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Abstract
Effects of embodying virtual avatars are routinely validated ex-
perimentally by comparing synchronous and asynchronous move-
ments between virtual and real bodies. This experimental para-
digm, however, lacks justification, validation, and standardization.
Asynchrony is implemented in numerous ways, such as through
delayed, dislocated, or prerecorded movements, and these may im-
pact embodiment and user experience distinctively. An online study
(𝑁 = 202) revealed that variations of asynchrony cause disparate
responses to embodiment and user experience, with prerecorded
movements distorting embodiment the most. A think-aloud study
(𝑁 = 16) revealed that asynchronous conditions lead to peculiar and
oftentimes negative experiences. Furthermore, asynchronous condi-
tions in some cases maintain, rather than break the body ownership
illusion, as participants imitate the virtual body. Our results show
that asynchrony in experiments on embodiment entails profound
validity issues and should therefore be used with caution.
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1 Introduction
Research in virtual reality (VR) has shown that participants experi-
ence that their actual body is replaced by a virtual one [68], when a
virtual body moves synchronously with their real movements. This
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phenomenon, where the properties of a virtual body are perceived
as properties of one’s physical body, is called the “Sense of Em-
bodiment” [45]. The ability to evoke the sense of embodiment has
inspired numerous explorations into the intricacies of body-mind
connections. Experiments have demonstrated that embodying a
virtual body distinct from one’s own can affect behavior and at-
titudes [e.g., 4, 69, 73, 77]. For example, owning a healthy virtual
body effectively reduced symptoms of anorexia nervosa [63]; own-
ing Einstein’s body showed improvements in cognitive abilities [6];
and owning the body of an out-group member resulted in reduction
in social biases [77].

To validate the effects attributed to the characteristics of the
virtual body, embodiment experiments in VR commonly include
an asynchronous condition—a scenario in which the movements
of the virtual body are not in synchrony with the participant’s
real movements. The asynchronous condition is designed to dis-
rupt the integration between visual perception and motor actions,
and thereby diminish the sense of embodiment over the virtual
body [68]. When the primary effect under investigation does not
manifest in the asynchronous condition, it is concluded that the doc-
umented effect arises from the embodiment of the virtual body [68].
Banakou et al. [4], for instance, showed that ownership of a virtual
child body causes an overestimation of object sizes. Participants did
not overestimate the sizes of objects when the virtual child’s body
was asynchronous, and the authors concluded that the embodiment
of the virtual child’s body was the cause of the size overestimations.

The practice of using asynchronous conditions in VR experi-
ments was developed ad hoc. Therefore, the use of asynchronous
conditions in VR experiments has never been formally justified
or standardized, which undermines its intended function. Further
skepticism regarding whether asynchrony truly achieves its in-
tended goal arises from the wide range of implementations, where
important details are often left unreported. For instance, some stud-
ies operationalize asynchrony as a delay between the participant’s
movements and the virtual avatar’s movements [88, 98], others
as a reversal of the avatar’s movements [71]. Furthermore, other
studies have implemented asynchrony by prerecording the avatar’s
motions, rendering the virtual body completely independent of
that of the participant [49]. These variations represent conceptually
distinct approaches, in which users are left with varying degrees
of control over the avatar and ability to predict its actions. These
implementations may consequently result in distinct experiences
and effects on embodiment.
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Despite the widespread employment of asynchronous conditions
in VR research, the rationale provided for the specific implemen-
tations is missing from embodiment scholarship. We argue that
the use of the asynchronous condition in embodiment experiments
warrants critical examination, because of its central role in research
design, and as numerous questions about its application remain
unanswered. First, it is unclear whether different implementations
of asynchrony are equally effective in disrupting the embodiment
illusion. Second, the experience of an asynchronous body is unlike
the normal experience of having a body, and little is known about
how participants experience asynchronous bodies or whether such
experiences involve effects beyond the disruption of embodiment.
Finally, there is no justified standard for implementing asynchro-
nous conditions, which introduces uncertainty into what from a
distance appears to be a standardized approach for conducting
embodiment research.

To address these questions, we conducted two studies that quan-
titatively and qualitatively investigate common implementations
of asynchronous conditions used in VR experiments. In a between-
participants crowdsourced study (𝑁 = 202), participants experi-
enced common implementations of asynchrony and subjectively
rated their embodiment, user experience, and virtual sickness. We
found that the implementations led to divergent responses regard-
ing embodiment and user experience. To investigate the reason
behind these distinctive ratings, and how participants perceive
asynchronous bodies, we conducted a second, within-participants
laboratory study (𝑁 = 16). In this study, participants described their
experience and perception of the implementations of asynchrony
using a think-aloud protocol. We revealed that behind the guise
of numerical embodiment scores, more complex experiences are
untold, making the interpretation of embodiment questionnaire
results complicated. In light of our empirical findings, we discuss
the implications of using asynchrony in experiments on body own-
ership. Our results suggest that asynchrony does not function as
intended and should be employed with caution.

2 Background
In this section, we review how the use of asynchronous conditions
emerged in classical non-VR embodiment experiments, how this
practice was adopted for VR research, and why this adaptation is
problematic. Mottelson et al. [68] indicated that the embodiment
literature is fraught with terminological confusion, with central
concepts often used interchangeably to refer to distinct constructs.
This paper employs concepts that are prone to such ambiguity. To
prevent divergent understanding, we clarify how we define the
central concepts of the paper in Table 1.

2.1 Origins of the asynchronous condition
The use of the asynchronous condition in research concerning vir-
tual bodies is rooted in studies on body ownership in cognitive sci-
ence [20], neuroscience [22], and psychology [10]. The rubber hand
illusion (RHI) [10] emerged as evidence to support that it is possible
to experience ownership of fake limbs. In the RHI, Botvinick and
Cohen [10] demonstrated that when participants receive synchro-
nous brush strokes on a visible rubber hand and their real hand,
they report a sense of ownership over the fake hand, a sensation

of touch, and a shift in their perceived hand position (i.e., proprio-
ceptive drift). The results from the RHI are interpreted as reflecting
the mechanisms of multisensory integration [11, 83], where con-
gruence of visual perception and tactile stimulation leads to the
sensation of ownership over the fake limb. To ensure that the illu-
sion was caused bymultisensory integration, the authors conducted
the experiment with a control group, where participants’ hands
and the fake rubber hand were brushed asynchronously. Crucially,
the strokes on the real hand were delayed relative to the strokes
on the rubber hand. Participants in the asynchronous condition
reported a lower prevalence of the illusion. The authors thus con-
cluded that visuo-tactile multisensory integration plays a central
role in embodiment, and fundamental aspects of selfhood can be
disrupted by sensory conflicts.

The paradigm is a cornerstone of research on embodiment, serv-
ing as the basis for an expansive literature that utilizes body own-
ership illusions [e.g., 15, 22, 59, 61, 83, 94]. Correspondingly, the
use of asynchrony as a control condition became a gold standard in
verifying causal claims about alterations of limbs and bodies [61].

2.2 Asynchronous conditions in VR research
VR makes it possible to evoke a sense of embodiment over a full
virtual body [4, 21, 79]. The possibility of creating such illusions has
inspired multiple explorations of body-mind links, and illustrated
the malleability of humans body representations [68]. It has been
shown that through multisensory stimulation it is possible to create
an illusion of owning a body that is noticeably different in shape,
size, and morphology of one’s real body [32, 46, 70, 87, 91, 96, 99];
such as the body of a child [4], an obese body [70], a historical
figure [90], or a body with amputated limbs [44]. Moreover, re-
search has shown that manipulating virtual bodies is an effective
intervention for changing behavior and attitudes [64, 68]. For exam-
ple, the illusion of having a black-skinned body can reduce racial
bias [77], embodying a virtual child’s body can affect the perception
of size [4], and the illusion of owning an elderly’s body can increase
willingness to vaccinate [69].

Studies exploring body-mind links in VR rely on the assumption
that participants experience the embodiment of the virtual body.
As in RHI [10], researchers in VR conventionally use the asynchro-
nous condition to validate that changes in the dependent variable,
such as symptoms of eating disorder [63], racial bias [77], or size
perception [4], are caused by the illusion of having the body unlike
one’s own [e.g., 4, 6, 50, 71, 73].

Adapting the use of the asynchronous condition from RHI to VR
is problematic because multisensory integration in VR conceptually
differs from classical, non-VR embodiment studies. In most classical
non-VR embodiment studies, the illusion of ownership of a fake
limb or mannequin body is induced through visuo-tactile integra-
tion, where visual stimulation of the fake body is synchronized
with touch sensations on the real body [e.g., 10, 57, 75, 96]. A few
studies employed visuo-motor stimulation in non-VR settings by
synchronizing movements of the participants’ index finger and a
fake hand through a mechanical linkage [41, 82]. By comparison,
VR allows to replace visuo-tactile stimulation with visuo-motor
synchrony by synchronizing the movements of the participant’s
full real body and the full virtual body. Recent research highlighted
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Term Definition

Synchronous condition The synchronous condition in VR is an experimental condition in which the movements of the virtual body are
synchronized with the real movements of participants.

Asynchronous condition The asynchronous condition in VR is an experimental condition in which the movements of the virtual body are
not synchronized with the real movements of participants.

Visuo-motor integration Coordination between visual perception and motor actions. It reflects how the brain integrates visual input with
motor outputs to produce purposeful movements, reinforcing the sense of one’s own body.

Visuo-tactile integration Combination of visual and tactile (touch) information to create a coherent perception of objects and the body in
space. It reflects how the brain merges sensory inputs from sight and touch to maintain a unified and consistent
experience of the body and its boundaries, contributing to the sense of one’s own body.

Sense of Embodiment The ensemble of sensations that arise in conjunction with being inside, having, and controlling a body, especially
in relation to virtual reality applications [45]. Sense of Embodiment is the sense that emerges when the virtual
body’s properties are processed as if they were the properties of one’s own biological body.

Embodiment experiments in VR Studies that induce a sense of embodiment over a virtual body, and examine if the embodiment has an effect on
a subsequent measure (e.g., behavior, attitudes, cognitive abilities, etc.)

Reasoning behind asynchronous
conditions

Asynchronous conditions distort the sense of embodiment in VR studies. If an effect tested in an experiment
is present in the synchronous, but not in the asynchronous condition, it is concluded that effect is caused by
embodiment of the virtual body.

Table 1: Explanations of the central concepts used in the paper

that visuo-motor synchrony is in fact the most effective experi-
mental manipulation for inducing embodiment and is of greater
importance than other visual congruences (e.g., tactile, perspective,
or realism [68]). Additionally, in contrast to visuo-tactile congru-
ence, visuo-motor integration in VR allows participants to control
the virtual body and interact with the environment closer to the
experience of owning a real body.

Diminishing the embodiment illusion in visuo-motor studies is
not as straightforward as in visuo-tactile experiments, where the
tactile stimulation is simply delayed [10, 83]. The sense of embodi-
ment in VR is complex and multidimensional [45]. It combines the
perception of owning, controlling, and being in a body, and having
the conscious presence of one’s biological body at the same time.
A well-established theoretical framework of embodiment, which
is the basis of many VR studies, posits that the sense of embod-
iment is constituted by three subcomponents: the sense of body
ownership, the sense of agency, and the sense of self-location [45].
Importantly, the specific contribution of each component to the
sense of embodiment remains largely unknown, as is the question
of whether any single element plays a dominant role.

In the reviewed literature, we did not find any explanation or rea-
soning for the specific way in which asynchrony was implemented.
Non-VR studies that induced illusory ownership through mechan-
ical linkage of participant’s real and fake fingers introduced this
effect by delaying movements [41, 82]. However, the motivation for
such implementations was not explicitly discussed. Implementation
of asynchrony as delay appears plausible given that the delay in
movements was inconsistent, and the task was simple – limited to
lifting the index finger with the rest of the body remaining static.
In contrast to non-VR settings, full-body ownership illusions in
VR enable unrestricted, complex movements that are not confined
to a specific body part. Consequently, implementing delays in VR

scenarios is more complex, as it requires accommodating a broader
range of actions. For visuo-motor integration, distortions to the
synchronization of an avatar can involve dislocating movements
or making the avatar’s movements completely independent of the
participant’s actions. This complexity is reflected in the variability
of implementations of asynchronous conditions found in the litera-
ture. Such variability suggests that the method, despite appearing
standardized, lacks consistency. What qualifies as asynchrony re-
mains unclear, as the term may be used to describe fundamentally
distinct phenomena. Below, we present a review of implementa-
tions of asynchronous conditions in VR studies on embodiment
and discuss conceptual issues related to these implementations.

2.3 How asynchrony is typically done in VR
To identify how visuo-motor asynchrony is implemented in VR stud-
ies, we designed a query to target empirical VR research that dealt
with embodiment, induced embodiment illusion through visuo-
motor congruency, and had an asynchronous condition in the ex-
perimental design. We searched academic databases ACM Digital
Library (34 papers), IEEE Xplore (6 papers), Science Direct (23 pa-
pers), PubMed (10 papers), Nature Scientific Reports (26 papers),
and Frontiers in Virtual Reality (14 papers). We searched the rel-
evant research databases (query: ("vr" OR "virtual reality") AND
("embodiment" OR "body ownership" OR avatar*) AND (async*)
AND (visuomotor* OR visuo-motor* OR "visual motor" OR "visuo
motor")) across the title, abstract, and full text of articles written in
English, and identified 112 relevant papers.

Then, we scanned the articles and filtered out only those papers
that presented an original empirical study, used a head-mounted
VR display, and presented work in which participants had a virtual
avatar. Removing duplicates and screening resulted in 31 papers
meeting these criteria. Each paper was then coded based on how



CHI ’25, April 26–May 01, 2025, Yokohama, Japan Olga Iarygina, Kasper Hornbæk, and Aske Mottelson

Implementation Description Papers

Prerecorded movements The movements of the virtual avatar are recorded prior to the
experiment.

