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Subjective experience of human control over remote, artificial, or virtual limbs has traditionally been inves-

tigated from two separate angles: presence research originates from teleoperation, aiming to capture to what

extent the user feels like actually being in the remote or virtual environment. Embodiment captures to what

extent a virtual or artificial limb is perceived as one’s own limb. Unfortunately, the two research fields have

not interacted much. This survey intends to provide a coherent overview of the literature at the intersec-

tion of these two fields to further that interaction. Two rounds of systematic research in topic-related data

bases resulted in 414 related articles, 14 of which satisfy the deliberately strict inclusion criteria: 2 theoretical

frameworks that highlighted intersections and 12 experimental studies that evaluated subjective measures

for both concepts. Considering the surrounding literature as well, theoretical and experimental potential of

embodiment and presence are discussed and suggestions to apply them in teleoperation research are derived.

While increased publication activity is observed between 2016 and 2018, potentially caused by affordable

virtual reality technologies, various open questions remain. To tackle them, human-in-the-loop experiments

and three guiding principles for teleoperation system design (mechanical fidelity, spatial bodily awareness,

and self-identification) are suggested.
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1 INTRODUCTION

Teleoperation allows humans to operate in a remote, hostile, or otherwise inaccessible environ-
ment, e.g., due to distance or scale [87]. Early teleoperators were solely mechanical and used to
manipulate dangerous products over a safe distance [22]. Recent use cases comprise robotic sys-
tems in medicine, space applications, and remote maintenance as well as humanoid robots [32,
38]. During teleoperation, the user is presented with artificially rendered cues based on sensors
in the remote environment, e.g., visual cues, tactile and proprioceptive cues, auditory cues, and
vestibular cues, which are rendered by display devices and integrated into a virtual reality. The
respective input devices allow for bilateral and anthropomorphic interaction with that reality, by
mapping movement between user and robot or virtual agent. A large body of literature focuses on
quantifying the quality of such teleoperation devices regarding interface transparency [17, 54, 69,
102] and human-in-the-loop task performance such as task-completion time or accuracy [17, 68].
The understanding of underlying mechanisms of sensorimotor integration in terms of optimizing
performance as well as subjective user experience are crucial for the design of teleoperational sys-
tems. Subjective presence and embodiment can be measured via self-report questionnaires. This
survey aims at understanding how those two related psychological concepts overlap and delineate
from a theoretical perspective as well as their practical application.

Presence, which is often described as the sense of “being there” [41], describes the extent to
which users feel they are actually in the remote environment, interacting with it [42, 56, 84]. Since
Minsky coined the term telepresence in 1980 [65], it has been defined and refined in ambiguous
ways [60]. Self-report questionnaires are mostly used to dissociate subcomponents of presence
and for measuring presence in experimental studies. Objective measures include performance,
physiological variables, postural responses, and social responses [16]. However, with differences
in laboratory settings and the lack of a consistent definitional framework, there is yet no systematic
method for the assessment of presence [16]. The working definition considered in this article is
based on the notion that

when feeling present, one’s “perceptual, vestibular, proprioceptive, and autonomic
nervous systems are activated in a way similar to that of real life in similar situa-
tions” [91].

This definition highlights the strong requirements of the technological factors, i.e., interface
design and sensor fidelity, over personal and content dependent factors [106]. One refinement is
the subconcept of self-presence, defined as “the effect of virtual environment on the perception of
one’s body (i.e., body schema or body image)” [15] that may influence physiological and emotional
states, perceived traits, as well as identity [15]. Self-presence describes how the self is extended into
virtual environments through virtual self representations [77]. The distinct subconcept of spatial
presence focusses on the perceived self-location and action possibilities in a mediated or virtual
environment [40, 105], which essentially constitutes as an experience or state in which individuals
feel bodily or physically situated in that space [40, 105]. The meaning and importance of the noted
body representations, the self, and the perceived location is further emphasized on by defining
embodiment in the following.
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Embodiment is the term that refers to the sense of one’s own body and is intimately related to
the sense of self [61]. A general framework of embodiment is provided by dissociation between
body representations [61]. Neuropsychological evidence suggests that at least two internal body
representations exist, i.e., body schema and body image [47]. While the body image is considered
to incorporate semantic knowledge of the body regarding its attitudes and beliefs [35, 47], the body
schema appears to be a subconscious, neurophysiological, and multisensory representation of the
characteristics of one’s body [36, 62]. It is suggested to be constructed and continuously updated
through sensorimotor integration and to facilitate successful tool use [39]. Embodiment is a broad
term in science as well as common parlance. For the sake of clarity, he working definition used in
this survey relies on its interpretation in research of the bodily self [45, 62]:

An artefact is embodied if it is experienced as a part of the body schema due to
multisensory integration.

