten 
School at Eindhoven University of Technology, Eindhoven, the Netherlands. Twenty-two 

                                                                        
24 In this chapter, we will not test whether male participants indeed find same-sex mediated touch to 
be less pleasant than opposite-sex mediated touch. However, tentative evidence for such an effect of 
dyad composition in mediated situations is provided by Haans, de Nood, and IJsselsteijn (2007). 
25 A similar argument involving the extension of personal space as the result of using technology, such 
as driving a car, is made by Blakeslee and Blakeslee (2007). 
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persons, all male, and free of medication use and known medical conditions, were invited to 
participate in the experiment. Two persons were excluded from the data set because of 
problems with controlling the mediated touches. Of the remaining 20 participants, the 
mean age was 35.0 (SD = 18.5; range 18 to 65 years); All participants were of Dutch 
nationality. All participants received a compensation of € 10.00. 

 

Experimental Design. The experiment consisted of three sessions: two experimental and 
one control. In each session, the participants were remotely touched by another person (a 
confederate of the experimenter). At the same time, the participants could see the 
confederate performing the touches on an input medium through a television screen, which 
displayed a real-time recording of the confederate’s actions.  

In the experimental sessions, a two (Morphologically Congruent vs. Incongruent input 
medium) by two (Large vs. Small Distance to input medium) repeated-measures 
experiment was conducted. In the experimental "Mannequin" session, participants could 
see the confederate performing the touches on a human-like input medium (i.e., a 
mannequin; see Figure 8.1). This input medium was congruent with the morphology of the 

 
Figure 8.1: Visual stimuli for the four conditions. The images are video stills converted to 
grayscale. Rows depict the morphologically congruent (top) and incongruent visual feedback 
(bottom). Columns depict the far distance (left) and close distance touches (right). 
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human body not only in appearance, but also in the mapping between seen and felt touch. 
In the experimental "Touch Screen" session, the human-like input medium was replaced by 
a set of buttons, each corresponding to a body location (displayed on a touch screen; see 
Figure 8.1). This input medium was incongruent with the human body both in appearance 
and in the mapping of felt and seen touch. The order of the Mannequin and Touch Screen 
sessions was counterbalanced across participants. 

In both experimental sessions (i.e., the Mannequin and Touch Screen session), 
participants received eight mediated touches (four body locations by two distances from the 
interface). In the Large Distance condition, the confederate would touch the mannequin or 
touch screen while keeping the largest possible distance between himself and the input 
medium (see Figure 8.1). In the Small Distance conditions, the confederate would step up 
towards the input medium before initiating the touch, thereby clearly violating social norms 
with respect to personal space (should such space extend to the input medium). The 
mediated social touches were presented in such an order that the same body location was 
not touched consecutively, and that no more than two large or small distance touches were 
given after each other. The order of the touches was counterbalanced across participants. 
For each participant, however, the same order was used in the Mannequin and Touch 
Screen session. During these experimental conditions, we assessed each participant’s 
physiological arousal in response to being touched by means of skin conductance responses 
(abbreviated as SCRs). 

Due to the measurement of SCR, the visuotactile stimulation in the experimental 
sessions might be too poor in information for the central nervous to extract a sufficiently 
strong correlation between seen and felt touch (cf. Chapter 6). Participants were touched 
only eight times, in only four specific ways, and with the time between two touches being 
relatively long (sometimes as much as 20 seconds). Therefore an additional control session, 
further referred to as the "Illusion Induction" session, was included in the experiment to 
assess the degree to which a full-body analogue of the rubber-hand illusion could be elicited 
with our particular experimental setup. In the Illusion Induction session, participants 
received a series of mediated touches, while watching the touches being performed on the 
morphologically congruent input medium (i.e., the mannequin). This time, no SCRs were 
being recorded. Again, the confederate touched the human-like input medium, and thus the 
participant’s body, on the various body locations. In contrast to the experimental 
conditions, mediated touches were performed in a random fashion with the touches 
following shortly after each other (thus with a high amount of information contained in the 
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stimulation). Each participant was stimulated in such a manner for five minutes. If the 
information-poorness of the visuotactile stimulation in the experimental Mannequin 
condition constrains participants in developing a vivid full-body analogue of the rubber-
hand, then a more vivid such illusion is expected to occur in the Illusion Induction control 
condition. 

 

Stimuli and Apparatus. Tactile stimulation was provided through a neoprene vest 
equipped with electromechanical actuators (i.e., vibration motors). This vest was similar to 
that used by Haans and colleagues (Haans, de Nood, & IJsselsteijn, 2007; Haans & 
IJsselsteijn, 2009a). Series of eight actuators were located at the stomach, 16 at the upper-
back, and 12 at the lower back region. Two actuators were placed on the right shoulder. The 
input medium used in the Morphologically Congruent conditions consisted of a male 
mannequin equipped with reed contacts (i.e., an electrical switch operated by applying a 
magnetic field). The position of the reed contacts on the mannequin were matched to the 
position of the actuators in the vest, with each reed contact directly connected to one 
actuator. Small magnets were attached to the confederate’s fingers. By bringing a magnet 
near a reed contact, the contact would close and the corresponding vibration motor was 
actuated. Mediated touches to the stomach and lower and upper back were given by 
stroking the magnet over the reed contacts on the mannequin. Mediated touches to the 
participant’s shoulder were given by briefly touching the reed contacts on the shoulder of 
the mannequin, thereby resembling a tap rather than a stroke. Whereas, touches to the 
stomach were done with the right hand, touches to the shoulder, the lower back and upper 
back were done with the left hand. Since the reed contacts on the mannequin were matched 
to the position of the actuators in the vest, the mannequin input medium allowed for a one-
to-one mapping between seen and felt touch for both body location and direction of touch. 

For the Morphologically Incongruent conditions, the input medium consisted of a 
touch screen on which four buttons were displayed. Each button corresponded to one of the 
four body locations (see Figure 8.1). Each button was labeled with the name of the body 
part it represented. In contrast to the mannequin interface, the touch screen did not provide 
a one-to-one mapping between seen and felt touch. Each time the confederate briefly 
pressed a button on the touch-screen, the software actuated the corresponding vibration 
motors to either produce a stroke (i.e., for the stomach, lower, and upper back) or a tap (i.e., 
for the shoulder). The hardware and software used for controlling the actuators in the 
Morphologically Incongruent conditions were similar to that used by Rovers and Van Essen 



122  Self-Attribution and Telepresence 
 

  
 

 
(2006; see also Haans et al., 2007; Haans & IJsselsteijn; 2009a). The buttons were always 
pressed with the left hand. The confederate was trained extensively to match the duration of 
the mediated touches in the Mannequin session with those in the Touch Screen session. 

The room in which the experiment was conducted was divided in two sections by means 
of a black curtain (see Figure 8.2). One section housed the mannequin and touch-screen 
input media, as well as a digital camera that recorded the confederate’s actions. In the other 
section of the room, a 21 inch television screen was placed at face height. During the 
sessions, the participant stood facing the television screen at a distance of approximately 
1.50 meters. The television was connected to the camera standing in the other section of the 
room, allowing the participant to watch, in real-time, the confederate’s actions on the input 
medium (see Figure 8.1).26 To avoid that participants could see their own reflection in the 
television screen during the sessions, lights could be switched off in this section of the 
laboratory room.  

 

Procedure. Participants were invited to the laboratory to evaluate a multimodal 
communication device together with another person. This other person was a male 
confederate of the experimenter. The confederate was casually dressed in a manner 
appropriate for a young man of his age (21 years). At their arrival, participants were asked 

                                                                        
26 It would be technologically challenging to assess precisely the extent of temporal asynchrony 
between seen and felt touches caused by the mediating technology. However, such a delay is expected 
to be well below the 200 ms delay that reduces self-attribution in the rubber-hand illusion (see 
Chapter 6). 

