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What explains the experience of ‘‘being there’’ in a simulated or mediated environment? In recent years,
research has pointed to various technological and psychological factors deemed important in eliciting
this so-called experience of telepresence, including interactivity, sensory-motor integration, media trans-
parency, and distal attribution. However, few theories exist that can combine these findings in a coherent
framework. In the present paper, we formulate such a theoretical framework. We will argue that the
experience of telepresence is a consequence of the way in which we are embodied, and that it extends
naturally from the same ability that allows us to adjust to a slippery surface, or to the weight of a
hammer. The importance of embodiment in the understanding of telepresence has been stated before,
but these works have not yet fully addressed what it means to be embodied. We argue that ‘‘having a
human body’’ means having a specific morphology, a body schema, and a body image. Subsequently
we describe how tools and technological artifacts may be incorporated at each of these levels of embodi-
ment, and the implications thereof for the experience of telepresence.

� 2012 British Informatics Society Limited. All rights reserved.
1. Introduction

Media technologies allow us to meet and converse with col-
leagues overseas, to operate in hazardous environments from a safe
location, and to visit a new house even before it has been built. What
all these technologies have in common is that they replace or
augment people’s immediate surroundings by digital content. This
content may be simulated by a computer (in case of virtual reality),
or may originate from recording devices located at a remote site
(in case of teleconferencing and teleoperation systems). When this
augmentation is successful, the users of these technologies may
start to feel as if they are physically present in the mediated or
simulated environment. Such experience of ‘‘being there’’ might
even include a sense of ownership over the hands of the slave robot
in a teleoperation setup or over your avatar’s body parts in virtual
reality (e.g., Haans and IJsselsteijn, 2007). Cole et al. (2000) describe
such an experience when they used a teleoperation system at
Johnson Space Center in Houston: ‘‘. . . 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).
atics Society Limited. All rights re
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Minsky (1980) coined the term telepresence when describing
the phenomenon of being there as experienced by operators of
teleoperation systems. Others have suggested a distinction be-
tween telepresence and (virtual) presence, where the latter refers
to the experience of being physically present in a simulated rather
than a mediated remote environment (e.g., Sheridan, 1992). How-
ever, since both telepresence and virtual presence are expected to
be similar in their psychological underpinnings, a distinction
between the two types of enabling media technologies is unneces-
sary; particularly so, in the context of the present framework
(cf. IJsselsteijn et al., 2000). In this paper, we will use the term
telepresence to mean both: The experience of being there in a
mediated or simulated environment.

Since the early 1990s, researchers from various disciplines have
started to investigate the technological and psychological determi-
nants of telepresence as well as its effects on users of immersive
media technologies. According to Steuer (1992), telepresence is
determined by two technological factors: Interactivity and vivid-
ness. Interactivity refers to the extent to which users can alter
the stream of sensory information or make modifications to the
virtual or mediated environment (see also Sheridan, 1992). Interac-
tivity, however, should not be confused with engagement or
involvement. The experience of telepresence and the experience
of being involved with whatever occurs in the virtual environment
are two logically distinct phenomena. As Slater (2003) argued,
presence is about form not symbolic content. One will feel unmis-
takably present in the perfect virtual reality simulation, but it will
be as emotionally captivating, scary, or boring an experience as
being in the real life environment upon which it was modeled.
served.
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Although logically distinct, telepresence and emotional involve-
ment may be empirically related (Slater, 2004). Length and weight
are logically distinct attributes, but they are positively correlated in
the population of human bodies. Similarly, telepresence and
involvement are found to be correlated in at least some virtual
environments (e.g., Riva et al., 2007; Gorini et al., 2011). A captivat-
ing content or narrative may affect telepresence, for example, by
diverting one’s attention from those technological imperfections
that otherwise would impede the experience.