13 papers
[14, 17, 43, 48, 49, 51–55, 70, 73, 91]

Delay The movements of the virtual avatar are delayed in relation to
the participant’s real movements. 5 papers [25, 34, 78, 81, 98]

External guidance The movements of the avatar are guided by the experimenter
externally. 2 papers [1, 56]

Random The movements of the avatar’s tail are random within 5 inter-
cept points. 1 paper [92]

Offsets The avatar is moving with quasi-random offsets. 1 paper [24]

Partial generation Automatic generation of lower body motion animation from
upper body motion tracking. 1 paper [40]

Reversed The movements of the avatar are reversed with respect to the
participant’s real movements. 1 paper [71]

No body Removing visual feedback. 1 paper [39]

Not reported No explanation is provided of how the asynchronous condition
was implemented is provided. 6 papers [4, 19, 50, 74, 77, 84]

Table 2: The implementations of the asynchronous condition found in the literature

the asynchronous condition was implemented. The overview of the
results is presented in Table 2. We identified eight ways in which
asynchrony is implemented in current embodiment VR research.

2.3.1 Prerecorded and externally guided. The most common way
(13 papers) to implement the asynchronous condition in VR research
is through prerecorded movements [14, 17, 43, 48, 49, 51–55, 70,
73, 91]. Here, the movements of the virtual avatar are recorded
before the experiment, and the virtual body moves independently of
the participant’s movements. Two additional studies implemented
asynchrony in the form of external guidance [1, 56], that affords
the same avatar independence. Here, an experimenter controls the
movements of the participant’s virtual body in real-time.

This method is well-suited for breaking the illusion of embodi-
ment. The movements of the participants are not synchronized with
the avatar in space or in time, and prerecording the movements also
prevents participants from controlling the avatar. Yet, this method
of asynchrony raises conceptual questions. First, there is no stan-
dardization for how random the movements should be relative to
the participants’ behavior in the experiment. If the movements
are close to how participants move themselves, participants may
accidentally match the prerecorded movements. Furthermore, a self-
avatar follower effect can occur, where participants unconsciously
follow the movements of the avatar viewed from the first-person
perspective [9, 30], unintentionally underpinning embodiment.

Next, the prerecorded avatar might be perceived merely as a
different person in the environment [e.g., 4, 5].

Such a perception of the asynchronous avatar can (1) shift at-
tention and distract participants from the experimental task, (2)
make participants hypothesize about why researchers designed it

so, thereby inducing demand characteristics [38, 61], and (3) influ-
ence concepts such as social presence, as participants may believe
that they are not alone in the scene [e.g., 4, 77].

The details about the implementation of prerecorded movements
are, furthermore, usually not reported. Studies commonly omit de-
tails of the prerecorded avatars, in particular how participants’
first-person view is realized, and how head rotations are aligned
with the prerecorded body. If the head is aligned with the par-
ticipant’s real head movements, the participant could experience
self-location with the virtual avatar, which can contribute to the
sense of embodiment [45]. Emblematic of this issue, in a study
by Peck et al. [77] where a small difference in body ownership be-
tween the synchronous and asynchronous conditions was observed,
the authors noted: “It is possible that simply seeing the dark-skinned
avatar in the mirror, located at the correct place for a reflection, might
have been enough to generate an illusion of body ownership”.

2.3.2 Delayed. The second most common variant of asynchrony
(five papers) is delayed movements [25, 34, 78, 81, 98]. In this variant,
the virtual body is rendered with a temporal delay relative to the
participant’s real movements.

When the movements of the virtual body are delayed, partic-
ipants retain some control of the avatar [95]. The model of the
sense of embodiment suggests that agency is an integral compo-
nent of embodiment [45]. Therefore, delayed movements might not
break the illusion of having a body, but rather create the illusion of
having a delayed body [2]. Participants can also adjust to delayed
movements; this is used in motor learning research [e.g., 58]. De-
lays are known to cause sickness and disrupt the user experience,
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performance, and presence, which may confound participants’ be-
havior and reports in the experiments [86]. Finally, delays affect
participants’ behavior and perception in VR inconsistently [97]. For
example, when the delay is smaller than 75ms, the motor perfor-
mance, body ownership, and sense of agency are not affected; at
the delay of 125ms, they start to decline, but do not break down
completely even at the delay of 350ms [97].

2.3.3 Unique and unreported asynchronous implementations. Other
variants of asynchrony only appear once. In a study by Steptoe
et al. [92], the participants experienced a tail that moved randomly
within five intercept points. Feuchtner andMüller [24] implemented
asynchronous movements as a constantly changing offset between
the positions of the virtual and real hands. Jang et al. [40] asynchro-
nized only the lower part of the virtual body, using motion tracking
of the upper body. In the study by Ogawa et al. [71], the movements
of the virtual body were reversed in relation to the participant’s real
movements. Ito et al. [39] described the asynchronous condition
as an absence of visual feedback, meaning that participants in the
asynchronous condition did not see the virtual body. Six papers
did not report details about how the asynchronous condition was
implemented [4, 19, 50, 74, 77, 84].

The variability of implementations underlines the lack of stan-
dardization and straightforward way to implement asynchronous
conditions in VR. It is evident that implementations of asynchrony
are practically and conceptually diverse. Some of them, such as
delays and spatial offsets, leave the user in control of the actions
and retain the ability to predict the avatar’s behavior, while pre-
recorded and externally guided implementations make the virtual
body completely independent and unpredictable. These fundamen-
tal differences make studies with asynchronous conditions difficult
to compare. The implementations can lead to peculiar user expe-
riences, and perceptions of the usability of the virtual body, and
can inconsistently influence the sense of embodiment. The studies
where implementation details are left out, do not afford a criti-
cal assessment of the conclusions made in the paper, and make
replicating the studies infeasible.

2.4 The conceptual scheme of asynchronously
moving bodies in VR

Previous literature suggests a variety of implementations of asyn-
chrony, which are conceptually incompatible, as some render the
avatar independent of the participant, while others afford a distorted
control of the avatar. To support the decision on independent vari-
ables in our study, we organized variations of asynchronizations of
virtual and real bodies in a conceptual scheme (see Figure 1).

The body ownership illusion in VR is achieved by spatially and
temporally synchronizing a participant’s real and virtual body. Spa-
tial synchronization involves matching the location of the real and
virtual bodies in space, from the participant’s perspective. The
virtual body is thus rendered in the place where the participant
expects to see their real body. Temporal synchronization refers to
the timing of the participant’s movements and those of their virtual
avatar. It is thus the speed at which the virtual body reacts.

Asynchrony can therefore be achieved by distorting either the
spatial or temporal synchrony, or both. As a result, we propose a
simple scheme of asynchronously moving bodies in VR ( Figure 1).

SPATIAL

T
EM

PO
R
A
L

SYNC ASYNC

SY
N
C

A
SY

N
C

Synchronized Dislocated

Delayed Prerecorded

Participant Avatar

Figure 1: Conceptual scheme of asynchronously moving bod-
ies in VR.

When the virtual body is synchronized with the participant’s
real body both temporally and spatially, the avatar is considered to
be Synchronized. When the virtual body is synchronized spatially,
but asynchronized temporally, the body is Delayed. If the body is
temporally synchronized, but spatially asynchronized, the avatar is
Dislocated. Finally, when the body is asynchronized both temporally
and spatially, it means that the avatar is Prerecorded and moves fully
independently of the participant. The presented scheme is grounded
in the literature that employs asynchronous conditions in experi-
ments. However, other implementations of asynchrony within the
scheme are possible. For example, temporal-spatial asynchrony can
be achieved through the simultaneous delaying of movements and
their dislocation, or temporal asynchrony can be implemented as a
prediction of movements rather than delaying them.

We argue that these variations of synchronizing movements are
conceptually different, and speculate that they might lead to dis-
parate experiences and yield differences in effects on embodiment.

2.5 Summary
The literature shows that the use of visuo-motor asynchrony in
VR experiments was casually adopted from the rubber hand illu-
sion [10]; a conceptually different, non-VR study. The fundamental
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difference between visuo-tactile and visuo-motor multisensory inte-
grations has resulted in conflicting implementations of visuo-motor
asynchrony that, to our knowledge, has never been justified or crit-
ically examined. In this paper, we raise the following issues related
to the use of asynchronous conditions in VR experiments:

(1) We do not know whether there are foundational differences
between asynchrony implementations, or whether they are
equivalent and interchangeable in their effects on experimen-
tal outcomes. As such, we do not know if the conclusions
made from papers using different implementations of asyn-
chrony are comparable.

(2) We do not know how participants experience asynchronous
bodies beyond subjective scales of embodiment. Having a
body that moves not in synchrony with one’s own move-
ments is an atypical experience, dissimilar from the expe-
rience of having a normal body. Perhaps it can affect user
experience, cause virtual sickness, or introduce effects we
do not know about.

(3) There is no validated and theoretically justified implemen-
tation of the asynchronous condition, and we do not know
which variation of possible implementations is the most ef-
fective and valid way to disrupt embodiment in visuo-motor
embodiment studies.

To explore these issues, we conducted two studies that quan-
titatively and qualitatively investigate implementations of asyn-
chronous conditions used in VR experiments. In study 1, we tackle
issues (1) and (3), and explore how implementations of asynchrony
influence commonly used subjective scales of embodiment. In study
2, we use a think-aloud protocol to explore issue (2) and explore
how implementations of asynchrony are experienced beyond self-
reported questionnaires.

3 Study 1: How asynchrony affects embodiment,
user experience, and sickness

In the first study we aimed to identify how implementations of
asynchrony quantitatively influence participants’ reports on em-
bodiment and its subcomponents (agency, appearance, self-location,
and body ownership), virtual sickness, and user experience. The
asynchronous condition is meant as a “neutral” condition, the sole
purpose of which is to disrupt body ownership. If the implemen-
tations of asynchrony distinctively influence body ownership, or
influence other constructs, that would constitute a potential con-
founding validity issue.

3.1 Method
The study employed a between-participants design with one in-
dependent variable. Participants were randomly assigned to one
of the four implementations of movements (delayed, dislocated,
prerecorded, or synchronized) and were asked to explore the pos-
sibilities of a virtual body. Following the experience, participants
completed the Avatar Embodiment Questionnaire [76] which is a
standardized and validated scale to assess embodiment (using a
7-point Likert scale from “never” to “always”), the Virtual Reality
Sickness Questionnaire (VRSQ) [47] – a commonly used motion
sickness questionnaire tailored to VR applications (using a 4-point

Likert scale from “none” to “severe”), and the System Usability
Scale (SUS) [12] – a common and universal scale to measure user
experience (using a 5-point Likert scale from “strongly disagree” to
“strongly agree”).

3.2 Participants
We recruited 202 crowdsourced English-speaking participants who
owned a Meta Quest headset (versions 2 or 3). Participants were
reimbursed the equivalent of USD $10. Participants were recruited
from advertisements on social media and through Prolific. Partic-
ipants received information describing the study, data collection,
and information on informed consent. The participants were 177
males, 24 females, and one non-binary, with a mean age of 32.9
years (𝑆𝐷 = 9.3). We excluded the non-binary participant from
the analysis as the possible gender mismatch with the virtual body
could influence the embodiment scores. Participants were well rep-
resented across age groups (see Table 3). Most participants came
from the US (77), the UK (47), and countries in the European Union
(58).

A
ge 18-22 23-27 28-32 32-37 38-42 43-47 48+

33 (16) 31 (15) 41 (20) 33 (16) 30 (15) 13 (6.4) 21 (10)
G
en

de
r

F M NB
24 (12) 177 (88) 1 (0.5)

Table 3: Participant characteristics. Data are shown as n (%).
Labels are: Female, Male, and Non-Binary.

3.3 Apparatus
The VR environment was developed in Unity 2022, deployed for
Meta Quest 2 and 3. Text-to-speech software from Google1 was
used to verbalize stretching instructions and navigation through the
experimental procedure. The posture of the avatar was computed
using the inverse kinematics library VRIK2. We used Microsoft
RocketBox’s rigged models as avatars in the experiment [31], and
the floor-to-HMD height to scale the avatar. Upon completion of
the experiment, the application sent relevant participants metrics
over HTTPS to a server application written in Python, hosted on
Google App Engine.

To study how participants experience asynchronous bodies in
VR, we implemented the four variants of asynchrony from our
scheme (see Figure 1); based on how asynchronous conditions were
realized in previous work (see Subsection 2.3). In all conditions,
the camera view was synchronized with the participants’ head
movements. Participants viewed their body from a first-person
perspective, in standing pose, with the asynchrony of movements
affecting their upper bodies. We asked participants not to move
their feet; the lower body was thus kept static. Below, we describe
the implementation details of each condition.

1https://cloud.google.com/text-to-speech/
2http://www.root-motion.com/

https://cloud.google.com/text-to-speech/
http://www.root-motion.com/
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(a) Female avatar (b) Male avatar

Figure 2: Virtual scene seen from the first-person perspective. (a) Female avatar. (b) Male avatar.

3.3.1 Delayed movements. Delayed movements were implemented
by introducing a delay of 2000ms between the participants’ real
movements and the movements of the avatar. We chose the delay
of 2000ms as this latency in multisensory incongruence was shown
to be effective in disrupting the sense of agency and body owner-
ship [13]. In this case, the temporal synchronization was distorted,
while the spatial location of the virtual limbs corresponded to the
location of the participants’ limbs.

3.3.2 Dislocated movements. Dislocated movements were imple-
mented by introducing Brownian noise to the arms’ movements.
Brownian noise was implemented by applying random offsets to
the position and rotation of the arms within a fractal area, with
a standard deviation of 15 cm for positional noise and 5◦ for ro-
tational noise. In this condition, when the participant moved, the
virtual body reacted temporally synchronously, but the spatial lo-
cation of the virtual body did not correspond to the location of the
participant’s body. This spatial distortion resulted in movements
that were continuously misaligned with the real body.

3.3.3 Prerecorded movements. Prerecorded movements were im-
plemented by recording the avatar’s movements prior to the experi-
ment. These prerecorded movements did not follow the instructions
given to participants during the experiment. In this case, the avatar’s
movements were independent of the participant’s, resulting in the
distortion of both temporal and spatial synchronization.

3.3.4 Synchronous movements. The synchronous condition was in-
cluded as a control. In this condition, the movements of the avatar

were synchronized with the participant’s movements both tem-
porally and spatially. This allowed us to observe participants’ re-
sponses during alignment between their movements and the virtual
avatar’s movements.