A striking example for the integration of external objects to the bodily self-experience is the
Rubber Hand Illusion (RHI) [18]. It demonstrates how humans perceive the integration of a vis-
ible rubber hand when being exerted with simultaneous tactile stimulation on their hidden real
hand. This effect of embodiment through multisensory integration shows similarities to presence
regarding the fusion of visual, tactile, and proprioceptive cues to form an experience [91]. A prin-
cipal components analysis of empirically obtained RHI data by Longo et al. [61] suggests three
subcomponents to describe different aspects of embodiment, i.e., agency, location, and ownership.
Agency is related to the feeling of being able to move and control the rubber hand, location de-
scribes if the rubber hand and one’s own hand are perceived in the same place, and ownership
occurs if the rubber hand is interpreted as a part of the own body [61]. Similar illusions have
been induced with virtual hands [24], robot hands [3, 13, 21, 46, 82], and even with respect to
other body parts or the entire body [12, 23, 27, 31, 57, 73, 93]. All those experiments substantiate
the importance of multisensory integration processes and modulate embodiment and its subcom-
ponents through specific experimental paradigms. For instance, embodiment is reduced through
asynchronous multisensory feedback or influenced by deviations in robotic limb control [11].

The goal of this survey is to achieve a better understanding of how the psychological concepts of
embodiment and presence intersect and how they relate to teleoperation and virtual reality system
design. A systematic literature survey identifies and analyses studies that try to connect embod-
iment and presence in comprehensive, theoretical frameworks. While bilateral, anthropomorphic
teleoperation is considered as a key example throughout the article, the derived considerations are
related to other mediated scenarios, such as virtual reality applications and non-anthropomorphic
interaction, which is further discussed in Section 4. Since the theories of both concepts rely on
experimental data, studies evaluating subjective self-report of presence and embodiment are are
also part of this review. While alternative subjective and objective measures exist, the above noted
inconsistency of definitions and differences in laboratory settings [16] are hindering the compari-
son between those studies. The methods section is followed by a presentation of results including
a narrative description of the key papers. Papers that emphasize potential relations between pres-
ence and embodiment, but were not selected due to the very strict selection criteria are considered
in the discussion to give a broader overview. Moreover, potential performance and quality im-
provements that might be reached when considering the obtained insights in future teleoperation
systems are forecasted and guiding principles for teleoperation system design are suggested.

2 METHODS

Literature was researched twice, once in early 2016 and another time in late 2018. The examined
databases and the search terms are shown in Table 1. The syntax of the search terms in the right
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Table 1. Search Terms and Databases

Databases Search Terms
ACM DL, IEEE Xplore, MIT Press, Pubmed,
ScienceDirect

[Embodiment OR “Body Schema”] AND
[Presence OR Teleoperation]

MitPress (Presence Journal only) Embodiment OR “Body Schema”

Fig. 1. Overview of the screening process including overall results and subdivided by the 2016 and 2018

search. The grey boxes indicate the obtained Cohen’s Kappa values before and after (in brackets) discussion.

column is exemplary and was adjusted to the requirements of each database’s search engine to
be semantically identical. For the 2018 search, minor changes on the syntax were performed to
adapt to the updated search engines of IEEE Xplore and ScienceDirect. Consistency of old and
new search was ensured by checking the overlapping subset of papers. In the 2018 screening, all
papers that were not screened in 2016 were considered.

Since both the terms presence and embodiment are defined very broadly, often used in other
disciplines, or indeed in everyday language without relation to teleoperation or virtual reality tech-
nology, full-text search would deliver high numbers of irrelevant hits. Therefore, abstract search
was conducted. Depending upon the database, abstract searches may have included title, keywords,
and research highlights.

Four exclusion (E) and two inclusion (I) criteria were defined by all authors to judge the relevance
of the papers. The screening and assessment process is shown in Figure 1. In the first step, only the
abstracts were screened and non-related papers were filtered out cautiously regarding E0. In the
subsequent full-text screening, the additional five criteria were considered as well (step 2). Studies
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were included if one or more inclusion criterion was met, but excluded as soon as any exclusion
criterion was fulfilled.

E0: Embodiment and/or Presence, respectively, their subcomponents, are not used
in terms of psychological concepts to describe and evaluate experiences with tele-
operation or VR-technology.
E1: No inclusion criteria met.
E2: Studies are presented that did not measure embodiment and presence at all,
but only use the terms to label for instance experimental conditions, e.g., authors
are referring to different embodied interfaces, robots or avatars that are said to
induce different degrees of presence.
E3: Conclusions about embodiment and presence are only drawn based on observ-
able behavior, performance measures, and so on.
I1: A connection between embodiment and presence, respectively, their subcom-
ponents, is pointed out originally based on examination of theory or a compre-
hensive framework of embodiment and presence is proposed, e.g., body schema
integration is described as related or even necessary for presence.
I2: Studies are presented that measure both subjective embodiment and subjective
presence, respectively, their subcomponents, with dedicated questions, subscales,
or questionnaires.