The second technological factor that Steuer identified is vivid-
ness, which refers to the level of detail in the digital environment
as well as to the number of sensory modalities that are addressed
(Steuer, 1992). Note that vividness does not necessarily entail pic-
torial realism. Regardless of how genuine or fake the environment
may look, moving your head while wearing a head-mounted
display and seeing the virtual world being updated in a correspond-
ing and consistent manner is already a strong cue to elicit telepres-
ence (Dinh et al., 1999). Loomis (1992) explains this observation
through the process of distal attribution. Any physical object in
the environment distinguishes itself from creations of the mind
by a set of invariant, or lawful, sensorimotor relationships. For
example, when turning your head the image on the retina moves
in the opposite direction with a matching displacement. When
the mediating technology allows for these sensorimotor contingen-
cies to be registered, or enacted, one will experience the digital
content as having a specific physicality in time and space.

Other researchers have pointed to the importance of media trans-
parency (IJsselsteijn et al., 2004; Lombard and Ditton, 1997). Accord-
ing to these authors, telepresence occurs when the user forgets
about the technology, and thus feels and acts as if the mediating
technology itself were not there. This requires that the media tech-
nology is seamlessly integrated in the action–perception loop.
Lombard and Ditton (1997) even define telepresence as the percep-
tual illusion on non-mediation. This definition expands the experi-
ence of telepresence to other technologies including hearing aids
and eyeglasses.

Despite considerable advances in our understanding of tele-
presence, few theories exist that can combine this knowledge in
a coherent framework. In the present paper, we formulate such a
theoretical framework. We will argue that the experience of tele-
presence is a consequence of the way in which we are embodied,
and that the capability to feel as if one is actually there in a tech-
nologically mediated or simulated environment is a natural conse-
quence of the same ability that allows us to adjust to, for example,
a slippery surface or the weight of a hammer. The importance of
embodiment in the understanding of telepresence has been stated
before (Biocca, 1997; IJsselsteijn, 2005; Slater and Usoh, 1994).
Biocca (1997), for example, argues that the body itself is not much
different from the technologies we use: Both mediate the commu-
nication between the mind and the physical world. Similarly,
IJsselsteijn (2005) argues that the capability of the central nervous
system to incorporate tools and technological artifacts into our
body representations is a crucial mechanism behind the experi-
ence of telepresence. These authors, however, have not yet fully
addressed what it means to be embodied. Different tools, for exam-
ple, appear to be incorporated into our embodiment in different
ways (Haans and IJsselsteijn, 2007).

Based on scholarly works by Metzinger (2003, 2006) and
Gallagher (1986, 2005a,b), we propose that humans are embodied
on three different levels: first, the level of body morphology, sec-
ondly, the level of the body schema, and thirdly, the level of the
body image. In the following sections we describe each of the three
levels of embodiment in more detail. At the same time, we discuss
how tools and technological artifacts may be incorporated at each
of these levels of embodiment, and the implications thereof for the
experience of telepresence.
2. Embodiment and telepresence

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 et al., 1991). In these instances, the
term embodiment is commonly used in the tradition of philoso-
phers like Heidegger, Husserl or Merleau-Ponty: as being an active
participant in the world (see e.g., Zahorik and Jenison, 1998).
Embodied cognition, for example, postulates that it is through this
participation, which is bounded by the characteristics and possibil-
ities 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 orders of embodiment,
which he calls, first, second, and third order embodiment. These
three orders of embodiment can be explained in terms of the
morphology of the body, the body schema, and the body image.
First order embodiment means having morphology only. Second
order embodiment means having morphology and a body schema.
Finally, third order embodiment means having all three: morphol-
ogy, a body schema, and a body image.
2.1. Morphology

The human body has certain characteristics, including the num-
ber, kind, and location of limbs, muscles, and 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, may, in general, be
considered a necessary condition to fly. In other words, the mor-
phological and physiological characteristics of the body both en-
able 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 free-
dom 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 con-
trast, 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 organ-
ism can be embodied. Having morphology only constitutes what
Metzinger (2006) calls first order embodiment. An example of first
order embodiment would be a simple Braitenberg vehicle such as
depicted in Fig. 1. This device consists of a mechanical body with
wheels and two light sensors as eyes. Each light sensor is con-
nected 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 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 aggres-
sively attack the light source. Note that this Braitenberg vehicle’s



Fig. 1. A simple Braitenberg vehicle.
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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.