3.4 Procedure
Participants installed the experimental APK on their own headset
using SideQuest3 and conducted the experiment at their own dis-
cretion. To control for the movement space, we asked participants
to set a stationary boundary (1 × 1 m).

The participants were randomly assigned to one of the four ex-
perimental conditions at runtime. Participants were not aware of
the existence of other experimental conditions to reduce the influ-
ence of demand characteristics on the experimental outcomes [38].

An introduction (text and voice) explained that the purpose of
the study was to understand perceptions of virtual bodies in VR.
Participants were then introduced to the procedure, and asked to
put down the controllers and press the “Start” button when they felt
ready to begin the experiment. Participants selected their gender
and were assigned to a gender-matched adult avatar.

Upon initiating the experiment, participants were placed in a
virtual room furnished with everyday items (Figure 2). A virtual
screen on the wall reminded participants of the instructions. An
audio recording guided participants to perform stretching exercises
during the first minute of the study. These are commonly used
to explore the possibilities of the virtual body and underpin the

3https://sidequestvr.com/

https://sidequestvr.com/
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illusion of embodiment [e.g., 4]. After completing the stretching
exercises, participants were free to move and explore the body as
theywished, with no specific instructions.When a time limit of 120 s
was reached, participants could no longer see the virtual body and
were prompted to complete a questionnaire. The experiment was
controllers-free, and used hands-tracking for inverse kinematics,
but the questionnaire afterwards was completed with controllers.
Upon finishing the questionnaire, the study concluded. The entire
study took 15 minutes.

3.5 Analysis and results
We performed exploratory analyses of the collected data. Analyses
were conducted in R (version 4.4.1). In the following, we present the
highlights of our results. The main results are presented in Table 4.
The full analysis report can be found at OSF4.

Delayed Dislocated Prerecorded Synchronized
Measure N = 50 N = 50 N = 50 N = 51

Embodiment -0.37 (1.06) -0.78 (0.97) -0.97 (1.22) 0.00 (0.98)
Ownership -0.31 (1.18) -0.82 (1.05) -1.16 (1.37) 0.23 (1.17)
Appearance -0.32 (1.06) -0.84 (0.93) -0.81 (1.12) -0.19 (0.89)
Response -0.60 (1.28) -0.99 (1.21) -1.11 (1.25) -0.32 (1.16)
Multi-sensory -0.24 (1.08) -0.48 (1.05) -0.79 (1.48) 0.28 (1.09)
Agency -0.4 (2.5) -2.0 (2.5) -2.2 (3.2) 0.9 (2.6)

User experience 69 (19) 63 (20) 58 (20) 77 (18)
Sickness 43 (15) 48 (18) 43 (13) 50 (21)

Table 4: Mean and standard deviations of the collected mea-
sures across conditions. The red color denotes a significant
difference with the synchronous condition found in a t-test
(Bonferroni-adjusted 𝑝 < 0.05).

3.5.1 Main Embodiment. First, we analyze the main measurement
Embodiment, as it denotes the overarching experience of having a
body in VR, and is a mean of its four sub-scales [76].

Experiencing a synchronous virtual body, unsurprisingly, led
to the highest degree of embodiment (Figure 3). A t-test with
Bonferroni-correction showed significant differences to Dislocated
and Prerecorded variants, and overall Asynchrony. These reports
also serve as a manipulation validation of the experiment.

Of the asynchronous variants, the Prerecorded led to the lowest
embodiment, then Dislocated, and then Delayed. The Prerecorded
condition resulted in a high variance in embodiment, suggesting
individual differences in participants’ experience.

3.5.2 Sub-scale analysis. The responses to the embodiment sub-
scales ‘Multi-sensory’, ‘Response’, ‘Appearance’, ‘Agency’, and
‘Ownership’ followed the same pattern as ‘Embodiment’; with the
Synchronized condition resulting in the highest scores, followed
by Delayed, Dislocated, and Prerecorded (see Table 4 and Figure 5).
The Prerecorded and Dislocated conditions, as well as overall Asyn-
chrony, were consistently significantly different from the Synchro-
nized condition in all the sub-scales, as shown by the Bonferroni-
adjusted t-tests. The Delayed condition was significantly different

4https://osf.io/cyp2r/

Embodiment

−3

−2

−1

0

1

2

3

Delayed
Dislocated
Prerecorded
Synchronized

Figure 3: Distribution of embodiment scores.

only for ‘Agency’. Sub-scale responses were distinguished by high
variance, suggesting high contribution of individual participants’
perception of the condition.

3.5.3 User Experience. We observed the same pattern as embodi-
ment for the user experience scores. Experience of the Prerecorded
body was the worst for participants, followed by Dislocatedand
Delayed. The Synchronized condition delivered the best user expe-
rience. The differences in user experience between Synchronous
and Prerecorded, Synchronous and Dislocated, and Synchronous an
overall Asynchrony were significant in Bonferroni-adjusted t-tests.

3.5.4 Virtual sickness. We did not find any difference in virtual
sickness across conditions, with virtual sickness scores being low
for all the conditions (see Table 4).

3.5.5 Correlation analysis. After observing similar distributions
across scales, we computed correlations between embodiment, user
experience and sickness.We found a positive Pearson correlation be-
tween embodiment and user experience 𝑟 (199) = 0.39, 𝑝 < 0.0001.
We also observed a positive correlation between embodiment and
sickness 𝑟 (199) = 0.17, 𝑝 = 0.02. User experience and sickness
were negatively correlated 𝑟 (199) = −0.28, 𝑝 < 0.0001.

3.6 Summary
The descriptive statistics indicate distinct patterns in the results
that emerged from the experiment. First, there is a clear division
between the synchronous and asynchronous conditions in embod-
iment and its sub-scales that serve as a manipulation check and
validation that asynchronous conditions indeed reduce embodi-
ment. Also, albeit at a descriptive level, there is a systematic pattern
of the implementations’ effectiveness in breaking embodiment, with
the Prerecorded condition diminishing the illusion the most, fol-
lowed by the Disclocated condition. Notably, the Delayed condition
appeared to be an ineffective manipulation in disrupting the body
ownership illusion, yielding no significant difference from the Syn-
chronized condition, except for agency. Surprisingly, the pattern of
distribution of ratings also holds for the Appearance sub-scale, and
we found that participants rated the appearance of the avatar differ-
ently across conditions, even though we used the same model in all
the conditions of the experiment. This may suggest that different

https://osf.io/cyp2r/
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Figure 4: Distribution of responses to user experience [12] and virtual sickness [47] across conditions.

movement distortions of asynchronous conditions may have cap-
tured participants’ attention to varying degrees, thereby diverting
their focus away from the avatar and affecting their perception of
its appearance. Finally, the implementations were rated differently
in user experience following the same pattern as embodiment and
its sub-scales. This repetition of pattern prompts speculation that
user experience may partially shape the embodiment experience or
vice versa (suggested by a relatively large correlation).

Overall, there are clear variations in embodiment and its sub-
components, as well as user experiences across asynchronous con-
ditions. Asynchronous conditions are supposed to only distort em-
bodiment, leaving everything else intact. Our data indicate that

its influence on embodiment is not equivalent across implemen-
tations and that asynchrony also affects experiences beyond em-
bodiment. However, numerical values do not explain what causes
these numbers. Perhaps, the fundamentally different experiences
of conceptually distinct implementations of asynchrony may intro-
duce confounds we do not fully understand. To shed light on what
the experience of asynchronous conditions is like, we conducted a
second think-aloud study.
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Figure 5: Distribution of responses to Avatar Embodiment Questionnaire [76] across conditions.
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4 Study 2: How do people experience
asynchrony

The quantitative data sourced in Study 1 do not provide a depth
of understanding of why implementations of asynchrony vary in
their effects on embodiment, nor do we know how asynchronous
bodies are experienced apart from the user experience metric. This
raises doubt about whether the questionnaires we use suit the
purpose of answering the research questions we pose. To shed light
on these questions and capture the experiences, we conducted a
laboratory-based think-aloud study.We reused the implementations
of conditions from Study 1 and explored them qualitatively with a
relaxed think-aloud protocol [35] and a post-hoc semi-structured

Comparison t-value p-value p-adjusted Cohen’s d

Embodiment
Delayed 1.80 0.075 0.226 0.36
Dislocated 4.30 < 0.001 < 0.001 0.80
Prerecorded 4.38 < 0.001 < 0.001 0.87
Asynchrony 4.29 < 0.001 < 0.001 0.65
Ownership
Delayed 2.29 0.024 0.072 0.46
Dislocated 4.71 < 0.001 < 0.001 0.94
Prerecorded 5.45 < 0.001 < 0.001 1.09
Asynchrony 5.11 < 0.001 < 0.001 0.80
Agency
Delayed 2.53 0.013 0.038 0.50
Dislocated 5.73 < 0.001 < 0.001 1.14
Prerecorded 5.23 < 0.001 < 0.001 1.04
Asynchrony 5.59 < 0.001 < 0.001 0.86
Appearance
Delayed 0.65 0.518 1.000 0.13
Dislocated 3.59 0.001 0.002 0.71
Prerecorded 3.07 0.003 0.008 0.61
Asynchrony 3.07 0.003 0.008 0.46
Response
Delayed 1.15 0.253 0.759 0.23
Dislocated 2.85 0.005 0.016 0.57
Prerecorded 3.30 0.001 0.004 0.66
Asynchrony 3.02 0.003 0.013 0.47
Multi-sensory
Delayed 2.41 0.018 0.054 0.48
Dislocated 3.58 0.001 0.002 0.71
Prerecorded 4.12 < 0.001 < 0.001 0.82
Asynchrony 4.29 < 0.001 < 0.001 0.65
User Experience
Delayed 2.23 0.028 0.084 0.44
Dislocated 3.89 < 0.001 0.001 0.78
Prerecorded 5.07 < 0.001 < 0.001 1.01
Asynchrony 4.69 < 0.001 < 0.001 0.72
Sickness
Delayed 1.79 0.076 0.230 0.36
Dislocated 0.49 0.623 1.000 0.10
Prerecorded 1.93 0.057 0.170 0.38
Asynchrony 1.59 0.118 0.470 0.29

Table 5: Results of the t-test analysis of the synchronized
condition against delayed, dislocated, and prerecorded asyn-
chronous conditions in Study 1. P-adjusted indicates the re-
sults of the Bonferroni correction.

interview. The data were analyzed using inductive coding of the
transcripts of audio recordings of participants’ verbal reports.

4.1 Method
The study used a within-participants design. In the first phase,
participants, in counterbalanced order, experienced four imple-
mentations of movements: delayed, dislocated, prerecorded, and
synchronized, with gender-matched avatars. To capture the par-
ticipants’ verbalizations of their experiences with each condition,
we employed a relaxed think-aloud (RTA) protocol [35, 67]. This
approach allowed participants to freely comment on any aspect of
their experience, ranging from usability issues to their personal feel-
ings and emotions. RTA was chosen because it enables researchers
to interact with participants, provide instructions, and encourage
them to reflect on their experiences. Audio recordings were made of
both the participant and the experimenter. The experimenter was
positioned to simultaneously observe the participant, communicate
with the participant, and take notes.

In the second phase, a semi-structured interview was conducted
to gather general feedback on the experience of using virtual bodies
in asynchrony. The interview covered several key topics. First, we
asked participants if they experienced a body ownership illusion
and felt a sense of control over the virtual body. Next, we explored
their overall user experience and any virtual sickness they might
have encountered. Finally, we invited participants to reflect on how
the asynchrony affected their movements and whether they found
any meaning in this experience.

The transcripts of the think-aloud and interview reports are
available at OSF5.

4.2 Participants
We invited 16 participants with little or no prior experience of VR.
Participants were required to have an English proficiency level
of B2 or higher, as specified in the recruitment form. We selected
participants without VR experience to avoid potential biases, as
those familiar with a synchronized virtual body might compare the
asynchronous conditions to a previous experience of a synchronous
avatar. Participants were recruited locally through an internal mail-
ing list, and word-of-mouth. The participants were seven males and
nine females, with a mean age of 33.8 years (𝑆𝐷 = 5.2). Participants
were reimbursed with a gift worth USD $15.

4.3 Apparatus
Participants were fitted with a Meta Quest 3 head-mounted display
(HMD). The experiment was conducted in a VR laboratory, with a
tracking space of approximately 1× 1 m. We used an iPhone 14 Pro
to record the studies and interviews. The software Delve6 was used
for inductive coding of the think-aloud and interview transcripts.
The virtual environment was reused from Study 1.

4.4 Procedure
At the beginning of the study, the experimenter explained the pro-
cedure and that we were interested in understanding the experience

5https://osf.io/b94gs/
6https://delvetool.com

https://osf.io/b94gs/
https://delvetool.com


Does Random Movements mean Random Results? CHI ’25, April 26–May 01, 2025, Yokohama, Japan

of owning a virtual body. After obtaining informed consent, par-
ticipants were introduced to simple stretching exercises to help
them explore the possibilities of the virtual body. Participants also
conducted warm-up exercises to get into the flow of thinking aloud:
verbally solving a math task and brainstorming improvements for
a vacuum cleaner [35]. Participants were only informed that they
would experience a virtual body, with no additional details pro-
vided about the content of the experience. When participants felt
confident that they understood the procedure, protocol, and VR
system, they were fitted with the headset.

The scene portrayed a virtual room decorated with everyday
furniture, with a virtual screen on the wall reminding participants
of the instructions. Participants were instructed to press the ‘Start’
button to initiate the first condition and extend their arms in front
of them to calibrate the avatar. During the experience, we asked
them to tilt their heads down as if they were looking at their bod-
ies. During the first minute of the experiment, the experimenter
reminded the participant to perform the stretching exercises, used
to explore the possibilities of the virtual body and underpin the
embodiment illusion [e.g., 4]. After completing the stretching ex-
ercises, participants were free to move and explore the body as
they wished. Sometimes the experimenter would remind them to
“keep talking”. When the time limit of 180 swas reached, the virtual
body disappeared, and participants were informed that the next
condition would begin in ten seconds. We picked a 180 s exposure
time as a result of a pilot study (𝑁 = 3) that showed that this is the
approximate time after which participants ran out of thoughts. The
procedure was the same across conditions.

Participants remained in VR through the four conditions. After
the last condition finished, the experimenter instructed participants
to remove the headset and proceeded with the semi-structured
interview. Overall, the study took approximately 30 minutes.