Inclusion criteria I1 and I2 separately cover theoretical and experimental contributions, which
prepares the structure of the subsequent survey and result presentation. E1 excludes all works
that do not contain or connect the two investigated concepts at all and E2 excludes experiments
using similar labels in different contexts. E3 accounts for missing assessment of the subjective pres-
ence experience. As outlined earlier, this requirement is set, since it seems currently not feasible to
compare or even dissociate the two psychological concepts only by measures such as physiological
variables. Despite certain redundancies with E0, the criteria E2 and E3 are more rigorous when ap-
plied to the full-texts due to the consideration of detailed content information such as the measured
variables. While the strict inclusion/exclusion criteria were set to point out research focusing on
relations between presence and embodiment, unselected papers that emphasize potential relations
are considered in the discussion to give a broader overview.

All papers were screened by the first and fourth author separately for inclusion and exclusion.
The inter-rater agreement of the screening results is assessed by calculating Cohen’s Kappa [25], a
concept popular in human sciences. Depending on the overall agreement in the particular steps of
the screenings, papers with conflicting ratings were discussed and decisions were revised. Papers
were only included if both authors agreed to include them. The goal of this approach is to ensure
appropriate application of the criteria by each rater to prevent premature exclusion and inflation-
ary inclusion. To qualify the obtained Cohen’s Kappas, the comparative values from [7, 52] are
considered. The screening process was designed and supervised in collaboration with the third
author. The second author remained neutral until research was finished and critically reviewed
the validity and results of the process.

3 RESULTS

An overview of the screening steps and results is given in Figure 1. Out of 285 papers obtained
in 2016,1 31 are duplicates and excluded. From the remaining, 184 are excluded by both authors
and 31 by one author each, which results in 39 papers being included in the second screening step.

1Date of final search: February 9, 2016.
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Cohen’s Kappa of κ = 0.65 suggests “good” [7] or “substantial” [52] inter-rater agreement. As the
definition of exclusion criterion E0 suggests, the high exclusion rate in the first step is due to the
fact that both embodiment and presence are terms that are often used in common language and
search consequently delivers hits in all kind of non-relevant research areas. In the second step
of the screening process, one of 39 papers could not be obtained and was excluded. Additionally,
15 papers were excluded upon agreement and 18 upon disagreement. The high number of papers
with disagreement resulted in “poor” [7] or “slight” [52] inter-rater agreement (κ = 0.0087). While
high Cohen’s Kappa values were harder to achieve in the second screening due to the lower number
of rated papers, this is also caused by a looser interpretation of I1 by one author. This author argued
that papers like Reference [15] should be included, since they originally relate presence with body
schema and body image. The authors discussed and concluded that those papers contribute too
little to the research goal to be included, which is also in line with the strict selection criteria.
Hence, 10 conflicting papers were rated with E1 retrospectively based on consensus, resulting
in a “moderate” [7, 52] Cohen’s Kappa of κ = 0.43. All papers that led to conflicts in the second
screening step of the 2016 search are listed in Table 3.

In the second search in 2018,2 406 papers including 129 new publications, for a total number of
414, were identified. Eight of the original 285 hits were not reproducible, six of which stemming
from data bases that were subject to search engine changes. Two out of those missing papers went
past the first screening stage and are considered ([6, 70] in Table 3). It appears that the 2016 IEEE
Xplore search engine did not differentiate between the formulation “tele-operation” with hyphen
and “teleoperation” without, whereas the 2018 version does, which explains why they are missing.
Out of the 129 additional papers, 11 duplicates were excluded and abstract screening via E0 led to a
Cohen’s Kappa ofκ = 0.5, suggesting “moderate” [7, 52] agreement. In a subsequent discussion the
screening authors developed consensus regarding papers with different votes to avoid premature
exclusions, which yielded the inclusion of 25 papers after the abstract screening (κ = 1). As in the
2016 screening, the second step of the screening, which is prone to lower Cohen’s Kappa values,
yielded “poor” [7] or “slight” [52] inter-rater agreement (κ = 0.00). After discussing the conflicted
papers, consensus was reached for all papers expect two, resulting in “good” [7] or “substantial”
[52] inter-rater agreement (κ = 0.75). Those two papers with conflicting reviewer judgement are
included in Table 3. One of those papers was theoretical, but not considered comprehensive enough
to be included via I1 by the one author, similar to those in 2016. The other was experimental, but
descriptions of methods and questionnaire were not sufficient for one author to agree to include
it via I2.