 
Figure 8.2: Experimental setup for the Mannequin condition (Panel A) and the Touch Screen 
condition (Panel B). The gray arrow depicts the visual channel, and the black arrow depicts the 
tactile channel. 
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to wash their hands with soap and water. After the participant washed his hands, the 
experimenter assisted him with putting on the tactile vest. Next, the participant was asked 
to put disposable earplugs in his ears in order to block background noise. Meanwhile the 
experimenter prepared the electrodes for the measurement of EDA by filling the cavities 
with electrolyte gel. The electrodes were attached to the fingers of the participant’s non-
dominant hand by means of hook-and-loop fastener straps. They remained attached to the 
participant’s fingers throughout the two experimental sessions. Subsequently, the 
participant was asked to stand in front of the television screen, and the experimenter 
connected the tactile vest to the cables coming from the interface (either the Mannequin or 
the Touch Screen; see Figure 8.2). Next, the experimenter switched off the lights in the 
section of the room in which the participant was standing. Then, with the camera still off, 
the participant was administrated a single mediated touch to the upper back to familiarize 
him with how the touches would feel. Subsequently, the participant was instructed that the 
first session would start after a five-minute waiting period, which was required for the 
electrolyte to sufficiently interact with the skin, and also allowed the experimenter to assess 
the baseline EDA for each participant. 

At the start of each of the experimental sessions (one with the mannequin and one with 
the touch screen as the input medium), the participant was instructed to pay attention to 
the touches he saw and felt. Next, the experimenter would turn on the camera, thereby 
providing the participant with a view of the input medium and the confederate through the 
television screen. The experimenter monitored the participant’s EDA on a computer screen 
for signs of SCRs not related to the mediated touches (i.e., non-specific SCRs). For this 
purpose, a high pass filter of 0.05 Hz was applied to the absolute EDA signal. By applying 
such a filter, the EDA signal centers around 0 micro Siemens (μS) when no SCR is in 
progress. When the relative EDA was zero, the experimenter would signal the confederate 
to initiate a mediated touch. After the last mediated touch, the experimenter turned off the 
camera, and switched the lights back on. Since the number of non-specific SCRs differs per 
individual, the duration of each experimental session was different for different individuals. 
At the end of the session, the participant completed a questionnaire, while the experimenter 
switched the input media. The second session proceeded in a similar manner as the first.  

After the Mannequin and Touch Screen sessions, the experimenter removed the 
electrodes and asked the participant to return to his place in front of the television screen. 
With the camera running and the lights in the participant’s side of the room switched off, 
the confederate would touch the mannequin, and thus the participant, for five minutes. In 
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contrast to the previous sessions, the various locations of the participant’s body were 
touched in a random fashion (both tapping and stroking) with the touches following shortly 
after each other. After this session, the participant again completed a questionnaire. 

 

Measures. In this study, we employed a combination of self-reports and the 
measurement of a participant’s physiological arousal by means of EDA recordings. For the 
latter, we recorded skin conductance responses (SCRs) during the two experimental 
sessions (i.e., the mannequin and the touch screen session). For the former, a questionnaire 
containing multiple measures was completed by the participants after each session. Since 
the effect of the distance between the confederate and the input medium was manipulated 
within rather than between the two experimental sessions, the effect of Distance was 
assessed by means of SCRs only. 

 Electrodermal Activity (EDA) was measured as skin conductance changes by means of 
the BIOPAC MP100 system (BIOPAC Systems Inc., Santa Barbara, California, USA) and 
the BIOPAC GSR100B amplifier, which applies a constant voltage of 0.5 volt over two Ag-
AgCl electrodes (TSD103A) prepared with electrolyte gel (Signa Gel; a multipurpose 
electrolyte by Parker). The electrodes were attached to the volar surfaces of the distal 
phalanges of the index and middle fingers of the participant’s non-dominant hand by 
means of hook-and-loop fastener straps. A waiting period of at least five minutes ensured 
that the electrolyte interacted sufficiently with the participant’s skin. The sensitivity (i.e., the 
gain) was set to the highest value that the individual’s skin conductance level allowed. The 
GSR100B amplifier was set to DC with the low-pass filter at 1 Hz. 

Absolute skin conductance was recorded in micro Siemens (μS) with 500 samples per 
second. Any skin conductance response (SCR) starting within five seconds after the 
initiation of a mediated touch was considered to be a response to that stimulus. If no 
response occurred within these five seconds, a value of 0 μS was given as a person’s SCR to 
that stimulus. In case there were two (stacked) responses starting within the five second 
time frame, the average SCR was calculated. A range correction was applied to the SCR data 
before analysis, as suggested by Lykken and Venables (1971; see also Boucsein, 1992). For 
this range correction, each SCR was divided by the highest SCR observed for that particular 
individual. For each person, the average of the range-corrected SCRs in each experimental 
condition was used in the analyses. Due to various reasons, we did not obtain reliable 
measures of EDA for two out of 20 participants. 

  



Self-Attribution and Telepresence  125 
 

 

Table 8.1: Items of the Unpleasantness of Being Touched, the Naturalness of the Mediated Touches, and 

Telepresence self-report measures. 

 Unpleasantness of Being Touched 
1 To what extent did you have, or did you not have, an oppressive feeling when being touched 

by the other person? 
2 How pleasant or unpleasant was it to be touched by the other person? 
3 How comfortable, or uncomfortable, did you feel when being touched by the other person? 
4 How annoying, or not annoying, was it to be touched by the other person? 
 Naturalness of the Mediated Touches 
1 How natural, or unnatural, were the touches? 
2 To what extent were the touches of a mechanical, or a human-like, nature? 
3 How synthetic, or non-synthetic, were the touches?  
4 To what extent did you perceive of the touches as realistic or unrealistic? 
 Telepresence 
1 Sometimes, it felt as if the other person was standing closely beside me. 
2 Sometimes, I forgot that I was looking at a television screen. 
3 Sometimes, it felt as if the other person was touching me directly on the skin. 
4 Sometimes, it felt as if the other person was standing on my side of the room (within the 

curtained area). 

 
 
Unpleasantness of Being Touched. After the Mannequin and the Touch Screen session, 

we assessed the extent to which the participant found it unpleasant to be touched by the 
other person. Unpleasantness was assessed by means of four self-report items, such as "How 
pleasant or unpleasant was it to be touched by the other person?" (for a complete 
description of the items, see Table 8.1). Participants could respond on a five-point scale 
with labels ranging from, for example, "pleasant" (coded with a 0), through "neutral" (coded 
with a 2), to "unpleasant" (coded with a 4). The mean score across these four items was used 
in the analyses. The reliability (Cronbach’s alpha) of this aggregated Unpleasantness 
measure was α = .74 in the Mannequin, and α = .83 in the Touch Screen condition. There 
were no missing responses.  

Naturalness of the Mediated Touches. After the Mannequin and the Touch Screen 
session, we assessed the extent to which the participants perceived the mediated touches as 
natural. Perceived naturalness was assessed by means of four self-report items, such as "To  
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Table 8.2: Items of the Self-Attribution measure, and percentage of affirmative responses in the 

Mannequin (M), Touch Screen (TS), and Illusion Induction (II) session. 

  % Affirmative 
 Items M TS II 
1 Sometimes, it appeared as if I felt the touch on the location where I 

saw the input medium being touched, rather than on my own body. 
60% 25% 65% 

2 Sometimes, it felt as if the input medium was a part of my own body. 20% 10% 20% 
3 Sometimes, I had the impression that I was looking at myself. 40% 15% 45% 

The term input medium was replaced by the appropriate term for each session (i.e. "mannequin" or 
"touch Screen"). Affirmative responses are either "slightly agree" or "agree" 

 
what extent were the touches of a mechanical, or a human-like, nature?" (see Table 8.1). 
Participants could respond on a five-point scale with labels ranging from, for example, 
"mechanical" (coded with a 0), through "neutral" (coded with a 2), to "human-like" (coded 
with a 4). The mean score across these four items was used in the analyses. The reliability 
(Cronbach’s alpha) of this aggregated Naturalness measure was α = .93 in the Mannequin, 
and α =.84 in the Touch Screen condition. There were no missing responses. 