2.1.1. Tools and morphology: physical extensions
We use tools and technological artifacts to extend, improve, or

repair the perceptual and motor functions offered by our human
morphology. Examples are plentiful: A hammer allows us to gener-
ate enough force to drive a nail into a piece of wood. A mechanical
prosthesis can replace an accidently lost limb. A magnifying glass
allows us to see things otherwise too small for our own visual sys-
tem. Similarly, we use media technology to interact with and oper-
ate in distant or simulated environments. However, a proficient
use of these temporary extensions of our morphology, which
includes the ability to rapidly switch between tools, requires not
just a body (i.e., a morphology), but a dynamic body schema as
well. In other words, fluent tool use requires an organism that is
at least second order embodied.

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 fetch-
ing 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 sin-
gle 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 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 complex-
ity of human motion. Since the body schema is involved in the con-
tinuous regulation of posture and movement, Gallagher (1986)
defines the body schema as the ‘‘non-conscious performance of
the body’’ (p. 548), or as ‘‘a nonconscious system . . . of motor-sen-
sory 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 at a given time.
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 effec-
tiveness 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. However, determining the spatial position of body
parts and the localization of tactile stimuli 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 et al., 2003). The body schema can, thus, best be
described as a dynamic distributed network of procedures aimed
at guiding behavior (cf. Kugel, 1969). Being involved in action
selection, muscle actuation, and the positioning of the body and
its parts in relation to objects in the world, this network of proce-
dures combines the individual parts of our morphology into a
coherent functional unity. In recent years, considerable progress
has been made in uncovering how these body schema procedures
are implemented in the central nervous system. This empirical
evidence suggests that the body schema is constructed, and contin-
uously updated, through sensorimotor integration. A more thor-
ough discussion of this research falls outside the scope of the
present paper, and is provided in various reviews (e.g., Maravita
et al., 2003; Berlucchi and Aglioti, 1997; Holmes and Spence,
2004; Maravita and Iriki, 2004).

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). Although each individual
procedure might serve rather simple tasks, such as determining
whether something is happening around a certain part of the body,
a network of procedures can, collectively, serve apparently com-
plex tasks such as keeping balance. Furthermore, consistent with
Gallagher’s (1986, 2005b) conclusion that the body is anonymous
at the level of the body schema, the network of procedures func-
tions without conscious reference to the body and its limbs as
owned by a person. The body schema, thus, requires neither a pup-
pet, nor a puppeteer (and thus no Cartesian puppet-theatre either;
cf. (Dennett, 1991).

2.2.1. Tools and the body schema: functional extensions
Head and Holmes (1911) already describe that objects in the

environment can be incorporated into the body schema. Head’s
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 wo-
men to wear tall feathered hats (think of the famous 1910 painting
‘‘Lady with Black Feather Hat’’ by Gustav Klimt; see Fig. 2). Head



Fig. 2. Lady with Black Feather Hat. Oil painting by Gustav Klimt, 1910.
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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 the
following sections, we present four examples of research on the
use of tools, such as sticks, rakes, and grabbers to increase our reach-
ing space (or peripersonal space; e.g., (Holmes and Spence, 2004).

Yamamoto and Kitazawa (2001) delivered a stimulus to a finger
of the left and right hand (or vice versa) of their participants, and
asked them to judge the order in which the two tactile stimuli
were presented by stretching the index finger of the hand they felt
was stimulated first. With the arms uncrossed, people are
generally quite proficient in making such temporal order judg-
ments. However, people perform significantly worse when they
make such judgments with the arms crossed (also Shore et al.,
2002). Yamamoto and Kitazawa (2001) 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. This
time, temporal order judgments were made by using the sticks to
press the levers on which the tip of the sticks were resting. 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
which respond to tactile stimulation of the hand as well as to visual
stimuli near the hand (Maravita and Iriki, 2004; Iriki et al., 1996).
Iriki and colleagues (1996) trained Japanese macaques in using a
rake to retrieve a piece of food outside of the monkeys’ normal
reach. Using single cell recordings, 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 ex-
panded to include the entire rake. No such expansion of the recep-
tive field was found when the monkeys passively held the rake.