4.5 Analysis
The first author analyzed the data using bottom-up coding. Al-
though our study is based on the premises of current theoretical
models and questionnaires on the sense of embodiment [45, 76],
we worked inductively when developing the codes.

After transcribing, the first author got familiar with the data by
reading the whole corpus and taking notes. Each transcript was
split into separate parts identifying which condition the person had
experienced. The codes were generated separately for each condi-
tion. If the same code appeared in multiple conditions, we named
the code identically but indicated to which condition it referred.
With this approach, we were able to conceptualize the experience
in each condition separately but also left room for comparing ex-
periences. Initial codes referred to discrete aspects of participant’s
experience (e.g., expression of an emotion or association). If two or
more codes referred to the same emotion, or experience, the codes
were merged. Open coding was followed by clustering similar codes
into broader themes, with comparisons made across conditions to
highlight unique and shared experiential aspects.

The qualitative findings are predominantly based on reports from
the think-aloud procedure, with a minor addition of quotes from
interviews where participants were reflecting on their experiences
of perceiving asynchronous bodies (∼ 5% of the analysis).

4.6 Results
At the beginning of each condition, participants were trying tomake
sense of what was happening, which was generally associated with
emotional utterances. Each condition was also accompanied by
distinct patterns of movements that participants were doing when
exploring the bodies. Finally, the bodies evoked associations, out-
lining how participants relate to the body (see overview in Table 6).
In the following, we describe the experiences of participants for
each condition.

Delayed. For most of the participants the delayed body was con-
nected with negative emotions. Participants expressed that having a
delayed body is “creepy”, “freaky”, “offputting”, “worrying”, “jarring”,
and “annoying”. Multiple participants compared the experience of
having a delayed body to being drunk (P4, P9, P15), under the
influence of drugs (P0), or having brain damage (P15).

The delay of the avatar’s movements also influenced how the
participants were moving during the condition. They tended to slow
down so that it was not the avatar that followed their movements;
instead, they were trying to synchronize with the avatar. P14 said:
“It’s making me slow down. I feel like I’m doing Tai Chi, by trying
to get them to move the same route as me.” Five participants (P2,
P12, P14–16) were making a movement and then waited until the
avatar caught up with it: “I move my hand and then I would typically
wait for it to get there” (P2). P11 stopped moving at all to get the
connection with the body: “This is a trick, probably – just being still.”
Participants also reported that they could adjust to the delay, and
if they thought about the body as an instrument to achieve some
task, the delay condition had utility. For example, P14 was trying
to play the chopsticks finger game and explained: “The longer the
delay between my movement and the display of my movements is,
then the longer preparation I can make.”

In terms of the relationship to the avatar, participant reports
were inconsistent. In the delay condition, they mostly called the
avatar “their” body, as in: “I feel as if my body is thinking about, like
deliberately thinking through the kind of motions that I’m telling it to
make” (P12), or: “I recognize that it’s my kind of movements, but now
it’s somewhere from the past” (P11). The majority of participants said
that the delay feels like slow internet, and that the avatar was theirs,
just lagged, similar to being in a Zoom call with a bad connection
(P9). In contrast, three participants (P3, P11–12) reported that the
delay was too big to feel that the body was their body. For example,
P12 said: “Right now I’m not feeling that it’s my body, because I
already forgot what I did.”

Dislocated. The dislocation of movements garnered a strong emo-
tional response from participants. Participants judged the condition
as extremely uncomfortable, saying that it made them “anxious”,
“frustrated”, “disoriented”, and “annoyed”. Because the movements
were hard to predict and “arms were [explicit] around”, some partic-
ipants reported feeling unsafe (P12, P15, P16). For example, after
making an amplitude movement, P16 exclaimed: “Don’t hit me!”.
A share of participants reported that this condition elevated their
motion sickness (P4, P8, P12, P15), and P8 even asked to exit the
experience in this condition.

In contrast, the rest of the participants found the randomness
around their arms to be fun. They said that the spatial offset made



CHI ’25, April 26–May 01, 2025, Yokohama, Japan Olga Iarygina, Kasper Hornbæk, and Aske Mottelson

Emotions Movements Relation to body

Delayed
Awkward, confusing,
creepy, worrying, weird,
offputting

Measured the delay, slowed down the
movements, waited while the avatar
caught up with their movements, tried to
align the movements with the delay

Similar to a slow internet, being drunk,
being under drugs, having brain damage,
doingmeditation exercises; the body is like
own body, the feeling of losing real hands

Dislocated
Frustrating, annoying,
wild, disorienting, dis-
tracting, strange, fun

Tried not to notice the hands, calm the
hands down, repeat hand movements,
catch the control, compensate for the
movements with own movements

Similar to Parkinson disease, other dis-
eases, being drunk, being under drugs,
dancing, doing DJ set, feeling like the body
is in panic, the mind already moved the
body, the body is trying to tell something,
like hands have consciousness

Prerecorded
Uncanny, unnerving,
weird, unsafe, cringe,
strange

Tried to repeat the movements, stopped to
move and observed what the avatar was
doing, tested movements to get the link
between own movements and movements
of the avatar

Similar to paralysis, Sims character; feeling
like the body moves in its own way, like
mind is put in someone else’s body, like
the body knows the moves, body is like
a house, feeling of being trapped into the
body

Synchronized Nice, natural, funny,
cringe, weird

Scrutinized the details of appearance to
compare similarities with oneself, checked
the accuracy of VR tracking, checked the
nuanced movements

Did not like the avatar, perceived a need to
appropriate the personality of the avatar,
feeling that the body is too different in
terms of appearance to be the own body,
feeling like the body is owned because of
the synchronization of movements

Table 6: Summary of the codes from the think-aloud reports across conditions. The ‘Emotions’ column refers to the emotions
that participants verbalized during the condition. The ‘Movements’ column refers to the actions or movements participants
performed while experiencing the condition. The ‘Relation to body’ column describes associations and descriptions related to
the avatar that participants talked about.

them feel like they were dancing or doing a DJ set (P1–2, P4, P6,
P9, P14–15): “It doesn’t completely follow my movements, but it’s as
if I’m in a discotheque dancing to hip-hop music” (P9), and “Kind of
as if I’m doing a DJ set or a very bad lap” (P6).

The dislocation affected how participants moved. Some were
trying to remove the hands out of their sight to not see them and
calm them down (“I just put them down. Don’t look at them”, P3),
and some started to explore the scene (“I’m getting used to this,
but I would prefer to look in the window and distract”, P12). Several
participants were trying to repeat the movements of the avatar
because “it feels like more in order” (P3), or because it gave them a
feeling of control (P3–4, P6, P11, P13, P16). They explained: “Okay,
if I move very fast, I don’t see the difference” (P4), “Oh, I can control
these weird movements by moving” (P16).

Participants reflected that dislocation attracts a lot of attention,
and can even be used as a distraction technique (P2, P3, P12). P2
noticed: “They’re definitely the focus of my attention right now”, and
“If I were designing a UI, and, in this case, I needed to attract users’
attention to something, this could be a way to do it”. Notably, reports
about the appearance of the avatar in this condition were rare.

In terms of the relation to the virtual body, the reports were
inconsistent. The randomness added to the movements made par-
ticipants describe the movements as “unpredictable” and out of their

control (P10–13, P15). At the same time, some participants reported
the feeling of immediate response of the avatar to their actions (P2–
3, P5–6, P9, P15). P5 said that she felt that her arms didn’t know
what to do, or something was driving their movements, but the
body is her: “I would say that whatever it is driving the movements,
it understands what I’m doing, but the precision could be a little bit
better”. P4 reported that he felt like “my body is trying to tell me
something” or “the mind already moved my body”. Others said that
the condition felt like having Parkinson’s disease (P9, P12, P15),
suggesting that they might felt the body as their body but that
this body is sick. This did not hold for all participants, though, and
some of them declared that it was not their body, but they felt the
connection with it: “It feels like it’s not my body” (P13), and “But I
feel some connection with this substance, so” (P11).

Prerecorded. Some participants in the prerecorded condition im-
mediately guessed that the body moved independently. Others, for
some time, thought that it was delayed or that it was an experi-
menter who generated the movements based on what participants
talked about (“Because it seems to me that I describe something and
then it starts moving”, P5). The unpredictability of the movements
made them report feeling uncomfortable and unsafe: “When the
body is not moving much, you feel kind of safe, but when now the body
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starts moving, you feel very unsafe, because you feel a loss of control”
(P10). Participants also claimed feeling “trapped”, “uncanny”, or
experienced a “twinge of cringe”, or “like someone is invading my
personal space” (P15).

After participants figured out that the body had nothing to do
with their own movements, half of the participants tried to imitate
what the body was doing (P1–6, P12–13). For example, P12 told:
“I understand what I want to do. I want to try to repeat what the
body is doing in order to, to feel that it’s right. I mean, that it’s my
body”, “otherwise, it feels weird that my body is moving and I’m
not corresponding, and I’m staying in the wrong direction”. P4 said
that the hands ‘are trying to show me something“, and “what if I
try to repeat after my body?” Towards the end of the exposure,
participants generally just stopped moving: “I don’t even use my
arms. I can put them behind me”, and “Now I’m just observing my
own movements” (P16).

Participants appropriated the body differently. Some stated that
they did not feel a connection to the body: “The first thing is that, as
if it is me, like my mind is with me, my head is with me, but the body
is not with me” (P10). However, others reported a connection to the
body because the co-location with it created a partial multisensory
integration with the torso: “Just simply because the line of sight on
my chest and my legs is very similar” (P11). Six participants (P1–2,
P9–10, P14, P16) described a feeling that they became a part of
someone else, as in: “You actually start to feel like part of someone
else” (P10), and “I am dead already, and then, they have sent me
back to the earth to guide someone” (P1). P6 even said that she was
appropriating the personality of the avatar: ”I’m saying that I am
somebody who also gestures a lot when I talk.” P13 said that she felt
a shared agency with the avatar: “It’s kind of the avatar has its own
agency, and part of it shares my agency, but the other part is out of
my control.” Similarly, P14 described a “a kind of latent sense of body
ownership”. “I don’t know how much I feel like if I was looking at
somebody else doing it or it’s actually myself doing it.”

Synchronized. In the study, we included a synchronous virtual
body as a control. The difference in participant’s attention was
pronounced compared to the asynchronous conditions. Remarkably,
participants paid a lot of attention to the appearance of the avatar
and how it was different from their own looks. “By the way, I think
that’s also something peculiar because I’m wearing full black most
of the time. And looking at the blue outfit is very weird, because I
almost never wear blue. That’s also probably wrong” (P11), and “I
know I don’t have the nails. And when I see hands with nails, it’s
something very alien to me” (P10). Some thought that the avatar was
a replication of their body, especially when the watches or bracelets
on the avatar models coincided with what participants wore: “I was
thinking if computer just replicated [me] because the skin color was
plus minus the same”, (P1).

In terms of the movements, the synchronous avatar forced explo-
ration of the body, and in contrast to the asynchronous conditions,
participants did not stop to move. Rather, they started to check very
fine or nuanced movements to explore the quality of synchroniza-
tion. P6 noticed: “It very accurately tracks every one of my fingers”.
P9 did a yoga pose and commented: “Okay, sorry, I’m gonna do a
stupid thing. I don’t know if it’s gonna work or not. No, it’s not gonna
work, but that’s because it doesn’t feel where the legs are.”

All the participants reflected on the tactile congruence with what
they saw in the VR, and how slight misalignment of the virtual
body and haptic feedback influenced their sense of body ownership.
For example, P8 reflected: “It’s like my fingers are touching, but
then the avatar fingers are not touching properly, because they are, I
guess, skinnier than my fingers”, and P6 noted that: “I have this touch
feeling without seeing the visual feedback, kind of exasperating”.

Notably, after noticing the difference in visual appearance and
small imprecision in synchronization, some participants reported
that they do not feel that the virtual body is their body, even though
it’s synchronous and they can control it. For example: “I’m not taller
than usual, but something is wrong with the shape of my body. I don’t
feel that it’s my body” (P12). After noticing the difference in clothes,
P11 also said: “Still something disconnects me”.

Summary. The way participants moved and what they paid at-
tention to was markedly distinct across the conditions. While in
the asynchronous conditions, participants were trying to get the
pattern of how the virtual body reacted to their own movements,
in the synchronous condition, they merely focused on the avatar’s
appearance. It is also notable that a share of participants (N = 9)
expressed feeling body ownership over all the avatars or over none
of them, regardless of the condition. For example, after saying that
he did not feel that the virtual body is his body in any of the condi-
tions, P14 elaborated: “So it’s just, it’s VR, it’s like I know what it is.
It’s just obviously not my body.” Curiously, P6 reported the opposite:
“I mean, in all of them, I wanted to see the body as my body. It felt
more like mine. It was my body, but just not listening to me at the
moment.” Additionally, two participants (P2, P9) reported that they
felt that the virtual body was theirs in all conditions except the
prerecorded one.

Overall, asynchrony differs from synchrony not only in how the
body is perceived but also in a host of other things, including affect,
attention, comfort, and movements.

5 Discussion
The conclusions and implications of the research on body owner-
ship illusions in VR extend well beyond controlled experimental
contexts. Research leveraging body ownership illusions has demon-
strated their potential to manipulate attitudes [5], encourage certain
behaviours [69], and serve as medical interventions [26, 63]. The
asynchronous conditions are routinely used to validate findings
from studies on embodiment, with the premise that participants
will not experience body ownership illusions if their virtual body
does not move synchronously with them. Yet, the use of the asyn-
chronous conditions has not been justified nor standardized. This
paper has compared various asynchronous implementations in VR,
focusing on their different effects on self-reported embodiment
and on how participants experience asynchrony. We found that
asynchronous conditions do not work as intended.

Our findings indicate that the implementations of asynchrony
used in research vary substantially. We found that the asynchro-
nous conditions do not consistently fulfill the intended function of
validating conclusions drawn from studies on embodiment. Instead,
we found that asynchrony introduces unanticipated effects that may
compromise the experimental outcomes. In the following sections,
we integrate these findings: first, outlining the intended purpose
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of including asynchrony in experiments; second, examining how
the asynchronous condition fails to fulfill this intention; third, iden-
tifying unintended consequences introduced by asynchrony; and
finally, discussing potential strategies for researchers to address the
problems related to the asynchronous conditions.