Telepresence. After the Mannequin and the Touch Screen session, we assessed the degree 
to which the participants perceived a sense of telepresence. This was measured, 
retrospectively, by means of four self-report items. The self-reports were written in the form 
of statements regarding the experience of "being there" and the perceived transparency of 
the haptic communication device (see Table 8.1). These statements were based on existing 
presence questionnaires (e.g., ICT-SOPI; Lessiter, Freeman, Keogh, & Davidoff, 2001). 
Participants could respond on a five-point scale with labels ranging from "disagree" (coded 
with a 0), through "neutral" (coded with a 2), to "agree" (coded with a 4). The mean score 
across these five items was used in the analyses. The reliability (Cronbach’s alpha) of this 
aggregated Telepresence measure was α = .64 in the Mannequin, and α = .73 in the Touch 
Screen condition. There were no missing responses.  

Self-Attribution. After each of the three sessions (i.e., the Touch Screen, the Mannequin, 
and the Illusion Induction session), we assessed the degree to which people experienced a 
full-body analogue of the rubber-hand illusion by means of three self-reports (see Table 
8.2). The self-reports were written in the form of statements, and were based on 
questionnaires commonly used to assess the vividness of the rubber-hand illusion (e.g., 
Botvinick & Cohen, 1998; see also Chapter 6) and on self-reports used by Lenggenhager and 
colleagues (2007) and Ehrsson (2007). Participants could respond on a five-point scale with 
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labels ranging from "disagree" (coded with a 0), through "neutral" (coded with a 2), to 
"agree" (coded with a 4). There were no missing responses. Since the reliability (Cronbach’s 
alpha) of the Self-Attribution items was poor (α ≥ .53), we did not calculate aggregate 
scores, but used each item as an individual indicator.  

8.3.3. Results 

Electrodermal Activity (EDA). The average range-corrected SCRs for the four 
experimental conditions are depicted in Figure 8.3. With these SCRs as the dependent 
variable, we performed a two (Morphologically Congruent vs. Morphologically 
Incongruent input medium) by two (Large vs. Small Distance to the input medium) 
repeated measures analysis ANOVA. Assumptions of normality and sphericity were met. 
We found a significant effect of Morphological Congruence on the size of people’s SCRs, 
with F(1, 15) = 5.1, p = .04, and partial η2 = 25.4%. As expected, participants reacted more 
strongly to the mediated touches when they saw the Mannequin being touched rather than 
the Touch Screen. We also found a significantly effect of the Distance between the 
confederate and the input medium, with F(1, 15) = 8.1, p = .01, and partial η2 = 64.1%. 

 
Figure 8.3: Skin conductance responses (SCRs) and corresponding 95% confidence intervals for 
the four experimental conditions. 
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Again as expected, the smaller the distance to the interface, the more strongly the 
participant responded to the mediated touches. In addition, we found a significant 
Morphological Congruence by Distance interaction, with F(1, 15) = 5.1, p = .04, and partial 
η2 = 2.5%. Contrary to our expectations, however, the effect of Distance was larger for the 
Morphologically Incongruent input medium (i.e., the touch screen) as compared to the 
Morphologically Congruent medium (i.e., the mannequin). Additional simple effects 
analyses revealed a significant effect of Morphological Congruence for the Large Distance 
touches, with F(1, 15) = 9.2, and p < .01, but not for the Small Distance touches, with  
F(1, 15) = 0.2, and p = .71. 

 

Unpleasantness of Being Touched. We performed a paired-sample t-test to investigate 
how the morphological congruence of the input medium affected people’s self-reported 
Unpleasantness of Being Touched by another male person. We did not find a significant 
difference between the Morphologically Congruent input medium (i.e., the mannequin) 
and the Morphologically Incongruent medium (i.e., the touch screen), with t(19) = .35 and 
p = .73 (see Figure 8.4A). Additionally, we explored the correlations between self-reported 
Unpleasantness and SCRs. We found a marginal significant correlation between self- 
 

 
Figure 8.4: Average self-reported Unpleasantness of being touched (Panel A), Perceived 
Naturalness of the mediated touches (Panel B), and Telepresence (Panel C). Error bars depict 
95% confidence intervals. 
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reported Unpleasantness and SCRs in the Mannequin session, with r = .44 and p = .09. 
Further exploration revealed that self-reported Unpleasantness correlated significantly with 
SCR’s in response to touches made from a large distance, with r = .56 and p = .03, but not 
with SCR’s in response to touches made from a short distance, with r = .13 and p = .64. In 
contrast, there were no significant correlations between self-reported Unpleasantness and 
the various SCRs in the Touch Screen session, with r ≤ .20 with p ≥ .45.  

 

Naturalness of the Mediated Touches. Since self-reported Naturalness was found not to 
be normally distributed, the non-parametric Wilcoxon signed-rank test was performed to 
investigate the effect of morphological congruence of the input medium on the perceived 
naturalness of the mediated touches. As expected, our participants reported a higher 
perceived naturalness when touches were performed on the Morphologically Congruent 
(i.e., the Mannequin session) as compared to the Morphologically Incongruent input 
medium (i.e., the touch screen), with Z(N = 20) = 2, and p = .046 (see Figure 8.4B). 

 

Telepresence. We performed a paired-sample t-test to investigate how the morphological 
congruence of the input medium affected people’s self-reported Telepresence. As expected, 
people reported to experience a higher degree of Telepresence when touches were 
performed on the Morphologically Congruent input medium (i.e., the Mannequin session) 
as compared to the Morphologically Incongruent medium (i.e., the Touch Screen session), 
with t(19) = 2.6 and p = .02 (see Figure 8.4C). 

 

Self-Attribution. Did participants report to have experienced a full-body analogue of the 
rubber-hand illusion? To investigate this question, the three impression items were recoded 
into a dichotomous response format by collapsing “slightly agree" and "agree" into a single 
category “assert”, and “disagree”, “slightly disagree”, and “neutral” into “refute” (see Table 
8.2). In the Mannequin and Illusion Induction sessions, 20% of the participants affirmed to 
have encountered the impression that the input medium was a part of the body (see Table 
8.2). Only 10% of the participants reported to have encountered this impression in the 
Touch Screen session. More participants, however, claimed to have had the impression that 
they were looking at themselves through the television screen: 45% of the participants in the 
Illusion Induction session, 40% in the Mannequin session, but only 15% in the Touch 
Screen session. The most frequently encountered impression, however, entailed the 
experience that the touches were felt on the location where they were seen: 65% of the 
participants in the Illusion Induction session, 60% in the Mannequin session, but only 25% 
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in the Touch Screen session. These data demonstrate that at least some of our participants 
reported to have encountered impressions related to a full-body analogue of the rubber-
hand illusion. Further analysis by means of the non-parametric Friedman test, revealed a 
significant difference between the three conditions for the impression that the touches were 
felt on the input medium (i.e., Item 1 in Table 8.2), with χ2(2, N = 20) = 8.8, and p = .01. 
Similarly, a significant difference between the three conditions was found for the 
impression of looking at oneself through the television screen (i.e., Item 3 in Table 8.2), 
with χ2(2, N = 20) = 6.2, and p = .045. In contrast, no significant difference between the 
three conditions was found for the impression that the input medium became a part of the 
body (i.e., Item 2 in Table 8.2), with χ2(2, N = 20) = 1.1, and p = .57. Further contrast 
analysis by means of a series of Wilcoxon signed-rank tests revealed that, as expected, more 
participants affirmed to have encountered impressions 1 and 3 in the Mannequin session as 
compared to the Touch Screen session, with Z(N = 20) ≥ 2.2, and p ≤ .03. In contrast, the 
Illusion Induction session did not differ significantly from the Mannequin session in 
eliciting these impressions, with Z(N = 20) ≤ 0.4, and p ≥ .66. In other words, whereas a 
morphologically congruent input medium facilitated participants in developing 
impressions related to a full-body analogue of the rubber-hand illusion, increasing the 
amount of information contained within the visuotactile stimulation did not. 