Finally, the 14 papers listed in Table 2 are included in the main analysis. In the following sub-
sections, the 2 theoretical papers that satisfy criteria I1 and the 12 papers that have been included
mainly because of I2 are presented.

3.1 Theoretical Frameworks (I1)

Haans and Ijsselsteijn [39] propose an embodiment and presence framework in which they ap-
plied Metzinger’s [64] approach to define three orders of embodiment, namely, morphology, body
schema, and body image. As visualized in Figure 2, first-order embodiment is assumed to consist
of morphology only, which even applies to simple Braitenberg vehicles [39]. Morphology can be
extended physically, e.g., in properties like mass or form, but those extensions cannot be used pro-
ficiently as tools, since no dynamic body schema exists. The latter is what comes with second-order
embodiment and allows for fluent interaction with the environment. Third-order embodiment re-
quires a body image and “the kind of higher order consciousness that enables humans to hold a

2Date of final search: September 27, 2018.
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Table 2. Papers Included in the Main Analysis of This Review

Study I1 I2 Type
Haans and Ijsselsteijn [39] X — Theoretical Framework
Kilteni et al. [49] X — Theoretical Framework
Bourdin et al. [19] — X Experimental Study
Leonardis et al. [58] — X Experimental Study
Lankoski [53] — X Experimental Study
Pritchard et al. [76] — X Experimental Study
Steed et al. [95] — X Experimental Study
Pitarello [74] — X Experimental Study
Regenbrecht et al. [79] — X Experimental Study
Aitamurto et al. [2] — X Experimental Study
Brizzi et al. [20] — X Experimental Study
Cortes et al. [26] — X Experimental Study
Herz and Rauschnabel [43] — X Experimental Study
Shin [88] — X Experimental Study

The “X” marks the inclusion criterion (I1, I2).

Table 3. Papers Excluded Due to Conflict between Raters

Study E0 E1 E2 E3 I1 I2 Comments
Alimardani et al. [4] X — — — X X Presence not mentioned
Almeida et al. [6] — — X X X — No presence measure
Arnold and Farrell [8] X — — — X — No comprehensive link
Bayliss [10] — X X — (X) — No comprehensive link
Biocca [15] — X — — (X) — No comprehensive link
Cuddihy and Walters [29] — — X X (X) — No study conducted
Evans [30] — — X — (X) — No comprehensive link
Franca and Soares [33] — X X X (X) — No comprehensive link
Kenderline et al. [48] — X X — — X Results incomplete
Koo et al. [51] — — X — — X Unclear questionnaire
Mennecke et al. [63] — X X — (X) — Linked, but not originally
Mohler et al. [66] — — X — X — No subjective measures,

no comprehensive link
Pamungkas and Ward [70] — — — X — X No presence measure
Paulos and Canny [72] — X — — (X) — No comprehensive link
Paulos and Canny [71] — X — — (X) — No comprehensive link
Riva et al. [80] — X — — (X) — No comprehensive link
Tecchia et al. [97] — — — X X X No subjective measures
Watanabe and Tachi [101] — — X X X X No presence measure
Willans et al. [103] — X — — X — No comprehensive link
Wölfel and Gehmann [108] — X — — (X) — No comprehensive link

The “X” marks the application of exclusion (E0 to E3) or inclusion (I1, I2) criterion by at least one author. Parenthesis marks

that criteria was revoked retrospectively on consensus. The comments in the last column indicate why the studies were

excluded. For most of them the link between the concepts is not comprehensive enough to be considered as a framework.

One framework focuses on social presence, which is out of scope of this article, but does not thoroughly link general

aspects and underlying processes of the concepts in an original way. Some experimental studies were lacking subjective

measures or description of results or questionnaires.
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Fig. 2. The authors’ depictions of the theoretical frameworks by Haans and Ijsselsteijn [39] (left) and Kilteni

et al. [49] (right). Dashed blocks highlight relevant links to related psychological concepts.

concept of their own body over time” [39]. This self-consciousness allows for phenomenological
extensions of the body, which can result in ownership over an artificial limb. The authors conclude
that presence requires fluent interaction with the mediated environment and therefore an adapted
body schema. It is argued that body image incorporation does not necessarily require interaction,
which is required for presence. Nevertheless, it is suggested that presence experience might in-
clude a feeling of ownership as well, which cannot be explained by incorporation into the body
schema alone [39].