5.1 What is asynchrony supposed to do, but
does not?

Experiments that employ an asynchronous condition usually study
how characteristics of the virtual body influence some dependent
variable [e.g., 4, 5, 69]. The intention of including an asynchronous
condition is to confirm that the effects in the dependent variable
are due to the characteristics of the virtual body, and just them.
Following the premise that the body influences the mind, the sense
of embodiment toward the virtual body is crucial [e.g., 28, 66]. Asyn-
chrony is supposed to knock out the illusion of body ownership
without affecting anything else. If the changes in the dependent
variable are observed in the synchronous condition and not in
asynchronous, then it is concluded that the effect in the dependent
variable is caused by embodying the virtual body [e.g., 4].

Study 1 showed that not all the implementations of asynchrony
are effective in their distortion of the body ownership illusion.
Specifically, we found that delaying the body does not result in a
significant difference in embodiment scores with a synchronous
condition, even though the delay we implemented was twice as
long as the highest delay we found in the literature [34, 98]. Thus,
delay is an ineffective condition to distort embodiment. Out of
the variations of asynchrony, the prerecorded body resulted in the
lowest embodiment scores, suggesting it to be the most effective
manipulation to distort the body ownership illusion. However, the
variance of responses (see Figure 3 and Figure 5a) suggests that
the effectiveness of the manipulation likely depends on the individ-
ual participant. Some participants reported high scores, indicating
the presence of the body ownership illusion. Thus, prerecorded
movements cannot guarantee the distortion of embodiment.

The think-aloud study offered a deeper understanding of the
experience of embodiment, complementing the more common ap-
proaches primarily based on quantitative questionnaire data. Intro-
ducing incongruency between visual and motor senses is complex.
Participants exert agency over their bodies in the synchronous con-
dition and report retained agency when movements of the body
are delayed, dislocated, or even prerecorded. In the prerecorded
condition, the camera view is typically synchronized with the par-
ticipants’ head movements, and since the virtual body is typically
viewed from a first-person perspective [e.g., 17, 69, 90], participants
might experience a partial body ownership with the head of the
avatar. This experience is reflected in how participants in the think-
aloud reports contemplated their perceptions about their control
over the head. (e.g., P8 in the prerecorded condition noted: “It’s as
if my head was taken and put on top of other body” ). We found that
the first-person perspective and agency over the head view of the
virtual avatar might make participants relate to the asynchronous
virtual body as their body, only intoxicated or sick and, for that
reason, not perfectly responding to their actions. On top of that,
some participants started to imitate the movements of the prere-
corded body, which might have resulted in a diminished distortion

of the illusion. The correspondence of movements might have in-
duced agency over the virtual body, which is a major component
of embodiment [45, 68].

5.2 What is asynchrony doing that it is not
supposed to

While asynchrony does not necessarily break the illusion of body
ownership, it brings a handful of side effects that we were unaware
of and have not seen reported elsewhere.

First, we observed that asynchronous conditions often influ-
ence how participants move. Participants routinely tried to mimic
the movements of the asynchronous bodies and synchronize with
them by slowing down the body in the delay condition, producing
more movements in the dislocated condition, and imitating the
prerecorded body. Some participants stopped moving at all in the
asynchronous conditions. Developments in cognitive load theory
suggest that movements and their amplitude influence cognitive
load [89]. As body ownership experiments sometimes investigate
effects on cognitive abilities [e.g., 4, 6, 73], the heightened cognitive
load might confound the experimental outcomes.

Second, we found that attention is influenced by the asynchro-
nous condition. The think-aloud study showed that in the asyn-
chronous conditions, participants were trying to make sense of
the asynchronous movements and focused on understanding the
correlation between their and the avatar’s movements rather than
on the features of a virtual avatar. In addition, the crowdsourced
study showed significantly different ratings on the appearance of
the avatar, even though the avatar model was the same for all par-
ticipants. VR experiments routinely study how visual features of
the avatar influence behaviour and attitudes [4, 73, 77], and a shift
of attention from and to these visual features might confound the
results of the experiments.

Third, we found that the experience of the asynchronous body is
worse compared to the synchronous conditions. This means that
participants assigned to asynchronous conditions might be occu-
pied with their discomfort, and resulting negative emotions, which
can distract them from the main task in the experiment. Addition-
ally, we found that the scores on user experience correlated with
the scores on embodiment in Study 1. This suggests that user expe-
rience can contribute to or explain the experience of embodiment.

Finally, asynchronous conditions might be a source of demand
characteristics – experimental confound that occurs when charac-
teristics of the experimental design may hint the ‘correct’ answer
that the experimenter is looking for and influence participant’s
responses [72]. As Lush [61] cautioned, contrasting synchronous
and asynchronous conditions in embodiment studies gives a good
hint to participants about what the study is aiming to test. Par-
ticipants can guess that the asynchronized body should result in
lower embodiment scores than the synchronized body [61]. Even in
between-participants studies, the combination of the asynchronous
condition with a questionnaire on body ownership might make
participants understand that the intention of the manipulation is to
induce low body ownership scores. Lush et al. [62] showed that in
synchronous and asynchronous conditions, participants implicitly
know how to respond in each case to match the expectation of the
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researcher, and concluded that asynchronous condition does not
serve as an adequate control in embodiment studies.

5.3 What asynchrony tells us about the validity
of body ownership studies?

The issues related to asynchronous conditions outlined above are
critical to the validity of studies investigating ownership of syn-
chronous bodies.

Our results showed that asynchronous conditions do not guar-
antee disruption of embodiment. Therefore, we cannot be certain
that the effects observed in embodiment studies are due to the body
ownership illusion. This is particularly relevant for studies that
implement asynchrony as a delay of movements. Notably, in Study
1, the delay did not result in a significant difference in embodiment
with the synchronized condition, even though the delay of the
avatar movements was twice as long as the highest delay we found
in the literature [34, 98]. The non-replication of the disruption
of embodiment in the delayed condition might stem from within-
subjects designs in the reviewed studies, suggesting the potential
presence of demand characteristics effects [38, 61]. In contrast, our
study was between-subject. Moreover, none of the reviewed studies
used validated questionnaires.

Our results also hint that the measures used in the studies on
body ownership might be problematic. In both studies, we included
a synchronous condition as a control. The mean embodiment score
(measured from -3 to 3) in the synchronous condition in Study 1 was
not significantly different from zero (𝑡 = −0.004, 𝑝 = 0.996). Even
though the score was significantly different from the prerecorded
and dislocated conditions, taking it in isolation, it is relatively low,
and the conclusion that the effects in embodiment studies are caused
by the body ownership illusion might be an overstatement. While
our synchronization implementation (limited to the upper body)
may partly explain these responses, similar findings have been
observed in studies examining full-body embodiment [68]. Addi-
tionally, the experiences of the synchronous body as expressed in
the laboratory study are very different from what is asked in the
commonly used questionnaire on embodiment [68, 76]. The avatar
embodiment questionnaire [76] has questions that concern the pro-
cess of the real body turning into the avatar body, taking the VR
embodiment as a process developing over time. We did not observe
any such experiences in the think-aloud study. Instead, participants
reflected on the accuracies of movements, the potential utility of
the body, and the perspective-view on the body, which appear to be
important for the sense of embodiment but not captured in any of
the embodiment questionnaires commonly used [e.g., 18, 23, 76, 85].
We suggest an in-depth examination of the questionnaires currently
used to assess embodiment in VR.

Finally, we found that all participants in the think-aloud study
were testing the visuo-tactile correspondence by touching them-
selves and reflecting on the correspondence of self-touch with the
movements of the avatar. Even though visuo-motor integration is
considered to be the most effective manipulation to induce body
ownership [68], the question of whether visuo-motor integration
exists in isolation arises. Perhaps multisensory integration with
visuo-motor congruence, is never isolated from the tactile modality.

5.4 How to control the validity of embodiment
studies?

The question of how to control the validity of body ownership
studies is complicated. To highlight its complexity, we want to once
more reflect back on the rubber hand illusion study [10]. The is-
sue with the direct adoption of asynchronous conditions from the
rubber hand illusion is the difference in the causal mechanism the-
orized and tested in RHI and VR studies. In RHI, the asynchronous
condition was used to show that the embodiment illusion occurs
because of multisensory integration. When the visual and tactile
stimuli were not integrated, the illusion did not occur. In studies on
body ownership in VR, the experimental design is generally more
complicated. The multisensory integration is used to claim that a
certain body has an effect on some third dependent variable, and
this effect works through the body ownership illusion. Thus, body
ownership is not a dependent variable but rather a mediator for the
main effect. By disrupting multisensory integration in body owner-
ship VR experiments, the authors usually do not claim the successful
or unsuccessful body ownership illusion (like in the RHI). Instead,
they claim that the body ownership illusion has an influence on
behaviour, attitudes, or other dependent variables measured. How-
ever, as we showed, the disruption of multisensory integration in
the visuo-motor scenario does not necessarily lead to the absence
of body ownership, making the validity of much contemporary
empirical and theoretical work on embodiment questionable.

Out of the implementations of the asynchronous condition we
explored, the results clearly indicate that the prerecorded condition
is the most effective intervention to disrupt embodiment. However,
we are cautious to establish it as a golden standard. First, we ob-
served the tendency of participants to imitate the movements of
the asynchronous body in this condition. Second, the prerecorded
condition renders the lowest user experience. Third, the synchro-
nization of the head and first-person perspective view does not
allow for a full disconnection from the avatar for some participants.

As the camera must be synchronized with the participant’s head
movements, achieving complete asynchrony of the avatar from a
first-person perspective is not possible. A complete disruption of
BOI appears unattainable with a synchronous camera view. This
is because self-location is inherently tied to the perceived origin
of an egocentric visuo-spatial perspective [21, 37]. Although it is
possible to introduce asynchrony between head movements and
the camera view, this mismatch between visual and vestibular cues
may lead to virtual sickness [36]. Full avatar asynchronisation is
possible when observing the avatar from third-person perspective.
However, fist-person-perspective enhances the sense of virtual em-
bodiment and makes the experience of owning a virtual body more
realistic [33, 65, 80, 91]. Consequently, shifting the avatar to a third-
person perspective can weaken the embodiment illusion. Moreover,
an asynchronous avatar viewed from third-person perspective may
not be interpreted as a disruption of embodiment but rather as the
presence of another person in the scene.

The main premise of VR embodiment experiments is to test
the effects of a particular body on some third variable. The control,
therefore, does not have to be an absence of body ownership illusion.
Instead, it could be a body that is as much as possible similar to
the real body of the participants (which is, following the recent
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developments of VR, should be possible [e.g., 60]). Another way to
control the effects of having a body is to introduce a condition in
which participants have no body or have some body that visually
has nothing to do with the hypothesis tested. An example of such
control is a study that explored the effect of a black-skinned avatar
on racial bias [77]. In this study, an avatar with purple skin was
included as a control.

If an asynchronous avatar is still the best choice, the way it
is used should be considered. In both the think-aloud and crowd-
sourced studies, we aimed to replicate a typical experiment on body
ownership in VR. Participants were not given any specific tasks
while experiencing the virtual body, except for suggested stretch-
ing exercises designed to help them explore the possibilities of the
virtual body [e.g., 4–7]. The possibilities of interacting with the
environment were also restricted. However, the normal experience
of having a real body suggests the use of the body for interact-
ing with the world around. This was reflected in reports from the
think-aloud study, where participants tried to evaluate the asyn-
chronous bodies in terms of functionality, reflecting on whether the
delayed body would be effective for, for example, grabbing a cup
or interacting with a UI. Including a task or creating an interactive
environment might create a more natural experience of having a
body. Additionally, it can remove the confound that participants try
to mimic the prerecorded body, which may lead to the maintenance
of the body ownership illusion. With a task, participants likely will
not have a willingness to repeat the prerecorded avatar.

Finally, synchronous and asynchronous conditions are usually
contrasted as conditions in which participants experience and do
not experience embodiment correspondingly. This approach treats
embodiment as a binary concept: you either have a body, or you
do not have it. Meanwhile, the embodiment is measured with a
continuous scale (i.e., from -3 to 3 in the Avatar Embodiment Ques-
tionnaire [76]). Thus, rather than contrasting synchronous and
asynchronous conditions, the embodiment score could be included
in the analysis as a covariate.

5.5 Limitations
Each concept in our conceptual scheme can be realized through
multiple implementations. For example, for temporal asynchrony,
the length of delay can be altered, and movements can be predicted
instead of delayed [42]. Prerecorded implementation may include
variantions of movements, as well as multiple strategies for dislocat-
ing movements of participants exist. We tested one implementation
for each concept, aiming to capture their conceptual variability.
However, our interpretation of the results is inherently limited to
the specific implementations used in this study.

We did not use a mirror in our study, as the presence of virtual
mirrors, despite their common use, was reported to have a limited
to negative effect on body ownership [68]. Mirrors make the visual
discrepancy between the person and the avatar more noticeable,
and make the avatar’s static face apparent [68]. Whether the use
of mirrors in body ownership experiments is useful, is an ongoing
scholarly discussion [68]. The use of mirrors also raises specific
questions in the context of asynchronous avatars. Our study out-
lined that seeing the body from a first-person perspective may be
an important factor in building a connection with the avatar. Even

in the prerecorded condition, participants reported that their mind
was enclosed in a virtual body. Some thought that the body gen-
erated actions based on their speech, and felt a connection with
the body. Having a mirror with an asynchronously moving body
might influence this connection. Anecdotally, our findings suggest
a shift of attention from features of the body to the action happen-
ing in the mirror. Additionally, it may lead to the feeling of the
presence of a third person in the scene, which is evidenced in how
participants relate to asynchronous bodies in the mirrors in existing
research [4, 6]. The illusion of having a third person in the scene
might serve as a confounding contextual variable, as social theo-
ries attest that being observed by other people influences behavior,
attitudes, and presence [3, 8, 29]. Therefore, mirrors may serve as a
possible confound in body ownership experiments. However, given
that about half of virtual embodiment studies use mirrors in the
induction phase [68], future work may deepen the understanding of
asynchronous body perception by adding its display in the mirror.