8.4. Discussion 

With a sample of only 20 participants, we were able to support most of our hypotheses 
regarding the effects of combining mediated social touch with morphologically congruent 
visual feedback. As expected, our participants reported a higher sense of transparency and 
telepresence with the morphologically congruent (i.e., the mannequin) as compared the 
incongruent input medium (i.e., the touch screen). This finding illustrates the importance 
of morphologically congruent multisensory stimulation in the experience of transparency 
and telepresence (e.g., IJsselsteijn, 2005). In addition, participants perceived the same 
electromechanical stimulation (by means of vibration motors) as more natural when they 
saw the mannequin being touched rather than the touch screen. This finding demonstrates 
that combining touch and vision can alleviate, at least partially, the technological limitations 
of current day tactile displays in accommodating natural interpersonal touch (i.e., in terms 
of "feel").  
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Social psychological research in North America and North Western Europe 
demonstrates that men generally avoid touching other men, and that same-sex touching is 
perceived of as less pleasant than opposite sex touching (for an overview, see, e.g., Floyd, 
2000). We thus expected that our male participants would be more uncomfortable with a 
mediated touch when they could see the male confederate performing the touch acts on a 
morphologically congruent input medium. Although the self-reports did not reveal the 
expected difference, SCRs were larger in response to a mediated touch that was combined 
with morphologically congruent as compared to incongruent visual feedback.  

We hypothesized that these effects would result from the incorporation of the input 
medium into the body image. In support of this hypothesis, our participants reported to 
have experienced a more vivid full-body analogue of the rubber-hand illusion in the 
Mannequin as compared to the Touch Screen session (consistent with Lenggenhager et al., 
2007). Closer examination of our participants’ self-reports revealed that at least some of our 
participants claimed to have encountered impressions related to a full-body analogue of the 
rubber-hand illusion in the sessions with the morphologically congruent input medium (see 
Table 8.2). However, these self-reports were not supported by the SCRs. If a person had 
attributed the input medium to the self, then we hypothesized that his personal space would 
have extended to include the input medium. Since personal space violations are known to 
result in increased physiological arousal (see McBride et al., 1965), we expected that small 
distances touches (with the confederate standing very close to the input medium) would 
result in higher SCRs than large distance touches (with the confederate at a "respectable" 
distance from the input medium). As expected, small distance touches evoked larger SCRs 
than large distance touches. However, this effect of distance was found to be largest in the 
Touch Screen session in which self-attribution was unlikely to occur (see Figure 8.3). One 
explanation for this unexpected finding is that the mere observation of the confederate 
moving toward the input medium increased a person’s physiological arousal, thereby 
confounding with SCRs to the small distance touches. The SCRs to small distance touches, 
thus, might not reflect reliably arousal in response to being touched, but the SCRs to large 
distance touches probably did. This is supported by two findings. First, we found SCRs to 
be related with self-reported unpleasantness, but only for the large distance touches in the 
Mannequin session. Secondly, the observed main effect of morphological congruency was 
due to differences in SCRs to large distance touches only (see Figure 8.3). Similarly, a larger 
part of the confederate’s body was visible on the television screen with the small distance 
touches as compared to the large distance touches. This too might have biased the results. 
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Although research on the rubber-hand illusion predicts otherwise (see Chapter 6), 
increasing the frequency and information richness of the stimulation did not result in a 
more vivid full-body analogue of the rubber-hand illusion (see Table 8.2). One explanation 
for this unexpected finding is that our experimental setup and design might have 
constrained the development of a vivid illusion to such an extent that increasing the 
amount of information in the stimulation had no facilitating effect. First of all, we used 
relatively simple mediating technology. Using a head-mounted display rather than a 
television screen, for example, would have provided a more immersive view on the remote 
site, thereby potentially increasing the extent to which self-attribution could occur. 
Similarly, replacing the vibrating electromechanical actuators with touches from a real 
human hand might have had a similar effect, as a discrepancy in the nature of expected and 
felt touch might constrain self-attribution (see Chapter 4). Secondly, since the mannequin 
was positioned with its back toward the participant, the actual touches to the stomach could 
not be seen by the participants. This, in turn, might have negatively affected the 
development of a vivid full-body analogue of the rubber-hand illusion. The unexpected 
finding that increased information richness did not result in a more vivid illusion might 
also indicate that the observed effects of morphologically congruent visual feedback are not 
dependent on self-attribution. It would, indeed, be rather surprising when eight touches 
which are spread over a relative long period of time can result in a similarly vivid illusion as 
five minutes of nonstop stimulation. If the observed effects of combining mediated touch 
with morphologically congruent visual feedback are not dependent on self-attribution, then 
what can explain the observed effects? Although more research is required to answer this 
question, there are at least two possible alternative explanations.  

One alternative explanation for the observed effects is provided by research on the visual 
enhancement of touch. This research demonstrates that looking at the stimulated body part, 
even without seeing the stimulation itself, enhances a person’s tactile acuity (e.g., Kennett, 
Taylor-Clarke, & Haggard, 2001). A similar facilitating effect is observed when the visual 
stimuli are presented on another person’s body, but not when they are presented on objects 
that do not resemble a human body (e.g., Haggard, 2006; Thomas et al., 2006; see also 
Chapter 6). Recent research by Moseley, Parsons and Spence (2008) demonstrates that the 
perception of pain is modulated by vision as well. In their study, people with chronic hand 
pain were asked to look at their affected hand through either a magnifying or a minifying 
glass. Whereas magnifying the affected hand increased pain, minifying the affected hand 
resulted in a significant decrease in pain. These studies indicate that combining mediated 
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social touch with morphologically congruent visual feedback might in itself be a sufficient 
explanation for the effects observed in the present experiment.  

A second alternative explanation for the observed effects is that participants did not 
perceive the mannequin as a part of their body, but as an object that represented them at 
the remote site as seen through the television screen (similar to an avatar being a 
representation of a person in a mediated environment). A similar argument has recently 
been made by Ehrsson and Petkova (2008). They argue that the full-body analogue of the 
rubber-hand illusion (as reported by Ehrsson, 2007; Lenggenhager et al., 2007) is heavily 
dependent on the use of media technologies. Furthermore, they argue that the impressions 
reported by the participants in these studies might not result from self-attribution, but from 
people’s knowledge from using media technology (i.e., media schemata). In our experiment, 
40 to 45 percent of the participants reported to have encountered the impression that they 
were looking at themselves when seeing the mannequin being touched on the television 
screen (i.e., Item 3 in Table 8.2). Such reports make sense both when people perceived the 
mannequin as a part of the body, and when they perceived the mannequin as a 
representation of themselves. The reported effects of combining mediated touch with 
morphological congruent visual feedback might thus result from psychological, rather than 
perceptual, means of self-identification.  