Kilteni et al. [49] present a working definition for the Sense of Embodiment (SoE) to address is-
sues of bodily experiences in virtual environments. The framework is shown in Figure 2 and briefly
described in this paragraph. SoE toward a body B is defined as “the sense that emerges when B’s
properties are processed as if they were the properties of one’s own biological body” [49]. The un-
derlying structure of the SoE framework is based on three subcomponents: sense of self-location,
sense of agency, and sense of body ownership. Comparing presence and self-location, they suggest
that self-location refers to the spatial experience of being inside a body whereas “presence would
be the feeling of one’s self being located in a physical or virtual room, even if this does not require
a body representation in the form of an avatar” [49]. It is suggested that self-location and presence
address different questions of spatial representation, but it is also proposed that a more extended
approach to embodiment could potentially include presence as a subcomponent. In terms of dis-
tinguishing the subcomponents of the SoE, Kilteni et al. [49] state that a remote-controlled robot
as an advanced tool might be embodied based on agency while self-location and body ownership
are not necessarily required for this use case. Finally, it is suggested “that self-presence based on
Biocca [15] and Lee [55] is the alteration of the user’s behavior or emotional state because of
induced SoE toward the given virtual body representation” [49].

3.2 Experimental Studies (I2)

An overview of the identified experimental studies discussed subsequently is given in Table 4.
The table contains information about the technology used as well as the considered experimental
conditions to give a general idea of the studies. Further, it details the length, structure, and origin
of the questionnaires used, if they were not fully customized. Finally, it is noted to what extent the
respective study compares the two concepts.

In terms of technology, it is noteworthy that all studies used VR instead of real teleoperation.
Most studies used head-mounted displays (HMDs) either as hardware alone or as part of their
setup. Two studies [19, 26] used so-called Cave Automatic Virtual Environment (CAVE) systems
consisting of four screens. Five studies used additional body or motion tracking and four used some
form of haptic or tactile feedback. Arguably, the most extensive setup was used by Leonardis et al.
[58]. They present a novel, multi-sensory “Embodiment Station” to study walking experiences.
In addition to a HMD, vestibular feedback was provided by a hexapod platform under the seat.
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Table 4. Experimental Studies

Study Technology Conditions
Questionnaire

Items
Comparison
of Concepts

Aitamurto
et al. [2]

HMD 180◦ and 360◦ video
vs. flat-screen

10 Presence [1],
12 Embodiment
[50, 93]

not explicitly

Bourdin et al.
[19]

HMD, Cave,
vibrotactile
feedback,full
body tracking

Haptic feedback
(y/n)

1 Presence,
1 Embodiment

not explicitly

Brizzi et al.
[20]

HMD, inertial
tracking, haptic
device

various visual
feedback conditions

1 Presence,
1 Embodiment

not explicitly

Cortes et al.
[26]

Cave, infrared
tracking

different virtual
shadows

5 Presence [99],
5 Embodiment

explicitly

Herz and
Rauschnabel
[43]

Survey without
experiment

— 3 Presence, 3
Embodiment

isolated
effects and
interaction

Lankoski [53] Ordinary
computer games

first-person,
third-person,
bird’s-eye-view

9 Presence [83],
15 Embodiment

overall
correlation

Leonardis
et al. [58]

HMD, vestibular
and
proprioceptive
feedback

HMD vs. all
feedback channels

6 Presence [107],
7 Embodiment

not explicitly

Pittarello [74] HMD, gesture
control

virtual
representation of
certain body parts
(y/n)

3 Presence,
11 Embodiment

not explicitly

Pritchard et al.
[76]

HMD,
visual-tactice
feedback

realistic vs.
non-realistic hand,
spatial offset (y/n),
visual-tactile
feedback (no,
synchron,
asynchron)

3 Presence [85],
22 Embodiment
[61, 75]

explicitly

Regenbrecht
et al. [79]

HMD, camera
tracking

— 8 Presence [78, 86],
6 Embodiment
[9, 59]

not explicitly

Shin [88] HMD HMD vs. flat-screen 3 Presence [90],
3 Embodiment [89]

overall
correlation

Steed et al.
[95]

HMD Avatar (y/n),
Induction of body
illusion (y/n), other

4 Presence [94],
4 Embodiment
[18, 92]

not explicitly
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The seat contains actuators near the knee that induce an illusion of knee extension, which then
resulted in actual flexion of the participant’s knee. One paper [43] is based on a market research
survey that did not conduct its own experiment and included only 10.1% of participants who had
prior experience with VR glasses and 13.3% who had never heard of such devices before. Regarding
experimental conditions, most setups were restricted to change visual information and content of
the virtual experience. For instance, they included the influence of virtual body representations or
avatars as well as different perspectives. Contentwise, some studies had rather specific scenarios
to investigate behavioral cues, such as the willingness to sing in front of an virtual audience [19].