Berti and Frassinetti (2000) report on an experiment involving a
patient P.P. who suffered from left-sided near space neglect after a
stroke in the right hemisphere. The authors 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 (in near space), but not when the line was located at a
distance of 100 cm (in far space). 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 for
both far and near space. This illustrates that when using tools and
rakes to touch objects that would otherwise be out of one’s reach,
the brain actually remaps the space around us to accommodate
for the expansion of our reaching space. For patient P.P. this unfor-
tunately included an expansion of her neglect as well.

Finally, Cardinali and colleagues (2009) demonstrated that the
kinematics of manual grasping tasks is significantly altered after
similar grasping tasks have been performed with a grabber. The
demonstration of such after-effects offers additional evidence that
tools are indeed incorporated in the body schema. Interestingly,
the after-effects of using a grabber were not specific for grasping
tasks but generalized to a pointing task as well. In a subsequent
experiment, they asked blindfolded participants to indicate various
positions on their trained right arm with their other hand. They
found that the distance between the indicated position for the
finger tips and the elbow of the right arm had increased after using
the grabber. Taken together, the experiments indicate that repre-
sentations of the arm, as part of the dynamic body schema, are
functionally adaptive and become elongated when using tools that
increase our reaching space.

These examples provide empirical evidence for the often made
claim that tools and technological artifacts can be incorporated
into the body schema. Or more correctly formulated, these exam-
ples demonstrate that the individual procedures in the distributed
network that we call the body schema will adapt themselves to a
tool. As a result, the tool becomes part, although temporarily, of
the same functional unity as the various parts of our morphology.
This, in turn, allows for a more fluent interaction with that tool.
The components of immersive media technology, such as a head-
mounted display, share a similar fate. Biocca and Rolland (1998),
for example, investigated how well people would adapt to seeing
the world through a head-mounted display and two cameras that
were positioned slightly above and in front of their own eyes.
The extent in which their participants adapted to the inter-sensory
conflict caused by the head mounted display was determined by
means of a pointing task. Although participants’ performance on
the pointing task had improved after a training session (i.e., per-
forming pegboard tasks), they never reached their baseline level
of performance (i.e., when not wearing the head-mounted display).
That the participants’ body schemas had adapted to the media
technology became evident, however, from their performance on
the pointing task after the head-mounted display was removed.
Participants still made pointing errors, but this time in the opposite
direction. Such visual-motor negative aftereffects indicate that the
body schema has adapted itself to the new environment (e.g.,
Welch, 1978). These aftereffects are commonly observed with
virtual reality applications (Groen and Werkhoven, 1998; Stanney
et al., 1999) and might cause people, for example, to pour a bever-
age into their eyes when attempting to drink immediately after
they step out of the virtual world (Strauss et al., 1995).

When the components of a virtual reality or teleoperation
system are effectively integrated in the body schema, we can inter-
act with the simulated or mediated environment as if the mediat-
ing technology were not there (i.e., the illusion of non-mediation).
As a result, we feel as if we are physically there in the virtual or
mediated environment. Whereas the adaptation of the body
schema occurred almost instantaneously in the four examples
above (Yamamoto and Kitazawa, 2001; Iriki et al., 1996; Berti
and Frassinetti, 2000; Cardinali et al., 2009), the experiment by
Biocca and Rolland (1998) illustrates that this is not always the
case. Indeed, technological factors, such as the limited field of
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views or delays, may constrain the adaptation of the body schema
(also Held and Durlach, 1991; Welch et al., 1996). At the same time
research on classic prism adaptation has demonstrated that active
interaction with the environment is essential for the body schema
to adapt to inter-sensory conflict (Held and Hein, 1958). In the
experiment by Biocca and Rolland (1998) participants engaged in
a series of pegboard tasks. Such tasks facilitate sensory recombina-
tion as they require many fine-grained movements to be executed.
This reflects the importance of interactivity for the experience of
telepresence as discussed in the introductory section of this paper
(also Sheridan, 1992; Steuer, 1992). Welch and colleagues (1996),
for example, found that people who could actively interact with
the virtual environment experienced a stronger sense of being
physically located in the simulated environment than individuals
who were mere passive observers.