There were three notable limitations to the present study. First, there were many 
differences between the morphologically congruent (i.e., the mannequin) and the 
incongruent input medium (i.e., the touch screen), including differences in shape and color, 
the mapping of seen and felt touch, and the presence of text. Subsequent research is needed 
to determine more precisely which of these differences can explain the reported effects. 
Secondly, our experimental setup involved an actual interaction between two persons. 
Although this setup allowed for a more ecologically valid experimental situation, we could 
not ensure that the visuotactile stimuli were perfectly similar across sessions and 
participants. Our findings should therefore be confirmed with pre-recorded stimuli. By 
using pre-recorded stimuli the touch act can also be isolated from the interaction partner’s 
movement toward the input medium, thereby eliminating the possible artifact of movement 
in the measurement of EDA. A third limitation of the present experiment is that we have 
provided little evidence with respect to the role of self-attribution in media-related 
experiences, such as the phenomena of the telepresence. Interesting future research might, 
for example, determine whether the individual differences in people’s susceptibility for 
bodily illusions are also reflected in their experience of telepresence.  
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Despite these limitations, we have demonstrated that combining touch with 
morphologically congruent visual feedback can alter people’s experiences with media 
technologies that allow for mediated social touch, including the experience of telepresence 
or "being there". What is perhaps most striking is that we demonstrated these effects with 
relative simple tactile and visual displays. Our experiment illustrates that combining touch 
with feedback from vision might enable genuine embodied interaction with technology, 
perhaps eventually blurring the boundary between our "unmediated" self and the 
"mediating" technology (Haans & IJsselsteijn, 2006). 
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─ Chapter 9 ─ 

Epilogue 

The research presented in this thesis focused on the perception of technological tools 
and artifacts as a phenomenal extension of the self. This process in which the central 
nervous system categorizes an object as a part of the body, and in which thus a 
discrimination is made between what is contained within and outside the boundaries of the 
body, is called self-attribution. By using the paradigm of the rubber-hand illusion 
(Botvinick & Cohen, 1998), we investigated what characteristics of the individual, and what 
features in the situation, constrain or facilitate the attribution of foreign objects to the self. 
In addition, we explored the role of self-attribution in people’s experiences with media 
technology, such as the phenomenon of telepresence (i.e., the experience of "being there" in 
a mediated environment). In this final chapter, we discuss the main contributions and 
limitations of this thesis. In addition, we discuss interesting future research directions, while 
taking a broader perspective on the field of research on media technologies and corporeal 
awareness.  

The first contribution of this thesis is the formulation of a theoretical framework around 
the conception of the user of technology as an embodied agent (i.e., the embodied user; 
Chapter 2). Integrating ideas from, for example, Metzinger (2006), Edelman (2006), and 
Gallagher (2005b), this theoretical framework describes the often confused body schema 
and body image as two distinct aspects of human embodiment. The body schema is defined 
as a dynamic distributed network of procedures aimed at guiding behavior. In contrast, the 
body image is defined as a part of the process of consciousness and, thus, as consisting of 
those higher-order discriminations (or qualia) that pertain to the body. We found this 
theoretical framework useful to our research practices in several ways. First, the framework 
proved valuable in structuring and organizing much of the empirical literature referred to 
in this thesis. Secondly, the framework distinguishes between the various ways in which 
technological tools and artifacts can be incorporated into the body, including functional and 
phenomenological incorporations (cf. Gallagher & Cole, 1995). Finally, the theoretical 
framework assisted us in explaining some of the empirical findings presented in this thesis. 
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The second contribution of this thesis consists of the empirical evidence regarding the 
features of the experimental setup that constrain or facilitate the development of a vivid 
rubber-hand illusion. Research suggests that self-attribution is largely dependent on 
sensorimotor integration, and thus on the capability of the central nervous system to extract 
correlations between the various sensory modalities (e.g., Armel & Ramachandran, 2003). 
In support of this view, research has demonstrated that the rubber-hand illusion will 
diminish or break down when a delay of 500ms or more is introduced between the 
stimulation of the fake hand and that of the participant’s concealed hand (e.g., Botvinick & 
Cohen, 1998; Tsakiris & Haggard, 2005). In this thesis, we demonstrated that even 
asynchronies as small as 200 ms will constrain, or impede, the development of a vivid 
illusion (Experiment 2 in Chapter 6; for a recent similar finding, see Shimada et al., 2009). 
Additionally, our experiment revealed a clear relation between the extent of temporal 
asynchrony and the level of impediment that these asynchronies bring about (see Figure 
6.3). Additionally, Armel and Ramachandran (2003) hypothesized that stimulating the 
participant’s concealed hand and the fake hand in a more random and erratic (and thus 
information-rich) manner will allow the central nervous system to extract a stronger 
correlation between seen and felt touch. As a result, people are expected to develop a more 
vivid rubber-hand illusion. Armel and Ramachandran (2003) reported anecdotal evidence 
to support this hypothesis. In this thesis, we corroborated this evidence by demonstrating 
that a stimulation pattern consisting of short strokes (i.e., information-rich) as compared to 
taps (i.e., information-poor stimulation) significantly increased the development of a vivid 
illusion (Experiment 2 in Chapter 6). Taken together, the reported effects of temporal 
asynchrony and information-richness on the vividness of the illusion provide strong 
corroborating evidence for the importance of visuotactile integration in the rubber-hand 
illusion. 

Previous research has demonstrated that the development of a vivid rubber-hand 
illusion is dependent on the extent to which the foreign object resembles a human hand 
(e.g., Armel & Ramachandran, 2003; Tsakiris & Haggard, 2005). In the experiment in 
Chapter 4, we corroborate this research by demonstrating that hand-shaped objects can be 
more easily attributed to the self than non-hand-shaped objects. In addition, we 
demonstrated that people will develop a less vivid rubber-hand illusion when a flat image of 
a human hand (i.e., a real-time recording of a fake hand projected on the table) rather than 
a three-dimensional fake hand is used as the foreign object (Chapter 3). In addition, we 
investigated the effect of the anatomical awkwardness of the position of the fake hand (i.e., 



 Epilogue  137 
 

 

the extent to which it is anatomically impossible for a person to place his or her own 
concealed hand in the position of the fake hand; see Chapter 7). Our experiment 
demonstrated that people will experience the rubber-hand illusion at a lower level of 
vividness when the fake hand is placed in an anatomically implausible orientation, as 
compared to a similarly incongruent (with respect to the orientation of the participant’s 
concealed hand) but morphologically plausible orientation (Figure 7.3). Taken together our 
experiments on the situational factors that constrain or facilitate the rubber-hand illusion 
point toward a role of top-down mechanisms that impose restrictions on the appearance of 
the foreign object, thereby supporting the view that the rubber-hand illusion is affected, 
top-down, by a cognitive representation of the human body (Tsakiris and Haggard, 2005; 
see also de Vignemont et al., 2006). Our experiments suggest that such a top-down 
cognitive body representation needs to include a specification of the three dimensional 
shape as well as the action possibilities of the hand. The recent demonstration that the 
rubber-hand illusion can be induced in upper-limb amputees (Ehrsson et al., 2008) suggests 
that these action possibilities are afforded by the body schema rather than the morphology 
of the body. 

A third contribution of this thesis entails the empirical demonstration of large 
individual differences in susceptibility for the rubber-hand illusion. In other words, we have 
demonstrated that the level of vividness at which a person experiences the rubber-hand 
illusion is dependent, not only on the situational features of the empirical setup (such as the 
appearance of the foreign object), but on the characteristics of the individual as well. 
Consistent with existing research on experimentally induced bodily illusion (e.g., Burrack & 
Brugger, 2005; Mussap & Salton, 2006), we demonstrated that a person’s susceptibility for 
the rubber-hand illusion is reflected in the stability/tenacity of his or her body image (as 
assessed by means of the Body Image Aberration scale; Chapman et al., 1978; see  
Chapter 7). In addition, we demonstrated a relation between a person’s susceptibility for the 
rubber-hand illusion and his or her response times on a speeded left and right hand 
identification task (i.e., the MOHT-test; similar to, e.g., Cooper & Shepard; 1975; Parsons, 
1987; see Chapter 7). Consistent with the common interpretation of these response times, 
we can argue that the ability to engage in mental simulations of hand movements is a 
characteristic of the individual that facilitates the development of a vivid rubber-hand 
illusion. Further research is required to uncover the nature of the relation between 
individual susceptibility and the ability to engage in mental own hand transformations. 
However, we expect that some people automatically (i.e., involuntarily) engage in the 
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mental positioning of the concealed hand in the location of the fake hand, thereby 
facilitating self-attribution. Such an explanation seems reasonable given the role of the body 
schema in the observation of other people and their body parts (see Chapter 2). 