The applied questionnaires varied from having a single question per concept [19, 20] to having
a combined 24 [53] or 25 [76]. The latter two had a proportion of 62.5% and 88% embodiment
questions. Most of the other studies had a similar number of items per concept. While single-
item measures might work in certain cases [44], by definition they do not allow for dissociation
between subcomponents of multilayered constructs. Since the questions were often partially or
even fully customized it is not always clear if and how they are attributable to one of the concepts.
For instance, Reference [19] contained several questions concerning the feeling of being touched,
which may be related to embodiment or presence. For a potential future meta-analysis, it would
be advantageous were studies to use the same minimally or non-customized questionnaires. In
terms of presence, most of the studies collected their items from various well known presence
questionnaires and other publications [83, 85, 86, 94, 99, 107]. This is preferable to fully customized
questionnaires, however the lack of an agreement on a single standard questionnaire is obvious
and still problematic in terms of meta-analysis. While applied embodiment questions may evolve
from different references, they mostly can be tracked to the subcomponents of embodiment, i.e.,
agency, location, and ownership [61], which have been well-studied based on experiments derived
from the rubber hand illusion [18].

As the last column of Table 4 indicates, two studies explicitly calculated the overall correlation
between presence and embodiment for which they reported significant correlation [53] as well as
a significant effect of presence on embodiment [88]. Two studies [26, 76] drew explicit conclusions
about the connection between the two concepts. Cortes et al. [26] found that agency and presence
were not influenced by one of the experimental conditions, i.e., the gender of a virtual shadow,
whereas ownership was. This suggests that the dissociation of embodiment subcomponents may
be useful in such use cases and cannot be captured by the applied presence questionnaire. In Ref-
erence [76] it was found that “agency and presence seem to depend on the same multisensory cues
that have been found in the embodiment literature,” which was seen in the experimental condi-
tions such as hand form, touch, and spatial offset. Further, “presence tends to be influenced by
similar cues as embodiment-location ratings” [76]. Both of these observations are in line with the
theoretical framework by Kilteni et al. [49]. Most studies however, did not compare the concepts
of presence and embodiment explicitly and extensively. For some of those it appears feasible to
extract qualitative information out of the charts and tables given. This might suggest correlation
between presence and embodiment [58, 79]. In Reference [95], data indicates that presence is gen-
erally higher rated and more stable over conditions than ownership. The contrary might be the
case in Reference [19], where presence and ownership scored similarly, however with only two
questions and two experimental conditions data is not sufficient to rule out dissociation.

4 DISCUSSION

Embodiment and presence both build on multisensory/sensorimotor integration and are connected
via body representations and the overall self. The present survey aimed at exploring these con-
nections and shows that only little research has been performed specifically on this topic. Besides
discussing theoretical challenges, this section attempts to guide and predict potential performance
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and quality improvements that could be achieved when considering the corresponding insights in
real teleoperation systems in the future.

Considering the existing theoretical frameworks, it becomes evident that they approach embod-
iment from different points of view. The framework of Haans and Ijsselsteijn is built upon body
representations [39], while the framework of Kiltenti et al. upon the sensations of agency, loca-
tion, and ownership [49]. Despite both frameworks being inherently different, they incorporate
some similarities. According to Reference [49], teleoperation requires a sense of agency over the
mediated object. Although this connection is not explicitly described in Reference [39], their sec-
ond order of embodiment seems to encompass it. Specifically, second-order embodiment allows
for functional extensions being integrated into the body schema. Both frameworks put body own-
ership beyond ordinary teleoperation and lower levels of presence. However, advanced levels of
presence might in fact induce or be induced by a feeling of body ownership, if the object is becom-
ing a phenomenological extension of the body [39]. From another perspective, self-presence [15]
could be a result of the senses of agency, self-location, and body ownership [49]. Presence might
be a subcomponent of embodiment, as suggested by Reference [49]. While suggesting this, the
authors offer a clear distinction between location (being inside a body) and presence (being in a
physical or virtual room) [49]. Overall, both frameworks suggest that different aspects, e.g., levels
or subcomponents, of presence may be tied to different aspects of embodiment, which needs to be
further explored and tested in experimental studies.