In our study, we relied solely on upper-body tracking, instructing
participants to maintain a static pose and refrain from moving
their legs. This approach was chosen due to hardware limitations
that prevented leg tracking. The simplistic setup allowed us to
crowdsource the study with higher internal control. By limiting
movement, we reduced the risk of confounding variables introduced
by user motion. However, participants could not explore the body
to the same extend as they would in real life. To fully understand
the experience of synchronous and asynchronous avatars, it would
be worthwhile to study full-body synchronization in future work.

For measuring participants’ experience of the embodiment il-
lusion, we relied on questionnaires [76] and think-aloud reports.
Both methods are subjective self-reports about the experience, and
conclusions from them should be drawn with caution [62]. Partici-
pants’ reports might be influenced by the abovementioned demand
characteristics [38, 61, 62]. In the rubber hand illusion, the fact that
participants experienced the embodiment illusion is objectively
validated with proprioceptive drift (a measure of how far away par-
ticipant feels their own hand has moved from the fake hand) [10].
In visuo-motor VR research, even though objective measures for
embodiment have been suggested (e.g., response to a threat [27]
or skin conductance [93]), they are rarely used, and their validity
is questionable [62]. Therefore, we did not validate the presence
of the body ownership illusion in participants. Future work could
benefit from developing validated ways of measuring embodiment
objectively or using recently develped psychometric investigations
of virtual embodiment [16].

For Study 2 we recruited novices, whereas Study 1 was crowd-
sourced using existing VR users’ own headsets. Employing expe-
rienced VR users through crowdsourcing allowed us to achieve
statistical power. Also, we considered that recruiting participants
with substantial VR experience was appropriate for Study 1, as
our focus was on the effectiveness of asynchrony in disrupting
the illusion of virtual body ownership—a phenomenon that should
occur regardless of prior VR experience. In Study 2, our goal was to
capture participants’ unfiltered experiences of asynchrony while
minimizing comparisons to prior VR use.

There was a gender imbalance among participants in Study 1. We
fitted a set of linear regressions to test if gender had an interaction
effect on the main effects in the study. None of the interaction terms
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between gender and condition yielded significant for any of the
dependent variables. We therefore have no evidence to suggest that
the effects of the condition are unique for males and females. The
results of the regression analysis are presented in OSF.

We did not collect data on participants’ body mass index or skin
color, which could influence the degree of appearance discrepancy
between their real body and the virtual body, potentially varying
across participants. We used the same avatar for all participants.
Research indicates that it is possible to induce embodiment of a
body that differs significantly from one’s own [e.g., 4, 77], and that
an avatar’s similarity to the user does not significantly impact the
sense of virtual embodiment [85].

6 Conclusion
In this paper, we conducted two studies to understand whether
asynchronous conditions, routinely used in body ownership stud-
ies, work as intended. In a crowdsourced quantitative studywith 202
participants, we found that various implementations of asynchrony
lead to systematically different scores on the embodiment and user
experience, rendering different implementations of asynchrony
not commensurable. Prerecorded movements were the most effec-
tive in distorting embodiment but also resulted in the lowest user
experience. Sixteen participants in a think-aloud study revealed
that the experience of asynchronous conditions is complex and
brings unexpected side effects that might confound experimental
outcomes.We found that asynchronous conditions produce peculiar
and emotionally vivid experiences that capture participants’ atten-
tion, influence their movements, and might increase cognitive load.
Moreover, asynchrony can sometimes reinforce, rather than distort,
the sense of embodiment, as participants may inadvertently imitate
the movements of asynchronous bodies to maintain a connection
with the avatar. We conclude that the current use of asynchrony
does not serve as an adequate control in embodiment experiments
in VR. In light of this, our findings cast doubt over the validity
and interpretation of VR body ownership studies. We discuss the
questions that our findings raised about studies on body ownership
and avenues of how the validity of experiments on body ownership
can be increased.

References
[1] Michel Akselrod, Bogdan Vigaru, Julio Duenas, Roberto Martuzzi, James S. Sulzer,

Andrea Serino, Olaf Blanke, and Roger Gassert. 2021. Contribution of interaction
force to the sense of hand ownership and the sense of hand agency. Scientific
Reports 11 (2021), 1–18. doi:10.1038/s41598-021-97540-9

[2] R.S. Allison, L.R. Harris, M. Jenkin, U. Jasiobedzka, and J.E. Zacher. 2001. Tolerance
of temporal delay in virtual environments. In Proceedings IEEE Virtual Reality
2001. Ieee, Yokohama, Japan, 247–254. doi:10.1109/vr.2001.913793

[3] Domna Banakou, Alejandro Beacco, Solène Neyret, Marta Blasco-Oliver, Sofia
Seinfeld, and Mel Slater. 2020. Virtual body ownership and its consequences for
implicit racial bias are dependent on social context. Royal Society Open Science 7,
12 (2020), 201848. doi:10.1098/rsos.201848

[4] Domna Banakou, Raphaela Groten, and Mel Slater. 2013. Illusory ownership of
a virtual child body causes overestimation of object sizes and implicit attitude
changes. Proceedings of the National Academy of Sciences 110, 31 (2013), 12846–
12851. doi:10.1073/pnas.1306779110

[5] Domna Banakou, Parasuram D. Hanumanthu, and Mel Slater. 2016. Virtual
embodiment of white people in a black virtual body leads to a sustained reduction
in their implicit racial bias. Frontiers in Human Neuroscience 10, Article 601 (2016),
12 pages. doi:10.3389/fnhum.2016.00601

[6] Domna Banakou, Sameer Kishore, and Mel Slater. 2018. Virtually being Einstein
results in an improvement in cognitive task performance and a decrease in age
bias. Frontiers in psychology 9 (2018), 917. doi:10.3389/fpsyg.2018.00917

[7] Domna Banakou and Mel Slater. 2014. Body ownership causes illusory self-
attribution of speaking and influences subsequent real speaking. Proceedings of
the National Academy of Sciences 111, 49 (2014), 17678–17683. doi:10.1073/pnas.
1414936111

[8] Frank Biocca, Chad Harms, and Judee K. Burgoon. 2003. Toward a more
robust theory and measure of social presence: review and suggested crite-
ria. Presence: Teleoper. Virtual Environ. 12, 5 (oct 2003), 456–480. doi:10.1162/
105474603322761270

[9] Loën Boban, Lucas Strauss, Hugo Decroix, Bruno Herbelin, and Ronan Boulic.
2023. Unintentional synchronization with self-avatar for upper- and lower-body
movements. Frontiers in Virtual Reality 4 (2023), 1–11. doi:10.3389/frvir.2023.
1073549

[10] M. Botvinick and J. Cohen. 1998. Rubber hands ’feel’ touch that eyes see. Nature
391, 6669 (19 Feb. 1998), 756. doi:10.1038/35784

[11] Niclas Braun, Stefan Debener, Nadine Spychala, Edith Bongartz, Peter Sörös,
Helge H. O. Müller, and Alexandra Philipsen. 2018. The Senses of Agency and
Ownership: A Review. Frontiers in Psychology 9 (2018), 1–17. doi:10.3389/fpsyg.
2018.00535

[12] John Brooke. 1996. SUS: A “quick and dirty” usability scale. InUsability Evaluation
In Industry, Patrick W. Jordan, B. Thomas, Ian Lyall McClelland, and Bernard
Weerdmeester (Eds.). Vol. 189. Taylor & Francis, London, Chapter 21, 189–194.

[13] Dalila Burin, Maria Pyasik, Irene Ronga, Marco Cavallo, Adriana Salatino, and
Lorenzo Pia. 2018. “As long as that is my hand, that willed action is mine”: Timing
of agency triggered by body ownership. Consciousness and Cognition 58 (2018),
186–192. doi:10.1016/j.concog.2017.12.005

[14] Changyeol Choi, Joohee Jun, Jiwoong Heo, and Kwanguk (Kenny) Kim. 2019.
Effects of virtual-avatar motion-synchrony levels on full-body interaction. In
Proceedings of the 34th ACM/SIGAPP Symposium on Applied Computing (Limassol,
Cyprus) (Sac ’19). Association for Computing Machinery, New York, NY, USA,
701–708. doi:10.1145/3297280.3297346

[15] Marcello Costantini and Patrick Haggard. 2007. The rubber hand illusion: Sensi-
tivity and reference frame for body ownership. Consciousness and Cognition 16,
2 (2007), 229–240. doi:10.1016/j.concog.2007.01.001

[16] Cassandra L. Crone and RachelW. Kallen. 2024. Measuring virtual embodiment: A
psychometric investigation of a standardised questionnaire for the psychological
sciences. Computers in Human Behavior Reports 14 (2024), 100422. doi:10.1016/j.
chbr.2024.100422

[17] Hayley Dewe, Janna M. Gottwald, Laura-Ashleigh Bird, Harry Brenton, Marco
Gillies, and Dorothy Cowie. 2022. My Virtual Self: The Role of Movement in
Children’s Sense of Embodiment. IEEE Transactions on Visualization and Computer
Graphics 28, 12 (2022), 4061–4072. doi:10.1109/tvcg.2021.3073906

[18] Martin Dobricki and Stephan de la Rosa. 2013. The Structure of Conscious
Bodily Self-Perception during Full-Body Illusions. PLOS ONE 8, 12 (12 2013), 1–9.
doi:10.1371/journal.pone.0083840

[19] Louise Dupraz, Jessica Bourgin, Lorenzo Pia, Julien Barra, and Michel Guerraz.
2024. Body ownership and kinaesthetic illusions: Dissociated bodily experiences
for distinct levels of body consciousness? Consciousness and Cognition 117 (2024),
103630. doi:10.1016/j.concog.2023.103630

[20] Gerald M Edelman. 2006. Second nature: Brain science and human knowledge. Yale
University Press, UK. doi:10.5860/choice.44-3854

[21] H. Henrik Ehrsson. 2007. The Experimental Induction of Out-of-Body Experi-
ences. Science 317, 5841 (2007), 1048–1048. doi:10.1126/science.1142175

[22] H. Henrik Ehrsson, Charles Spence, and Richard E. Passingham. 2004. That’s
My Hand! Activity in Premotor Cortex Reflects Feeling of Ownership of a Limb.
Science 305, 5685 (2004), 875–877. doi:10.1126/science.1097011

[23] James Coleman Eubanks, Alec G. Moore, Paul A. Fishwick, and Ryan P. McMahan.
2021. A Preliminary Embodiment Short Questionnaire. Frontiers in Virtual Reality
2 (2021), 15 pages. doi:10.3389/frvir.2021.647896

[24] Tiare Feuchtner and Jörg Müller. 2018. Ownershift: Facilitating Overhead In-
teraction in Virtual Reality with an Ownership-Preserving Hand Space Shift. In
Proceedings of the 31st Annual ACM Symposium on User Interface Software and
Technology (Berlin, Germany) (UIST ’18). Association for Computing Machinery,
New York, NY, USA, 31–43. doi:10.1145/3242587.3242594

[25] Pierre-Pascal Forster, Harun Karimpur, and Katja Fiehler. 2022. Demand charac-
teristics challenge effects in embodiment and presence. Scientific Reports 12, 1,
Article 14084 (2022), 15 pages. doi:10.1038/s41598-022-18160-5

[26] Daniel Freeman, Polly Haselton, Jason Freeman, Bernhard Spanlang, Sameer
Kishore, Emily Albery, Megan Denne, Poppy Brown, Mel Slater, and Alecia Nick-
less. 2018. Automated psychological therapy using immersive virtual reality for
treatment of fear of heights: a single-blind, parallel-group, randomised controlled
trial. The Lancet Psychiatry 5, 8 (2018), 625–632. doi:10.1016/S2215-0366(18)30226-
8

[27] Rebecca Fribourg, Evan Blanpied, Ludovic Hoyet, Anatole Lécuyer, and Ferran
Argelaguet. 2021. Does virtual threat harm VR experience?: Impact of threat oc-
currence and repeatability on virtual embodiment and threat response. Computers
and Graphics 100 (2021), 125–136. doi:10.1016/j.cag.2021.07.017

[28] Shaun Gallagher. 2005. How the Body Shapes the Mind. Oxford University Press,
UK. doi:10.1093/0199271941.001.0001

https://doi.org/10.1038/s41598-021-97540-9
https://doi.org/10.1109/vr.2001.913793
https://doi.org/10.1098/rsos.201848
https://doi.org/10.1073/pnas.1306779110
https://doi.org/10.3389/fnhum.2016.00601
https://doi.org/10.3389/fpsyg.2018.00917
https://doi.org/10.1073/pnas.1414936111
https://doi.org/10.1073/pnas.1414936111
https://doi.org/10.1162/105474603322761270
https://doi.org/10.1162/105474603322761270
https://doi.org/10.3389/frvir.2023.1073549
https://doi.org/10.3389/frvir.2023.1073549
https://doi.org/10.1038/35784
https://doi.org/10.3389/fpsyg.2018.00535
https://doi.org/10.3389/fpsyg.2018.00535
https://doi.org/10.1016/j.concog.2017.12.005
https://doi.org/10.1145/3297280.3297346
https://doi.org/10.1016/j.concog.2007.01.001
https://doi.org/10.1016/j.chbr.2024.100422
https://doi.org/10.1016/j.chbr.2024.100422
https://doi.org/10.1109/tvcg.2021.3073906
https://doi.org/10.1371/journal.pone.0083840
https://doi.org/10.1016/j.concog.2023.103630
https://doi.org/10.5860/choice.44-3854
https://doi.org/10.1126/science.1142175
https://doi.org/10.1126/science.1097011
https://doi.org/10.3389/frvir.2021.647896
https://doi.org/10.1145/3242587.3242594
https://doi.org/10.1038/s41598-022-18160-5
https://doi.org/10.1016/S2215-0366(18)30226-8
https://doi.org/10.1016/S2215-0366(18)30226-8
https://doi.org/10.1016/j.cag.2021.07.017
https://doi.org/10.1093/0199271941.001.0001


CHI ’25, April 26–May 01, 2025, Yokohama, Japan Olga Iarygina, Kasper Hornbæk, and Aske Mottelson

[29] Erving Goffman. 1959. The presentation of self in everyday life. Doubleday, USA.
251 pages.