A fourth contribution of this thesis relates to the measurement of the vividness with 
which people experience the rubber-hand illusion. First, we have developed and tested a 
model of the vividness of the rubber-hand illusion based on self-reports. In three 
experiments (Chapters 6 & 7), we were successful in modeling people’s self-reported 
experiences related to the rubber-hand illusion based on (a) estimates about a person’s 
susceptibility for the illusion, (b) estimates about the processing demand that is required for 
a particular experience, and (c) estimates about the suppression/constraints imposed by the 
situation. In our model tests, we have demonstrated that the vividness impressions related 
to the illusion (e.g., the fake hand felt as my own) are invariably ordered with respect to the 
frequency of being encountered. This invariant order is assumed to reflect the processing 
requirements behind the different experiences. As such, these experiences and processes are 
expected to be comparable for different persons: each person has to meet the processing 
requirements needed to develop the illusion at a certain level of vividness. The invariant 
order, thus, implies that the rubber-hand illusion is marked by a more or less universal 
phenomenology. This, in turn, is important as it allows for an objective quantification of the 
individual and situational determinants of the vividness of the rubber-hand illusion. Note 
that this invariant order in the impressions related to the rubber-hand illusion cannot be 
explained by a response bias resulting from the order of the items on the questionnaire, as 
we randomized this order for each participant in the experiment in Chapter 7. The 
proposed model proved accurate in its assessment of individual susceptibility and the 
constraints imposed by the experimental setup, with reliabilities ≥ .83. The construct 
validity of the proposed vividness model is supported by several findings. First, we 
corroborated a significant relation between body image instability and susceptibility for the 
rubber-hand illusion (cf. Burrack & Brugger, 2005; Mussap & Salton, 2006; Chapter 7). 
Secondly, estimated individual differences in susceptibility correlated with two behavioral 
measures: proprioceptive drift (Experiment 1 in Chapter 6) and the responses times on a 
speeded left and right hands identification task (i.e., the MOHT-test; Chapter 7). Finally, 
the estimated vividness of the rubber-hand illusion was found to be dependent on several 
features of the experimental setup commonly recognized as constraining the development 
of a vivid illusion, including temporal asynchrony between seen and felt stimulation (e.g., 
Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005; Experiment 2 in Chapter 6), and the 
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orientation of the fake hand (e.g., Tsakiris & Haggard, 2005; Chapter 7). Moreover, we were 
able to reliably differentiate small manipulations of the situation with respect to the level of 
impediments they brought about (e.g., temporal asynchrony and information richness in 
Experiment 2 in Chapter 6). This, then, speaks for the applicability of the proposed 
vividness model for experimental research. 

Secondly, we have demonstrated that proprioceptive drift (as defined by Tsakiris & 
Haggard, 2005) has poor validity as a measure of the vividness of the rubber-hand illusion. 
Our experiments in Chapter 5 demonstrated that proprioceptive drift, or the perceptual 
recombination of proprioception, can be observed in situations in which no rubber-hand 
illusion is expected to occur (e.g., when our participants were looking at a fake hand in 
absence of any stimulation; see also Holmes et al., 2006). In addition, our experiments 
illustrated that the use of proprioceptive drift as a measure for the vividness of the rubber-
hand illusion might yield different conclusions than an assessment by means of self-reports. 
This finding was corroborated by a small, but significant, correlation between a person’s 
self-reported susceptibility and the extent of his or her proprioceptive drift (Experiment 1 
in Chapter 6). Although proprioceptive drift is not a valid measure of the vividness of the 
illusion, this correlation indicates that the perceptual recombination of proprioception 
appears to be a mechanism behind self-attribution in the rubber-hand illusion; cf. Holmes 
et al., 2006).  

The difference between proprioceptive drift and the vividness of the rubber-hand 
illusion can, in our opinion, be made more comprehensible, if one considers that human 
beings are embodied on various levels (as discussed in Chapter 2). The rubber-hand illusion 
is effective on the level of the body image as it entails a change in the perception of the 
boundaries of the body. In contrast, people usually appear to be unaware of the perceptual 
recombination of proprioception that occurs in the rubber-hand illusion. Although we 
cannot support such a claim with empirical evidence of our own, most of the participants in 
a study by Gross and Melzack (1978; see Chapter 4) were utterly surprised when they 
discovered the discrepancy between actual and felt location of their hand. In other words, 
proprioceptive drift is often observable only to the experimenter, and does not appear to 
constitute a personal experience of the participant. This is reflected, also, in the 
comparatively high processing demands for impressions that involve a felt movement of 
one’s concealed hand (i.e., Item 2 in Table 6.1) or a visual movement of the fake hand  
(i.e., Item 1 in Table 6.1; see also Holmes & Spence, 2007). Proprioceptive drift thus appears 
to reflect changes in the body schema, rather than the body image. Although the perceptual 
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recombination of proprioception is required for the development of a vivid illusion, body 
schema procedures (including the perceptual recombination of proprioception, visual 
capture, and the perceptual binding of seen and felt touch) are not equivalent with the 
vividness of the rubber-hand illusion.  

Finally, a fifth contribution of this thesis consists of our investigation into the relation 
between self-attribution and the phenomenon of telepresence (i.e., the experience of being 
physically located at a remote site; e.g., Held & Durlach, 1991). In our experiment, 
participants received a series of mediated touches provided by a vest equipped with 
vibrating electromechanical actuators. At the same time, the participants watched a real-
time recording (displayed on a television screen) of their interaction partner initiating the 
touches on an input medium (Chapter 8). We expected that a morphologically congruent 
input medium (i.e., a sensor-equipped mannequin) would be more easily attributed to the 
self (resulting in a full-body analogue of the rubber-hand illusion; see, e.g., Lenggenhager et 
al., 2007). Correspondingly, we anticipated that our participant’s would experience a higher 
degree of telepresence when they could see the touches being performed on the 
morphologically congruent (the mannequin) as compared to an incongruent input medium 
(a touch screen). This was indeed found to be the case as demonstrated by our participants’ 
physiological arousal (i.e., electrodermal activity), and their self-reported experiences 
related to telepresence and the perceived naturalness of the mediated touches. However, 
these effects of combining touch with morphologically congruent visual feedback might not 
have resulted from self-attribution. Although our Experiment 2 in Chapter 6 predicts that 
increasing the amount of information contained within the stimulation will facilitate the 
development of a more vivid rubber-hand illusion, no such effect was found on the full-
body analogue of the illusion. Although more experiments are required to explain this 
unexpected finding, we proposed two alternative explanation for the observed effects in 
Chapter 8: visual enhancement of touch (e.g., Thomas et al., 2006), and psychological rather 
than perceptual mechanisms of self-identification.  