The experience of telepresence, however, entails not only the
sense of being but might also include a sense of ownership over
virtual body parts, or the arms and hands of a slave robot (e.g.,
as seen through a head-mounted display). Such experiences of
ownership cannot be explained by incorporation into the body
schema alone. Due to its anonymous nature, the incorporation of
tools and technological artifacts into the body schema does not
require that they are experienced as a part of the bodily self. We
thus can make a distinction between functional extensions of the
body (incorporation in the body schema) and phenomenological
extensions of the self (Haans and IJsselsteijn, 2007; Gallagher and
Cole, 1995). In the scheme of Metzinger (2006), this latter type of
bodily extensions requires third order embodiment: Not just
morphology 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, 2005a,b) has defined the body image as our
perceptions of the body, which include the way we see and expe-
rience 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, 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) con-
sciousness is the result of neural processes that allow for a large
amount of refined discriminations and perceptual categorizations,
by combining multimodal sensory information, and connecting
such sensory information with memory content. These higher-
order discriminations give rise to subjective experiences, for
example the ‘‘redness’’ of red or ‘‘coldness’’ of cold, and include
the unitary perceptual scene, emotions, and memories alike. If
one accepts this formulation of consciousness, then the body image
consists of those discriminations 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 con-
scious 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-or-
der consciousness that enables the linking of the remembered
present with a remembered past, and an anticipated future. Organ-
isms with primary consciousness alone lack the capacity to be
conscious about having a body image. Similarly, they lack the capa-
bility of being self-conscious. Put differently, with primary con-
sciousness 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.

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 con-
sciousness, only animals that are self-conscious (and, thus, in terms
of Metzinger possess a phenomenological self model; see also
(Metzinger, 2003, 2009) 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, chim-
panzees, bonobos, orang-utans, a single abnormally reared gorilla
(Povinelli and Cant, 1995), and perhaps dolphins (Reiss and Marino,
2001), elephants (Plotnik et al., 2006) and magpies (Prior et al.,
2008) have passed the rouge test, and can thus be expected to have
higher-order body images.

2.3.1. Tools and the body image: phenomenological extensions
For a tool or technological artifact to become experienced as a

phenomenological extension of the self, it is required that the
central nervous system categorizes the object as a part of one’s
bodily self (as belonging within rather than outside the boundaries
of the body). This process in which foreign objects are attributed to
the self is again mainly dependent on the capability of the central
nervous system to extract correlations between the various sen-
sory modalities, upon which it reconstructs a meaningful represen-
tation of the world (and thus one’s body; e.g., (Armel and
Ramachandran, 2003). There is increasing evidence that infants,
through their interaction with objects and other people (a process
called body-babbling (Meltzoff and Moore, 1997), learn to distin-
guish between themselves and the environment by establishing
body specific sensorimotor contingencies (Botvinick, 2004;
Lackner, 1988; Rochat and Striano, 2000; O’Regan et al., 2005).
Every event the infant perceives (e.g., the clapping of hands),
whether self-initiated 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 sensorimo-
tor 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 accompa-
nied immediately by a tactile sensation in the hands, then by infer-
ence it must be your hands that do the clapping.