[30] Mar Gonzalez-Franco, Brian Cohn, Eyal Ofek, Dalila Burin, and Antonella Maselli.
2020. The Self-Avatar Follower Effect in Virtual Reality. In 2020 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR). Ieee, Atlanta, GA, USA, 18–25.
doi:10.1109/vr46266.2020.00019

[31] Mar Gonzalez-Franco, Eyal Ofek, Ye Pan, Angus Antley, Anthony Steed, Bernhard
Spanlang, Antonella Maselli, Domna Banakou, Nuria Pelechano, Sergio Orts-
Escolano, Veronica Orvalho, Laura Trutoiu, Markus Wojcik, Maria V. Sanchez-
Vives, Jeremy Bailenson, Mel Slater, and Jaron Lanier. 2020. The Rocketbox
Library and the Utility of Freely Available Rigged Avatars. Frontiers in Virtual
Reality 1 (2020), 1–23. doi:10.3389/frvir.2020.561558

[32] Mar González-Franco, Daniel Pérez-Marcos, Bernhard Spanlang, and Mel Slater.
2010. The contribution of real-time mirror reflections of motor actions on virtual
body ownership in an immersive virtual environment. In 2010 IEEE Virtual Reality
Conference (VR). Ieee, Boston, MA, USA, 111–114. doi:10.1109/vr.2010.5444805

[33] Geoffrey Gorisse, Olivier Christmann, Etienne Armand Amato, and Simon Richir.
2017. First- and Third-Person Perspectives in Immersive Virtual Environments:
Presence and Performance Analysis of Embodied Users. Frontiers in Robotics and
AI 4 (2017), 12 pages. doi:10.3389/frobt.2017.00033

[34] Harin Hapuarachchi, Hiroki Ishimoto, Maki Sugimoto, Masahiko Inami, and
Michiteru Kitazaki. 2022. Embodiment of an Avatar with Unnatural Arm Move-
ments. In 2022 IEEE International Symposium on Mixed and Augmented Reality Ad-
junct (ISMAR-Adjunct). Ieee, Singapore, Singapore, 772–773. doi:10.1109/ISMAR-
Adjunct57072.2022.00163

[35] Morten Hertzum. 2020. Usability Testing: A Practitioner’s Guide to Evaluating
the User Experience. Morgan & Claypool, Vermont, United States. doi:10.2200/
s00987ed1v01y202001hci045

[36] Ping Hu, Qi Sun, Piotr Didyk, Li-Yi Wei, and Arie E. Kaufman. 2019. Reducing
simulator sickness with perceptual camera control. ACM Trans. Graph. 38, 6,
Article 210 (Nov. 2019), 12 pages. doi:10.1145/3355089.3356490

[37] Hsu-Chia Huang, Yen-Tung Lee,Wen-Yeo Chen, and Caleb Liang. 2017. The Sense
of 1PP-Location Contributes to Shaping the Perceived Self-location Together
with the Sense of Body-Location. Frontiers in Psychology 8 (2017), 12 pages.
doi:10.3389/fpsyg.2017.00370

[38] Olga Iarygina, Kasper Hornbæk, and Aske Mottelson. 2025. Demand characteris-
tics in human–computer experiments. International Journal of Human-Computer
Studies 193 (2025), 103379. doi:10.1016/j.ijhcs.2024.103379

[39] Ryota Ito, Nami Ogawa, Takuji Narumi, and Michitaka Hirose. 2019. Do We Have
to Look at theMirror All the Time? Effect of Partial Visuomotor Feedback on Body
Ownership of a Virtual Human Tail. In ACM Symposium on Applied Perception
2019 (Barcelona, Spain) (Sap ’19). Association for Computing Machinery, New
York, NY, USA, Article 8, 9 pages. doi:10.1145/3343036.3343139

[40] Hyuckjin Jang, Taehei Kim, SeoyoungOh, Jeongmi Lee, Sunghee Lee, and SangHo
Yoon. 2022. Sense of Embodiment Inducement for People with Reduced Lower-
body Mobility and Sensations with Partial-Visuomotor Stimulation. In ACM
SIGGRAPH 2022 Emerging Technologies (Vancouver, BC, Canada) (Siggraph ’22).
Association for Computing Machinery, New York, NY, USA, Article 9, 2 pages.
doi:10.1145/3532721.3535568

[41] Andreas Kalckert and H. Henrik Ehrsson. 2014. The moving rubber hand illusion
revisited: Comparing movements and visuotactile stimulation to induce illusory
ownership. Consciousness and Cognition 26 (2014), 117–132. doi:10.1016/j.concog.
2014.02.003

[42] Shunichi Kasahara, Keina Konno, Richi Owaki, Tsubasa Nishi, Akiko Takeshita,
Takayuki Ito, Shoko Kasuga, and Junichi Ushiba. 2017. Malleable Embodiment:
Changing Sense of Embodiment by Spatial-Temporal Deformation of Virtual
Human Body. In Proceedings of the 2017 CHI Conference on Human Factors in
Computing Systems (Denver, Colorado, USA) (CHI ’17). Association for Computing
Machinery, New York, NY, USA, 6438–6448. doi:10.1145/3025453.3025962

[43] Samantha Keenaghan, Lucy Bowles, Georgina Crawfurd, Simon Thurlbeck,
Robert W. Kentridge, and Dorothy Cowie. 2020. My body until proven oth-
erwise: Exploring the time course of the full body illusion. Consciousness and
Cognition 78 (2020), 102882. doi:10.1016/j.concog.2020.102882

[44] Konstantina Kilteni, Jennifer Grau-Sánchez, Misericordia Veciana De Las Heras,
Antoni Rodríguez-Fornells, and Mel Slater. 2016. Decreased Corticospinal Ex-
citability after the Illusion of Missing Part of the Arm. Frontiers in Human
Neuroscience 10 (2016), 1–12. doi:10.3389/fnhum.2016.00145

[45] Konstantina Kilteni, Raphaela Groten, and Mel Slater. 2012. The Sense of Embod-
iment in Virtual Reality. Presence 21, 4 (2012), 373–387. doi:10.1162/pres_a_00124

[46] Konstantina Kilteni, Jean-Marie Normand, Maria V. Sanchez-Vives, andMel Slater.
2012. Extending Body Space in Immersive Virtual Reality: A Very Long Arm
Illusion. Plos One 7, 7 (07 2012), 1–15. doi:10.1371/journal.pone.0040867

[47] Hyun K. Kim, Jaehyun Park, Yeongcheol Choi, and Mungyeong Choe. 2018.
Virtual reality sickness questionnaire (VRSQ): Motion sickness measurement
index in a virtual reality environment. Applied Ergonomics 69 (2018), 66–73.
doi:10.1016/j.apergo.2017.12.016

[48] Elena Kokkinara and Rachel McDonnell. 2015. The Effect of Animation Realism
on Face Ownership and Engagement. In Proceedings of the Facial Analysis and

Animation (Vienna, Austria) (Faa ’15). Association for Computing Machinery,
New York, NY, USA, Article 11, 2 pages. doi:10.1145/2813852.2813863

[49] Elena Kokkinara and Mel Slater. 2014. Measuring the effects through time of the
influence of visuomotor and visuotactile synchronous stimulation on a virtual
body ownership illusion. Perception 43, 1 (2014), 43–58. doi:10.1068/p7545

[50] Ryota Kondo and Maki Sugimoto. 2022. Effects of Body Duplication and Split on
Body Schema. In Proceedings of the Augmented Humans International Conference
2022 (Kashiwa, Chiba, Japan) (AHs ’22). Association for Computing Machinery,
New York, NY, USA, 320–322. doi:10.1145/3519391.3524177

[51] Ryota Kondo, Maki Sugimoto, Masahiko Inami, and Michiteru Kitazaki. 2019.
Scrambled Body: A Method to Compare Full Body Illusion and Illusory Body
Ownership of Body Parts. In 2019 IEEE Conference on Virtual Reality and 3D User
Interfaces (VR). Ieee, Osaka, Japan, 1028–1029. doi:10.1109/vr.2019.8798346

[52] Ryota Kondo, Maki Sugimoto, Kouta Minamizawa, Takayuki Hoshi, Masahiko
Inami, and Michiteru Kitazaki. 2018. Illusory body ownership of an invisible
body interpolated between virtual hands and feet via visual-motor synchronicity.
Scientific reports 8, 1 (2018), 7541. doi:10.1038/s41598-018-25951-2

[53] Ryota Kondo, Maki Sugimoto, Kouta Minamizawa, Masahiko Inami, Michiteru
Kitazaki, and Yamato Tani. 2018. Illusory Body Ownership Between Different
Body Parts: Synchronization of Right Thumb and Right Arm. In 2018 IEEE Con-
ference on Virtual Reality and 3D User Interfaces (VR). Ieee, Tuebingen/Reutlingen,
Germany, 611–612. doi:10.1109/vr.2018.8446282

[54] Ryota Kondo, Yamato Tani, Maki Sugimoto, Masahiko Inami, and Michiteru
Kitazaki. 2020. Scrambled body differentiates body part ownership from the full
body illusion. Scientific reports 10 (2020), 1–11. doi:10.1038/s41598-020-62121-9

[55] Ryota Kondo, Yamato Tani, Maki Sugimoto, Kouta Minamizawa, Masahiko Inami,
and Michiteru Kitazaki. 2020. Re-association of Body Parts: Illusory Ownership
of a Virtual Arm Associated With the Contralateral Real Finger by Visuo-Motor
Synchrony. Frontiers in Robotics and AI 7 (2020), 1–8. doi:10.3389/frobt.2020.00026

[56] Stefania La Rocca, Silvia Gobbo, Giorgia Tosi, Elisa Fiora, and Roberta Daini. 2023.
Look at me now! Enfacement illusion over computer-generated faces. Frontiers
in Human Neuroscience 17 (2023), 1–9. doi:10.3389/fnhum.2023.1026196

[57] Bigna Lenggenhager, Tej Tadi, Thomas Metzinger, and Olaf Blanke. 2007. Video
Ergo Sum: Manipulating Bodily Self-Consciousness. Science 317, 5841 (2007),
1096–1099. doi:10.1126/science.1143439

[58] Danielle Elaine Levac, Meghan E. Huber, and Dagmar Sternad. 2019. Learning and
transfer of complex motor skills in virtual reality: a perspective review. Journal
of NeuroEngineering and Rehabilitation 16, 121 (2019), 1–15. doi:10.1186/s12984-
019-0587-8

[59] Matthew R. Longo, Friederike Schüür, Marjolein P.M. Kammers, Manos Tsakiris,
and Patrick Haggard. 2008. What is embodiment? A psychometric approach.
Cognition 107, 3 (2008), 978–998. doi:10.1016/j.cognition.2007.12.004

[60] Jaime López-Díez. 2021. Metaverse: Year One. Mark Zuckerberg’s video keynote
on Meta (October 2021) in the context of previous and prospective studies on
metaverses. Pensar Public 15, 2 (2021), 299–303. doi:10.5209/pepu.79224

[61] Peter Lush. 2020. Demand characteristics confound the rubber hand illusion.
Collabra: Psychology 6, 1, Article 22 (04 2020), 1-10 pages. doi:10.1525/collabra.325

[62] Peter Lush, Ryan B Scott, Anil K Seth, and Zoltan Dienes. 2021. The Phe-
nomenological Control Scale: Measuring the capacity for creating illusory non-
volition, hallucination and delusion. Collabra: Psychology 7, 1 (2021), 29542.
doi:10.1525/collabra.29542

[63] Massimo Magrini, Olivia Curzio, Marco Tampucci, Gabriele Donzelli, Liliana
Cori, Maria Cristina Imiotti, Sandra Maestro, and Davide Moroni. 2022. Anorexia
nervosa, body image perception and virtual reality therapeutic applications:
State of the art and operational proposal. International Journal of Environmental
Research and Public Health 19, 5 (2022), 2533. doi:10.3390/ijerph19052533

[64] LaraMaister, Mel Slater, Maria V Sanchez-Vives, andManos Tsakiris. 2015. Chang-
ing bodies changes minds: owning another body affects social cognition. Trends
in cognitive sciences 19, 1 (2015), 6–12. doi:10.1016/j.tics.2014.11.001

[65] Antonella Maselli and Mel Slater. 2013. The building blocks of the full body
ownership illusion. Frontiers in Human Neuroscience 7 (2013), 15 pages. doi:10.
3389/fnhum.2013.00083

[66] Maurice Merleau-Ponty. 1962. Phenomenology of perception. Routledge, UK.
[67] Pia Borlund Morten Hertzum and Kristina B. Kristoffersen. 2015. What Do

Thinking-Aloud Participants Say? A Comparison of Moderated and Unmoderated
Usability Sessions. International Journal of Human–Computer Interaction 31, 9
(2015), 557–570. doi:10.1080/10447318.2015.1065691

[68] AskeMottelson, AndreeaMuresan, Kasper Hornbæk, and GuidoMakransky. 2023.
A systematic review and meta-analysis of the effectiveness of body ownership
illusions in virtual reality. ACM Transactions on Computer–Human Interaction 30,
76 (2023), 1–42. doi:10.1145/3590767

[69] AskeMottelson, Clara Vandeweerdt, Michael Atchapero, Tiffany Luong, Christian
Holz, Robert Böhm, and Guido Makransky. 2021. A self-administered virtual
reality intervention increases COVID-19 vaccination intention. Vaccine 39, 46
(2021), 6746–6753. doi:10.1016/j.vaccine.2021.10.004

[70] Jean-Marie Normand, Elias Giannopoulos, Bernhard Spanlang, and Mel Slater.
2011. Multisensory Stimulation Can Induce an Illusion of Larger Belly Size in
Immersive Virtual Reality. Plos One 6, 1 (01 2011), 1–11. doi:10.1371/journal.pone.