One psychological mechanism of self-identification that is worth investigating in this 
respect is synchronic identification. Synchronic identification entails the categorization of 
two objects, located at different locations, as being one and the same (Bischof, 1985). It 
allows people to connect real objects with their mental or virtual counterparts (Bischof-
Köhler, 1991). It thus allows a person to identify with, for example, his or her avatar in a 
mediated environment. Compared to self-attribution, synchronic identification does not 
rely, or at least not as heavily, on multisensory integration. It thus provides an explanation 



 Epilogue  141 
 

 

for the unexpected finding that increasing the amount of information in the stimulation did 
not facilitate the development of a more vivid full-body analogue of the rubber-hand 
illusion in Chapter 8. Interesting future research might investigate how self-attribution and 
other mechanisms of self-identification interact, and how they can be empirically 
distinguished.  

One limitation of this thesis is that we have limited ourselves to the experimental 
paradigm of the rubber-hand illusion. In this illusion, people are sitting passively behind a 
table, and movement of the arm or hand is not allowed. In fact, if people nevertheless move 
their arm or hand, then the illusion will diminish or break down. Yet, motor action and 
corresponding efferent and afferent information are equally important for self-attribution 
as is shown in several studies (for an overview, see, e.g., Jeannerod, 2003; Knoblich, 2002). 
Of course, this has implications for the extent to which the reported findings may be 
generalized to situations involving movement, such as in the use of interactive media 
technologies (e.g., the teleoperation systems described in Chapter 1). Interesting future 
research then would be to extent the experimental paradigm of the rubber-hand illusion by 
allowing for the possibility of moving the fake hand (e.g., by means of technologies that 
enable the tracking of body limbs in time and space). A second limitation of this thesis is 
that we have largely ignored other possible mechanisms, besides self-attribution, that might 
facilitate self-identification with mechanical or virtual bodies and body parts (as became 
particularly apparent in Chapter 8).  

With respect to the rubber-hand illusion, one interesting research direction is the 
development of a functional model of the rubber-hand illusion which specifies the various 
body schema procedures that are involved in the induction of the illusion. To our 
knowledge, there has been only one attempt to formulate such a functional model (see 
Makin, Holmes, & Ehrsson, 2008). These models should be based on the empirical evidence 
regarding the individual and situational factors that facilitate or constrain the development 
of a vivid illusion, as well as on the available neuroimaging data (e.g., Ehrsson et al., 2004). 
In addition, they might be based on the phenomenology of the rubber-hand illusion, and 
thus on the anticipated processing demands behind the various impressions related to the 
vividness of the illusions (as found in Chapters 6 & 7). Ultimately, such a functional model 
should be able to predict people’s self-reported experiences with respect to differentially 
vivid rubber-hand illusions. In turn, these predictions, and the models on which they are 
based, will aid in improving the self-report items used in the measurement of the vividness 
of the rubber-hand illusion. 
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More research is also required to understand the large individual differences in 
susceptibility for the rubber-hand illusion. One interesting research direction in this respect 
would be to investigate the relation between a person’s susceptibility for the illusion and his 
or her empathic abilities. Such a relation is to be expected given the role of the body schema 
in the observation of other people (e.g., Funk et al., 2005; Reed & Farah, 1995; see Chapters 
2 & 7). Research on neural mirror-like mechanisms, for example, demonstrates that the 
actions of other individuals are automatically mapped onto one’s own motor system as if 
one is performing the action oneself (for a recent review, see Rizzolatti & Craighero, 2004; 
see also Chapter 2). Similar mirror-like neural mechanisms are found for the observation of 
emotions (e.g., disgust; Wicker et al., 2003) and touch (Keysers et al., 2004). These studies 
provide empirical evidence for Lipps’ (1903) notion of einfühlung as an empathy-related 
process in which the distinction between "I" and "you" disappears (see also Freedberg & 
Gallese, 2007; Gallese, 2001).27  

Biocca (1997) introduced the term self-presence to refer to the effects of media 
technology on corporeal awareness and self-identity (for a refinement of the term self-
presence, see Lee, 2004). Self-presence research requires a multidisciplinary approach in 
which the scientific disciplines of engineering, human-computer interaction, and the 
various sub-disciplines of psychology work together. For the future, we anticipate several 
interesting developments within this field of research including, but not limited, to the 
following (see also IJsselsteijn & Haans, 2008a; 2008b). Further research on the mechanisms 
behind self-attribution and other aspects of our corporeal awareness is expected to provide 
the necessary guidelines for the design of media technologies that might benefit from self-
attribution, such as teleoperation systems or prosthetic devices. Advanced media 
technologies, in turn, are expected to contribute to the research on self-identification and 
corporeal awareness. First, mediated environments combine the ability to systematically 

                                                                        
27 Based on Lipps’ definition of einfühlung, Gordon (1934) published a "device for demonstrating 
empathy" which consisted of a series of photos of a Mexican character that had either its left or right 
arm raised. The photos were taken from different angles, and people were asked to determine whether 
the left or right arm was raised in each picture. According to the author, many people reported having 
the urge to take on the same posture as the human figure, and others even made small, but observable, 
movements with the arm before making their responses. Apparently, people automatically take the 
perspective of the human character; thereby mentally placing themselves into the other person’s 
shoes. A similar process might be involved in the rubber-hand illusion as is illustrated by the 
correlation between a person’s susceptibility for the illusion and his or her responses times in a 
speeded left and right hand identification task (see Chapter 7). 
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tweak relevant variables with high ecological validity, and the precise replication of 
conditions (Loomis et al., 1999; see also Chapter 3). Secondly, research on corporeal 
awareness depends traditionally on the investigation of anomalies of body perception, such 
as those found in clinical populations. Such populations are, however, often limited in size, 
and the anomaly under study is often accompanied by other impairments. The ability to 
manipulate body perceptions by means of well controlled media environments offers an 
interesting approach to substantiate the research on clinical populations with research on 
healthy participants that have an experimentally induced alteration of the body (Sanchez-
Vivez & Slater, 2005). Moreover, a deeper understanding of anomalous body consciousness 
and self-perception, such as those occurring in body dysmorphia and eating disorders, may 
eventually lead to improved therapeutic interventions, where both diagnosis and treatment 
may benefit from the use of virtual bodies with which one can truly identify.  

Interesting in this respect is recent research by Bailenson and colleagues on how 
changing the virtual representation of a person’s body in an interactive media environment 
(i.e., a person’s avatar) will affect his or her behavior. Their research on this so-called 
Proteus effect has, for example, demonstrated that people will behave more confidently in 
negotiations when represented by a tall as compared to a small avatar (Yee & Bailenson, 
2007). In another study, they provided their participants with the avatar of an older person 
(Yee & Bailenson, 2006). Participants would move in front of a virtual mirror in which they 
could see the face of their avatar. Afterwards, participants with an older avatar showed less 
signs of negative stereotyping toward older people, than participants with a younger avatar. 
In a third study, Fox and Bailenson (2009) asked their participants to engage in physical 
exercises. Using motion tracking, participants saw a representation of themselves 
performing the same movements in a virtual environment. Participants whose avatar 
visually lost weight (i.e., became slimmer) were found to engage more vicariously in the 
exercises as compared to participants who did not have a body represented in the virtual 
environment, or whose representation did not lose weight. In a second experiment, they 
demonstrated that this effect on exercising behavior was dependent on the resemblance 
between the participant and his or her avatar: A weaker effect was found when participants 
were looking at a virtual representation of another person. Moreover, further investigation 
revealed that this particular Proteus effect might even last up to 24 hours after the 
experiment: Participants who could see a representation of themselves performing the 
exercises reported to have engaged in more exercising behaviors, than participants who saw 
another person’s avatar performing the exercises.  
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Another interesting development entails the investigation of the effects of even more 
dramatic alterations of the body. Since the 1980’s, Jaron Lanier, who coined the term virtual 
reality, has explored the possibility of providing people with unusual bodies in virtual 
reality (see also Blakeslee & Blakeslee, 2007):  

 
"What if your eyes were on your fingers? ... What if you took all the measurements and the 

movements of your physical body and somehow put them through a mathematical function 
that allowed you to learn to control six arms at once with practice? These sorts of things that 
play games with the feedback loop ... will be the real cutting edge of exploration of virtual 
reality as opposed to any particular symbolic content" (Lanier & Biocca, 1992; p. 162).  