By conforming closely to the patterns of self-specifying sensori-
motor correlations, foreign objects, including tools and technologi-
cal artifacts, can be incorporated in the body image. The ease with
which such perceived body alterations can be induced is perhaps
best illustrated by the rubber-hand illusion (Botvinick and Cohen,
1998) (for virtual versions of this illusion, see (IJsselsteijn et al.,
2006; Slater et al., 2008). This body image illusion is induced by
having a person watch a fake hand being stroked and tapped in pre-
cise synchrony with his or her own concealed hand by means of two
brushes (see Fig. 3). After a few minutes of this kind of precise syn-
chronous tapping and stroking of the fingers of the concealed hand
and the fake hand, the person that is being stimulated in this way



Fig. 3. Experimental setup of the rubber-hand illusion.
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might develop the vivid impression that the fake hand is actually
his or her own.

In the rubber-hand illusion, there is a near perfect correlation
between seen and felt stimulation. Moreover, this pattern of multi-
sensory correlations matches the body-specific sensorimotor con-
tingencies normally registered when you see and feel your own
hand being stimulated by a brush. As a result, the central nervous
system deduces that the fake hand must be part of one’s own body.
This is consistent with Richard Gregory’s theory of perception as
hypothesis testing (Gregory, 1990). Based on the available sensory
information combined with prior experience of similar situations in
the past, the most likely perceptual interpretation is selected. In the
case of the rubber hand illusion, ownership of the fake hand is
deemed more likely by the perceptual system than the alternative,
which is that two perfectly synchronized sources of sensory stimu-
lation are in fact unrelated. Other illusory percepts, such as the
Ames room illusion, have also been taken as evidence for Gregory’s
theory. Here, based on prior experience and the available sensory
evidence, a dramatic change of people’s body size is deemed more
likely than a room wall configuration which is trapezoidal rather
than parallel.

In the rubber-hand 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. Yet, motor action and corresponding efferent
and afferent information are equally important in establishing
our bodily boundaries as is shown in several studies (for an over-
view, see, e.g., Jeannerod, 2003; Knoblich, 2002).

The capability of the central nervous system to incorporate
tools and technological artifacts, including the components of
immersive media technology, as a phenomenological extension
of the self allows for exciting propositions. Consider the following
excerpt from an interview with Lanier and Biocca (1992): ‘‘What if
you took all the measurements and the movements of your physical
body and somehow put them through a mathematical function that al-
lowed 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’’ (p. 162). Although the limits of what
Lanier calls homuncular flexibility are still unknown, its promise is
the experience of multiple atypical morphologies (see also
Blakeslee and Blakeslee, 2007; Murray and Sixsmith, 1999).
Perhaps in the future, it may even be possible to answer Nagel’s
(1974) question of what it is like to be a bat by ways of firsthand
experience.
3. Discussion

In the present paper, we have outlined the first steps toward
a theoretical framework that aims to explain the experience of

telepresence from an embodied perspective. Our framework ex-
tends earlier embodied explanations of telepresence (e.g., Biocca,
1997; IJsselsteijn, 2005; Slater and Usoh, 1994) by describing in de-
tail how human beings are embodied. Based on Metzinger (2003,
2006) and Gallagher (1986, 2005a,b), our framework distinguishes
three different levels of human embodiment: Morphology, body
schema, and body image. The body schema is defined as a dynamic
distributed network of procedures aimed at guiding behavior. The
experience of being there in a virtual or mediated environment is
explained through the ability of the network to adapt itself to
the use of tools and technological artifacts. By doing so, the compo-
nents of immersive media technologies, such as a head-mounted
display, become integrated in a functional unity with our biological
limbs and sensory receptors. As a result, we can interact with and
through these technologies, as if they were not there. This is cen-
tral to the fluent, intuitive interactions between humans and their
technological surroundings, and forms the basis for interface trans-
parency (Winograd and Flores, 1986) or cognitive disappearance
(Weiser, 1991). The body image, in turn, is defined as being con-
scious of the body as owned by an individual, and includes not only
our immediate bodily experience, but our emotions and memories
that pertain to the body as well. Through incorporation in the body
image, tools and technological artifacts can be experienced as an
actual part of one’s own body. To describe the profound effects that
immersive media technology can have on our corporeal awareness
and self-identity, Biocca (1997) coined the term self-presence (for
a refinement of the term, see (Lee, 2004).