https://doi.org/10.1109/vr46266.2020.00019
https://doi.org/10.3389/frvir.2020.561558
https://doi.org/10.1109/vr.2010.5444805
https://doi.org/10.3389/frobt.2017.00033
https://doi.org/10.1109/ISMAR-Adjunct57072.2022.00163
https://doi.org/10.1109/ISMAR-Adjunct57072.2022.00163
https://doi.org/10.2200/s00987ed1v01y202001hci045
https://doi.org/10.2200/s00987ed1v01y202001hci045
https://doi.org/10.1145/3355089.3356490
https://doi.org/10.3389/fpsyg.2017.00370
https://doi.org/10.1016/j.ijhcs.2024.103379
https://doi.org/10.1145/3343036.3343139
https://doi.org/10.1145/3532721.3535568
https://doi.org/10.1016/j.concog.2014.02.003
https://doi.org/10.1016/j.concog.2014.02.003
https://doi.org/10.1145/3025453.3025962
https://doi.org/10.1016/j.concog.2020.102882
https://doi.org/10.3389/fnhum.2016.00145
https://doi.org/10.1162/pres_a_00124
https://doi.org/10.1371/journal.pone.0040867
https://doi.org/10.1016/j.apergo.2017.12.016
https://doi.org/10.1145/2813852.2813863
https://doi.org/10.1068/p7545
https://doi.org/10.1145/3519391.3524177
https://doi.org/10.1109/vr.2019.8798346
https://doi.org/10.1038/s41598-018-25951-2
https://doi.org/10.1109/vr.2018.8446282
https://doi.org/10.1038/s41598-020-62121-9
https://doi.org/10.3389/frobt.2020.00026
https://doi.org/10.3389/fnhum.2023.1026196
https://doi.org/10.1126/science.1143439
https://doi.org/10.1186/s12984-019-0587-8
https://doi.org/10.1186/s12984-019-0587-8
https://doi.org/10.1016/j.cognition.2007.12.004
https://doi.org/10.5209/pepu.79224
https://doi.org/10.1525/collabra.325
https://doi.org/10.1525/collabra.29542
https://doi.org/10.3390/ijerph19052533
https://doi.org/10.1016/j.tics.2014.11.001
https://doi.org/10.3389/fnhum.2013.00083
https://doi.org/10.3389/fnhum.2013.00083
https://doi.org/10.1080/10447318.2015.1065691
https://doi.org/10.1145/3590767
https://doi.org/10.1016/j.vaccine.2021.10.004
https://doi.org/10.1371/journal.pone.0016128
https://doi.org/10.1371/journal.pone.0016128


Does Random Movements mean Random Results? CHI ’25, April 26–May 01, 2025, Yokohama, Japan

0016128
[71] Nami Ogawa, Yuki Ban, Sho Sakurai, Takuji Narumi, Tomohiro Tanikawa, and

Michitaka Hirose. 2016. Metamorphosis Hand: Dynamically Transforming Hands.
In Proceedings of the 7th Augmented Human International Conference 2016 (Geneva,
Switzerland) (Ah ’16). Association for Computing Machinery, New York, NY, USA,
Article 51, 2 pages. doi:10.1145/2875194.2875246

[72] Martin T. Orne. 1962. On the social psychology of the psychological experi-
ment: With particular reference to demand characteristics and their implications.
American Psychologist 17, 11 (1962), 776–783.

[73] Sofia Adelaide Osimo, Rodrigo Pizarro, Bernhard Spanlang, and Mel Slater. 2015.
Conversations between self and self as Sigmund Freud–A virtual body ownership
paradigm for self counselling. Scientific Reports 5 (2015), 1–14. doi:10.1038/s41598-
019-46877-3

[74] Akimi Oyanagi and Ren Ohmura. 2019. Transformation to a bird: overcoming
the height of fear by inducing the proteus effect of the bird avatar. In Proceedings
of the 2nd International Conference on Image and Graphics Processing (Singapore,
Singapore) (Icigp ’19). Association for Computing Machinery, New York, NY,
USA, 145–149. doi:10.1145/3313950.3313976

[75] Francesco Pavani and Massimiliano Zampini. 2007. The Role of Hand Size in the
Fake-Hand Illusion Paradigm. Perception 36, 10 (2007), 1547–1554. doi:10.1068/
p5853

[76] Tabitha C Peck and Mar Gonzalez-Franco. 2021. Avatar embodiment. A standard-
ized questionnaire. Frontiers in Virtual Reality 1 (2021), 575943. doi:10.3389/frvir.
2020.575943

[77] Tabitha C. Peck, Sofia Seinfeld, Salvatore M. Aglioti, and Mel Slater. 2013. Putting
yourself in the skin of a black avatar reduces implicit racial bias. Consciousness
and Cognition 22, 3 (2013), 779–787. doi:10.1016/j.concog.2013.04.016

[78] Sylvain Penaud, Delphine Yeh, Alexandre Gaston-Bellegarde, and P. Piolino.
2023. The role of bodily self-consciousness in episodic memory of naturalistic
events: an immersive virtual reality study. Scientific Reports 13 (2023), 1–13.
doi:10.1038/s41598-023-43823-2

[79] Valeria I. Petkova and H. Henrik Ehrsson. 2008. If I Were You: Perceptual Illusion
of Body Swapping. Plos One 3, 12 (12 2008), 1–9. doi:10.1371/journal.pone.0003832

[80] Valeria I. Petkova, Mehrnoush Khoshnevis, and H. Henrik Ehrsson. 2011. The
Perspective Matters! Multisensory Integration in Ego-Centric Reference Frames
Determines Full-Body Ownership. Frontiers in Psychology 2 (2011), 7 pages.
doi:10.3389/fpsyg.2011.00035

[81] Grégoire Richard, Thomas Pietrzak, Ferran Argelaguet, Anatole Lécuyer, and
Géry Casiez. 2022. Within or Between? Comparing Experimental Designs for
Virtual Embodiment Studies. In 2022 IEEE Conference on Virtual Reality and 3D
User Interfaces (VR). Ieee, Christchurch, New Zealand, 186–195. doi:10.1109/
vr51125.2022.00037

[82] Martin Riemer, Dieter Kleinböhl, Rupert Hölzl, and Jörg Trojan. 2013. Action and
perception in the rubber hand illusion. Experimental brain research 229 (2013),
383–393. doi:10.1007/s00221-012-3374-3

[83] Martin Riemer, Jörg Trojan, Marta Beauchamp, and Xaver Fuchs. 2019. The
rubber hand universe: On the impact of methodological differences in the rubber
hand illusion. Neuroscience & Biobehavioral Reviews 104 (2019), 268–280. doi:10.
1016/j.neubiorev.2019.07.008

[84] Daniele Romano, Elisa Caffa, Alejandro Hernandez-Arieta, Peter Brugger, and
Angelo Maravita. 2015. The robot hand illusion: Inducing proprioceptive drift
through visuo-motor congruency. Neuropsychologia 70 (2015), 414–420. doi:10.
1016/j.neuropsychologia.2014.10.033

[85] Daniel Roth and Marc Erich Latoschik. 2020. Construction of the Virtual Embod-
iment Questionnaire (VEQ). IEEE Transactions on Visualization and Computer
Graphics 26, 12 (2020), 3546–3556. doi:10.1109/TVCG.2020.3023603

[86] Gayani Samaraweera, Alex Perdomo, and John Quarles. 2015. Applying latency
to half of a self-avatar’s body to change real walking patterns. In 2015 IEEE Virtual
Reality (VR). Ieee, Arles, France, 89–96. doi:10.1109/vr.2015.7223329

[87] Maria V Sanchez-Vives, Bernhard Spanlang, Antonio Frisoli, Massimo Bergam-
asco, and Mel Slater. 2010. Virtual hand illusion induced by visuomotor correla-
tions. PloS one 5, 4 (2010), e10381. doi:10.1371/journal.pone.0010381

[88] Valentin Schwind, David Halbhuber, Jakob Fehle, Jonathan Sasse, Andreas Pfaf-
felhuber, Christoph Tögel, Julian Dietz, and Niels Henze. 2020. The Effects of
Full-Body AvatarMovement Predictions in Virtual Reality using Neural Networks.
In Proceedings of the 26th ACM Symposium on Virtual Reality Software and Tech-
nology (Virtual Event, Canada) (Vrst ’20). Association for Computing Machinery,
New York, NY, USA, Article 28, 11 pages. doi:10.1145/3385956.3418941

[89] Stoo Sepp, Steven J Howard, Sharon Tindall-Ford, Shirley Agostinho, and Fred
Paas. 2019. Cognitive load theory and human movement: Towards an integrated
model of working memory. Educational Psychology Review 31 (2019), 293–317.
doi:10.1007/S10648-019-09461-9

[90] Mel Slater, Xavi Navarro, Jose Valenzuela, Ramon Oliva, Alejandro Beacco, Jacob
Thorn, and Zillah Watson. 2018. Virtually being lenin enhances presence and
engagement in a scene from the russian revolution. Frontiers in Robotics and AI
5 (2018), 91. doi:10.3389/frobt.2018.00091

[91] Mel Slater, Bernhard Spanlang, Maria V. Sanchez-Vives, and Olaf Blanke. 2010.
First Person Experience of Body Transfer in Virtual Reality. Plos One 5, 5 (05

2010), 1–9. doi:10.1371/journal.pone.0010564
[92] William Steptoe, Anthony Steed, and Mel Slater. 2013. Human Tails: Ownership

and Control of Extended Humanoid Avatars. IEEE Transactions on Visualization
and Computer Graphics 19, 4 (2013), 583–590. doi:10.1109/tvcg.2013.32

[93] Gaetano Tieri, Emmanuele Tidoni, Enea Francesco Pavone, and Salvatore Maria
Aglioti. 2015. Body visual discontinuity affects feeling of ownership and skin
conductance responses. Scientific reports 5, 1 (2015), 17139. doi:10.1038/srep17139

[94] Manos Tsakiris and Patrick Haggard. 2005. The rubber hand illusion revisited:
visuotactile integration and self-attribution. Journal of experimental psychology.
Human perception and performance 31 1 (2005), 80–91. doi:10.1037/0096-1523.31.
1.80

[95] Loes C. J. van Dam and Joey R. Stephens. 2018. Effects of prolonged exposure to
feedback delay on the qualitative subjective experience of virtual reality. PLOS
ONE 13, 10 (10 2018), 1–20. doi:10.1371/journal.pone.0205145

[96] Björn Van Der Hoort, Arvid Guterstam, and H Henrik Ehrsson. 2011. Being
Barbie: the size of one’s own body determines the perceived size of the world.
PloS one 6, 5 (2011), e20195. doi:10.1371/journal.pone.0020195

[97] Thomas Waltemate, Irene Senna, Felix Hülsmann, Marieke Rohde, Stefan Kopp,
Marc Ernst, and Mario Botsch. 2016. The impact of latency on perceptual judg-
ments and motor performance in closed-loop interaction in virtual reality. In
Proceedings of the 22nd ACM Conference on Virtual Reality Software and Technol-
ogy (Munich, Germany) (Vrst ’16). Association for Computing Machinery, New
York, NY, USA, 27–35. doi:10.1145/2993369.2993381

[98] Marieke L Weijs, Elle Macartney, Moritz M Daum, and Bigna Lenggenhager.
2021. Development of the bodily self: Effects of visuomotor synchrony and
visual appearance on virtual embodiment in children and adults. Journal of
Experimental Child Psychology 210 (2021), 105200. doi:10.1016/j.jecp.2021.105200

[99] Ye Yuan and Anthony Steed. 2010. Is the rubber hand illusion induced by immer-
sive virtual reality?. In 2010 IEEE Virtual Reality Conference (VR). Ieee, Boston,
MA, USA, 95–102. doi:10.1109/vr.2010.5444807

https://doi.org/10.1371/journal.pone.0016128
https://doi.org/10.1145/2875194.2875246
https://doi.org/10.1038/s41598-019-46877-3
https://doi.org/10.1038/s41598-019-46877-3
https://doi.org/10.1145/3313950.3313976
https://doi.org/10.1068/p5853
https://doi.org/10.1068/p5853
https://doi.org/10.3389/frvir.2020.575943
https://doi.org/10.3389/frvir.2020.575943
https://doi.org/10.1016/j.concog.2013.04.016
https://doi.org/10.1038/s41598-023-43823-2
https://doi.org/10.1371/journal.pone.0003832
https://doi.org/10.3389/fpsyg.2011.00035
https://doi.org/10.1109/vr51125.2022.00037
https://doi.org/10.1109/vr51125.2022.00037
https://doi.org/10.1007/s00221-012-3374-3
https://doi.org/10.1016/j.neubiorev.2019.07.008
https://doi.org/10.1016/j.neubiorev.2019.07.008
https://doi.org/10.1016/j.neuropsychologia.2014.10.033
https://doi.org/10.1016/j.neuropsychologia.2014.10.033
https://doi.org/10.1109/TVCG.2020.3023603
https://doi.org/10.1109/vr.2015.7223329
https://doi.org/10.1371/journal.pone.0010381
https://doi.org/10.1145/3385956.3418941
https://doi.org/10.1007/S10648-019-09461-9
https://doi.org/10.3389/frobt.2018.00091
https://doi.org/10.1371/journal.pone.0010564
https://doi.org/10.1109/tvcg.2013.32
https://doi.org/10.1038/srep17139
https://doi.org/10.1037/0096-1523.31.1.80
https://doi.org/10.1037/0096-1523.31.1.80
https://doi.org/10.1371/journal.pone.0205145
https://doi.org/10.1371/journal.pone.0020195
https://doi.org/10.1145/2993369.2993381
https://doi.org/10.1016/j.jecp.2021.105200
https://doi.org/10.1109/vr.2010.5444807

	Abstract
	1 Introduction
	2 Background
	2.1 Origins of the asynchronous condition
	2.2 Asynchronous conditions in VR research
	2.3 How asynchrony is typically done in VR
	2.4 The conceptual scheme of asynchronously moving bodies in VR
	2.5 Summary

	3 Study 1: How asynchrony affects embodiment, user experience, and sickness
	3.1 Method
	3.2 Participants
	3.3 Apparatus
	3.4 Procedure
	3.5 Analysis and results
	3.6 Summary

	4 Study 2: How do people experience asynchrony
	4.1 Method
	4.2 Participants
	4.3 Apparatus
	4.4 Procedure
	4.5 Analysis
	4.6 Results

	5 Discussion
	5.1 What is asynchrony supposed to do, but does not?
	5.2 What is asynchrony doing that it is not supposed to
	5.3 What asynchrony tells us about the validity of body ownership studies?
	5.4 How to control the validity of embodiment studies?
	5.5 Limitations

	6 Conclusion
	References