 
Although the limits of what Lanier calls homuncular flexibility are still unknown, its 

promise is the experience of multiple alternative morphologies (or multiple atypical 
embodiments; see Murray, 1999). Some of these alternative morphologies may even be an 
improvement over our familiar bodies, so that "we may, someday, even prefer to be 
telepresent" (IJsselsteijn, 2004; p. 243). Perhaps in the future, it may be possible to answer 
Nagel’s (1974) question of what it is like to be a bat by ways of firsthand experience. 
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Summary 

 
Human beings are proficient users of tools and technology. At times, our interactions 

with a technological artifact appear so effortless, that the distinction between the artifact 
and the body starts to fade. When operating anthropomorphically designed teleoperation 
systems, for example, some people develop the vivid experience that they are physically 
there at the remote site (i.e., telepresence). Others might even come to sense the slave 
robot’s arms and hands as their own. The process in which the central nervous system 
categorizes an object as a part of the body, and in which a discrimination is made between 
what is contained within and outside the bodily boundaries, is called self-attribution. The 
aim of this thesis is twofold: (a) To determine the personal factors (e.g., the characteristics 
of an individual’s psychological makeup) and situational factors (e.g., the appearance of 
objects) that constrain or facilitate self-attribution, and (b) to determine the degree to which 
these factors affect people’s experiences with media technology.  

In Chapter 2, we describe the theoretical framework of our research which is centered 
on a conception of the user of technology as an embodied agent. In this chapter we 
distinguish two important, but often confused aspects of embodiment: the body schema, 
and the body image. The body schema is defined as a dynamic distributed network of 
procedures aimed at guiding behavior. In contrast, we defined the body image as a part of 
the process of consciousness and, thus, as consisting of those higher-order discriminations 
(or qualia) that pertain to the body, and one’s self-perception thereof. 

To investigate the individual and situational factors that constrain or facilitate self-
attribution (i.e., incorporation into the body image), we employ the experimental paradigm 
of the rubber-hand illusion (Botvinick & Cohen, 1998). In this illusion, which is induced by 
stroking a person’s concealed hand together with a visible fake one, some people start to 
sense the fake hand as an actual part of their body. In Chapter 3, we investigate the rubber-
hand illusion under two mediated conditions: (1) a virtual reality condition, where both the 
fake hand and its stimulation were projected on the table in front of the participant, and (2) 
a mixed reality condition, where the fake hand was projected, but its stimulation was 
unmediated. Our experiment reveals that people can develop the rubber-hand illusion 
under mediated conditions, but the resulting illusion may, depending on the technology 
used, be less vivid than in the traditional unmediated setup. In Chapter 4, we investigate the 
extent to which visual discrepancies between the foreign object and a human hand affect 
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people in developing a vivid rubber-hand illusion. We found that people experience a more 
vivid illusion when the foreign object resembles the human hand in terms of both shape 
and texture. Taken together, the experiments in Chapters 3 and 4 support the view that the 
rubber-hand illusion is not merely governed by a bottom-up process (i.e., based on 
visuotactile integration), but is affected, top-down, by a cognitive representation of what the 
human body is like (e.g., Tsakiris and Haggard, 2005). 

In the rubber-hand illusion, people commonly misperceive the location of their 
concealed hand toward the direction of the fake hand (Tsakiris & Haggard, 2005). As such, 
this so-called proprioceptive drift is often used as an alternative to self-reports in assessing 
the vividness of the illusion (e.g., Tsakiris & Haggard, 2005). In Chapter 5, we investigate 
the extent to which the observed shift in felt position of the concealed hand can be 
attributed to experiencing the illusion. For this purpose, we test how various features of the 
experimental setup of the rubber-hand illusion, which in themselves are not sufficient to 
elicit the illusion, affect proprioceptive drift. We corroborate existing research which 
demonstrates that looking at a fake hand or a tabletop for five minutes, in absence of 
visuotactile stimulation, is sufficient to induce a change in the felt position of an unseen 
hand (e.g., Gross et al., 1974). Moreover, our experiments indicate that the use of 
proprioceptive drift as a measure for the strength of the rubber-hand illusion yields 
different conclusions than an assessment by means of self-reports. Based on these results, 
we question the validity of proprioceptive drift as an alternative measure of the vividness of 
the rubber-hand illusion. 

In Chapter 6, we propose and test a model of the vividness of the rubber-hand illusion. 
In two experiments, we successfully modeled people’s self-reported experiences related to 
the illusion (e.g., “the fake hand felt as my own”) based on three estimates: (a) a person’s 
susceptibility for the rubber-hand illusion, (b) the processing demand that is required for a 
particular experience, and (c) the suppression/constraints imposed by the situation. We 
demonstrate that the impressions related to the rubber-hand illusion, and by inference the 
processes behind them, are comparable for different persons. This is a non-trivial finding as 
such invariance is required for an objective scaling of individual susceptibility and 
situational impediment on the basis of self-reported experiences. Regarding the validity of 
our vividness model, we confirm that asynchrony (e.g., Botvinick & Cohen, 1998) and 
information-poor stimulation (e.g., Armel & Ramachandran, 2003) constrain the 
development of a vivid rubber-hand illusion. Moreover, we demonstrate that the 
correlation between a person’s susceptibility for the rubber-hand illusion and the extent of 
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his or her proprioceptive drift is fairly moderate, thereby confirming our conclusions from 
Chapter 5 regarding the limited validity of proprioceptive drift as a measure of the vividness 
of the rubber-hand illusion.  

In Chapter 7, we investigate the extent to which the large individual differences in 
people’s susceptibility for the illusion can be explained by body image instability, and the 
ability to engage in motor imagery of the hand (i.e., in mental own hand transformations). 
In addition, we investigate whether the vividness of the illusion is dependent on the 
anatomical implausibility of the fake hand’s orientation. With respect to body image 
instability, we corroborate a small, but significant, correlation between susceptibility and 
body image aberration scores: As expected, people with a more unstable body image are 
also more susceptible to the rubber-hand illusion (cf. Burrack & Brugger, 2005). With 
respect to the position and orientation of the fake hand on the table, we demonstrate that 
people experience a less vivid rubber-hand illusion when the fake hand is orientated in an 
anatomically impossible, as compared to an anatomically possible manner. This finding 
suggests that the attribution of foreign objects to the self is constrained by the 
morphological capabilities of the human body. With respect to motor imagery, our results 
indicate a small, but significant, correlation between susceptibility and response times to a 
speeded left and right hands identification task. In other words, people who are more 
attuned to engage in mental own hand transformations are also better equipped to develop 
vivid rubber-hand illusions. 

In Chapter 8, we examine the role of self-attribution in the experience of telepresence. 
For this purpose, we introduce the technological domain of mediated social touch (i.e., 
interpersonal touching over a distance). We anticipated that, compared to a 
morphologically incongruent input medium, a morphologically congruent medium would 
be more easily attributed to the self. As a result, we expected our participants to develop a 
stronger sense of telepresence when they could see their interaction partner performing the 
touches on a sensor-equipped mannequin as opposed to a touch screen. Our participants, as 
expected, reported higher levels of telepresence, and demonstrated more physiological 
arousal with the mannequin input medium. At the same time, our experiment revealed that 
these effects might not have resulted from self-attribution, and thus that other psychological 
mechanisms of identification might play a role in telepresence experiences. 

In Chapter 9, the epilogue, we discuss the main contributions and limitations of this 
thesis, while taking a broader perspective on the field of research on media technologies and 
corporeal awareness. 
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