All 12 included experimental studies relied on virtual environments and assessed subjective
presence and embodiment with custom questions or established tools, respectively, shortened or
modified versions thereof. While comparison between studies is difficult and not all studies explic-
itly investigated the relationship between presence and embodiment, a few preliminary conclu-
sions can be drawn based on the results. A general correlation between presence and embodiment
has been reported in two studies [53, 88] and might explain results in further studies [19, 58, 79].
This would support the aforementioned notion about the potential relation between self-presence
or general presence and embodiment suggested by Reference [49]. In particular, agency and loca-
tion seem to be dependent on similar cues as presence [76]. This supports the claim, that agency
seems to be essential in both frameworks. Ownership might not be correlated to presence [26,
95], but still may be a factor that impacts some possible aspects of teleoperation experiences, as
reported in a study on avatar genders [19]. This is in line with both frameworks putting owner-
ship beyond ordinary teleoperation and presence. While these first results seem to be supporting
the theoretical frameworks, more studies are needed to verify them. In particular, the role of the
location component in respect to presence has to be discussed, as suggested by Reference [49].

Despite increasing research activity in the last years, existing experimental studies appear to be
too diverse as to provide a basis for meta-analysis. Additionally, this hampers attempts to validate
the existing theoretical frameworks or proposing a comprehensive, combined theory of presence
and embodiment. Instead, this article hints toward the possible applications of embodiment mea-
sures and tries to enable a transfer of existing knowledge to teleoperation research. This seems
promising, as embodiment research appears to have a broader and more solid theoretical founda-
tion in psychological research. For instance, recent approaches of researching body illusions follow
a bottom-up manner from single, not animated body parts to robotic hands or virtual bodies [11].
Arguably, teleoperation research followed an opposite route, starting on top with the idea of the
perfect illusion while developing the theoretical groundwork of the concept only over time, with
still mixed results. While this is not to argue that embodiment is able to encompass all parts of pres-
ence or generally superior, there are certain aspects of teleoperation that are traditionally related to
presence, which might be explained equally well in terms of embodiment. This could especially be
the case for highly immersive, anthropomorphic teleoperation as in Reference [96] or telerobotics
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[98], but might be expanded to other forms of mediated experience, e.g., non-anthropomorphic
teleoperation [81] and the interaction of human individuals with robots teams [67].

To foster efforts toward a comprehensive framework and to support teleoperation system de-
sign, the authors propose three guiding principles in Figure 3, which are associated to underlying
processes of embodiment and presence:

• mechanical fidelity
• spatial bodily awareness
• self-identification

Mechanical fidelity is suggested as an umbrella term for teleoperation system properties that
determine the quality of the representation of interaction between slave and environment, which
is related to the sense of agency [49] and to body schema integration [39]. With sensor fidelity,
the presence questionnaire by Witmer and Singer [107] evaluates a similar technological factor
that appears to determine presence. Telemanipulation is commonly characterized by the perfor-
mance in physical tasks, making mechanical fidelity a main goal. This is in line with Reference
[49] who argue that remote controlled robots can be embodied based on agency, while “sensory
evidence for self-location and body ownership is given toward the physical body.” Accordingly,
many virtual reality applications might benefit from sophisticated haptic feedback despite having
close-to-realistic visual or auditory presentation, which underlines the high potential of the me-
chanical modality. This indicates that future human-in-the-loop experiments might be designed to
understand the influence of a physical body (avatar), e.g., by varying sensorimotor contingencies
[11] and how the realization of agency should be engineered, e.g., with respect to shared con-
trol [14, 17, 34]. Besides measuring agency subjectively, one might also consider paradigms such
as intentional binding [21]. Moreover, the technical factors of Reference [106] and other existing
presence questionnaires might be used as control variables in upcoming experiments.

Spatial bodily awareness is attributed to the body schema and body image [39] as well as to spa-
tial presence. It is necessary to move and navigate through a mediated or virtual environment and
perceive action possibilities, which will influence physical task performance only implicitly. For
instance, spatial presence or the sense of self-location may correlate to performance in a teleop-
eration setup with first-person perspective when controlling a robotic arm and having a camera
view in human-like relative position to the arm. However, performance critical information can be
presented in other ways, e.g., by bird’s eye view, by presenting multiple camera angles, by visual
force feedback, or numeric distance-to-target displays. Through such means, both presence and
self-location appear less relevant and concepts like situational awareness [37] might be considered
for subjective evaluation. Thinking beyond teleoperation, where some kind of remote-controlled
machine/body is present, the situation is more complex when considering other forms of “body-
less” presence. Being linked to self-location [49], spatial bodily awareness is tightly bound to the
body itself as a fixed point of our awareness. That being said, one might still experience such
a fixed point even in “body-less” presence scenarios, which could influence a very minimalistic
form of embodiment relating to self-location. This accords with the conclusion of Haans and Ijs-
selsteijn that some kind of body schema is required to experience presence [39] and might also
be tackled by future human-in-the-loop experiments juxtaposing the concepts of presence and
embodiment. To this end, self-location as well as spatial presence appear to be promising metrics.
While self-location is more focusing on bodily experience, spatial presence emphasizes on the relo-
cation into another environment. To contrast both, future experiments could compare the metrics
by evaluating both simultaneously juxtaposing established presence [86, 94, 107] and embodiment
questionnaires [61] in experimental studies.
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Fig. 3. Three guiding principles to consider presence and embodiment in teleoperation system design. Bullet

points indicate the potential of the guiding principles (normal font) as well as which aspects of embodiment

and presence could be measured and how they could be employed in the design procedure to test for achiev-

ing these principles (italic font).