In the present framework, the experience of telepresence de-
pends largely on sensorimotor integration and establishing exist-
ing or new sensorimotor contingencies. These contingencies, to a
large extent, are dependent on the way in which we are embodied.
Media technologies that are interactive and rich (i.e., in terms of
the level of detail and the number of sensory channels that are
addressed) are more easily incorporated into our embodiment
because they allow for more and more complex sensorimotor
interactions. At the same time, our framework is consistent with
the view that the experience of telepresence is an important
measure of the quality of immersive media technology. A vivid
experience of telepresence indicates that the media technology
has been incorporated in the body schema, which in turn is
necessary for a fluent interaction with and through those tech-
nologies.

Our framework makes a distinction between two types of incor-
porations: Functional extensions of the body (through incorpora-
tion in the body schema) and phenomenological extensions of
the self (through incorporation in the body image). The benefit of
a possible 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
and MacLachlan, 2002). Although both types of incorporations are
expected to depend highly on sensorimotor integration, the exact
underlying mechanisms may be different. The current evidence,
for example, suggests that incorporation in the body schema re-
quires active purposeful use of a tool (e.g., Yamamoto and
Kitazawa, 2001; Iriki et al., 1996; Berti and Frassinetti, 2000;
Cardinali et al., 2009). No active use of the external object is re-
quired for body image incorporations as is evident from the
rubber-hand illusion, which may be evoked through visuotactile
(Botvinick and Cohen, 1998) but also tactile–kinesthetic correla-
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tions (Ehrsson et al., 2005). In contrast, body schema incorpora-
tions seem to require correlations between afferent information
on the one hand, and information from the kinesthetic system
and/or efference copy on the other. The question, then, remains
why we experience ownership over some tools (such as a slave
robot’s arm) but not over others (such as a hammer). A possible
answer is again provided by research on the rubber-hand illusion
which demonstrates that the extent to which a foreign object is
incorporated in the body image does not depend exclusively on a
Bayesian inference of correlated multisensory inputs but also on
the morphological congruence between the object and the human
body (Tsakiris and Haggard, 2005; Haans et al., 2008). In other
words, where the body schema is promiscuous, the body image
appears to discriminate against tools that are morphologically
different from the human body. Relevant in this respect is a recent
experiment by Pusch et al. (2011) on the effects of different virtual
hand representations on a pointing task. They found that a highly
abstract pointer is to a large extent as effective functionally as a
highly detailed and anthropomorphically correct hand model,
although users generally experience a higher degree of control
and comfort when using the latter.

The present framework summarizes and explains many of the
key factors and processes behind telepresence, including interactiv-
ity, sensory-motor integration, media transparency, and
distal attribution. As any theoretical account, however, it is not all
encompassing. We have, for example, not focused on the role of
attention and emotions in the experience of telepresence (e.g., Riva
et al., 2007; Gorini et al., 2011). Second, the framework is applicable
to the experience of presence in mediated and simulated environ-
ments. Whether it has any potential in explaining presence in imag-
inary environments (e.g., when dreaming, or reading a book)
remains speculative (Biocca, 1997).

According to Loomis (1993), any satisfactory theory of telepres-
ence should be grounded in the understanding of ordinary sensori-
motor processes. We believe that our theoretical framework is a
step towards such an understanding of telepresence. It is only
because our body schema and self models function so flawlessly,
that we often forget that all our actions and perceptions are med-
iated by them even in the absence of technology (cf. Loomis, 1992;
Biocca, 1997). Tools and technologies are but additional mediators,
which when appropriately integrated in our embodiment yield the
same transparency that we experience when using our own natu-
ral sensors and actuators or, in a word, our bodies.
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