Self-identification is connected to body image adaptation [39] and to body ownership [49].
Caused by an ownership illusion, it is not a necessary criterion to accomplish physical tasks,
but is suggested to influence task execution in anthropomorphic settings [39]. This unclear re-
lationship might be described best by different levels of self-presence, which influence emotional
responses or identity [77]. Those are of particular interest in use cases like physical or psychologi-
cal therapy [38], communication, or entertainment. However, the experience might also influence
performance in physical tasks, when a user feels more involved [107] and experiences flow [28].
One study comparing two sets of teleoperated robotic arms reports that the participants who were
trained on the more human-like set of arms perceived stronger body ownership for the setup and
showed better motor imagery skills in a follow up session with the less human-like robot [5]. As
another human-in-the-loop experiment [100] suggests, the relationship between body ownership
over a fake limb and performance in a mechanical teleoperation task is not as obvious. In that
study, a feeling of ownership lead the user to keep safer distances to obstacles or targets, resulting
in less spatial accuracy and reduced temporal performance [100]. This finding may suggest that
setups that do not induce ownership illusions are advantageous for certain applications, however
more cautious behavior and hence increased involvement might be preferable for safety critical
tasks due to lower error rates [100]. Another recent human-in-the-loop study [34] indicates that
embodiment might even be used as a measure to assess the quality of shared control.

As indicated in Figure 3, these guiding principles for teleoperation system design may build
upon each other, similar to the second and third-order embodiment in the framework of Haans
and Ijsselstein [39]. Mechanical fidelity is interpreted to influence sensorimotor interaction. Spatial
bodily awareness and self-identification touch higher levels of body experience. As the structure
of the figure implies, mechanical fidelity is a fundamental objective of teleoperation, which can
be extended by generating spatial bodily awareness and self-identification. Moreover, the three
principles are related to increasing levels of embodied cognition [104]. It is possible that achieving
mechanical fidelity fosters spatial bodily awareness and self-identification, but not strictly nec-
essary. Exploring the modulating factors and interrelations of the three suggested principles is
interesting and challenging from a scientific point of view and also appears promising for human-
machine system design, e.g., teleoperation systems or prosthetics, where certain applications might
have lower requirements than others with tighter human-robot interaction. Considering the three
principles, which are based on the reviewed theoretical frameworks, could foster advancing future
experimental paradigms and improve our understanding of the underlying mechanisms of human
body experience.
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5 CONCLUSIONS

To investigate how the psychological concepts of embodiment and presence intersect and how they
can be considered to assess teleoperation and virtual reality systems, we selected 12 experimental
studies and two theoretical frameworks from 414 screened papers. The topicality of the reviewed
studies and the surge of experimental works since 2016 indicate the relevance and progress of the
field.

The biggest theoretical intersection between embodiment and presence is found in the self-
presence component. While this was initially suggested twenty years ago, the two selected theo-
retical frameworks offer concrete and comprehensive descriptions of this intersection, related to
recent empirical research. One approach to combine the concepts is to define presence as a pure
place illusion and interpret it as a part of the location component of embodiment. Note, this might
not be feasible in applications that induce presence without a mediated or virtual body represen-
tation and without interactivity.

Reviewing the identified literature shows that there is not yet a consistent approach to research
the intersections between presence and embodiment in experimental studies, as the definitions are
not standardized and the assessment metrics are different. This hinders comparison between the
included studies and further theoretical advancement. Having said that, the theoretical ground-
work of embodiment seems suitable to be considered more often in assessment of anthropomor-
phic teleoperation devices in general.

A major contribution of this article is the introduction of three guiding principles toward em-
bodiment and presence: mechanical fidelity, spatial bodily awareness, and self-identification. De-
pending on the desired type of human-robot interaction, future teleoperation systems could be
designed to address all or only some of these principles. For instance, teleoperation in hazardous
scenarios might benefit from providing mechanical fidelity and creating spatial bodily awareness
without reaching self-identification.

Future work should include human-in-the-loop experiments to test existing teleoperators, elab-
orate standardized methods, and prepare novel theoretical frameworks, which might be based on
the guiding principles suggested in this article to address user requirements in an application-
specific way.
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