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Abstract

Evidence from multisensory body illusions suggests that body representations may be malleable, for instance, by embodying
external objects. However, adjusting body representations to current task demands also implies that external objects become
disembodied from the body representation if they are no longer required. In the current web-based study, we induced the
embodiment of a two-dimensional (2D) virtual hand that could be controlled by active movements of a computer mouse or on
a touchpad. Following initial embodiment, we probed for disembodiment by comparing two conditions: Participants either
continued moving the virtual hand or they stopped moving and kept the hand still. Based on theoretical accounts that concep-
tualize body representations as a set of multisensory bindings, we expected gradual dissmbodiment of the virtual hand if the body
representations are no longer updated through correlated visuomotor signals. In contrast to our prediction, the virtual hand was
instantly disembodied as soon as participants stopped moving it. This result was replicated in two follow-up experiments. The
observed instantaneous disembodiment might suggest that humans are sensitive to the rapid changes that characterize action and

body in virtual environments, and hence adjust corresponding body representations particularly swiftly.
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Introduction

The experience of having a “self” is intrinsically linked to the
experience of having a body. Our bodies enable us to interact
with our environment and to perceive ourselves as individual
agents (Gallagher, 2000). A physical body, however, is

Significance statement The experience and representation of one’s own
body is malleable due to current sensorimotor experience. Whereas the
embodiment of external entities into body representation has been studied
extensively, little is known about the mechanisms underlying
disembodiment. The current study suggests that body representations
can be quickly adjusted to changing task demands by instantly
disembodying a previously embodied virtual object that is no longer
relevant to task performance. These findings highlight challenges for
applying virtual embodiment in clinical settings or gaming, which
typically aim at establishing a sustained embodiment experience.
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limited to interactions within the physical world, whereas
modern technology also enables interactions in virtual
environments.

How does the “self” adapt to such virtual interactions?
Evidence from experiments using multisensory body illusions
suggests that body representations are not set in stone but can
be flexibly adjusted based on recent multisensory experiences
(e.g., Botvinick & Cohen, 1998; Ehrsson et al., 2004; Makin
et al., 2008; Tsakiris & Haggard, 2005).

In a seminal study, participants were seated with both hands
resting on a table in front of them. One hand was hidden behind
a screen, while a rubber hand was placed in an anatomically
plausible position in front of the participant (Botvinick &
Cohen, 1998). The real occluded hand and the rubber hand were
stroked with a paintbrush either simultaneously (synchronous
condition) or by introducing a short time delay (asynchronous
condition). After participants experienced several minutes of
synchronous visuotactile stimulation, they reported feeling as
if the rubber hand was their own hand. This feeling was absent
in the asynchronous condition. The authors suggested that own-
ership of the rubber hand occurred in the synchronous but not in
the asynchronous condition because visual, tactile, and proprio-
ceptive signals were correlated only in the former but not in the
latter. The demonstration of the rubber hand illusion shows that
the formation of body representations is based on integrating
correlated multisensory signals (e.g., Ehrsson et al., 2004;
Makin et al., 2008; Tsakiris & Haggard, 2005).
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Feelings of embodiment of an artificial hand — i.e., the illu-
sory experience that the rubber hand is a part of the person’s
own body — have been replicated for different combinations of
correlated multisensory signals (e.g., Dummer et al., 2009;
Ehrsson et al., 2005; Kalckert & Ehrsson, 2012, 2014) and
for virtual instead of artificial physical limbs (e.g., Kokkinara
& Slater, 2014; Perez-Marcos et al., 2009; Sanchez-Vives et al.,
2010). Furthermore, the use of augmented and virtual reality
techniques also enabled full-body illusions, which aim at ex-
perimentally manipulating the representation of the whole body
(e.g., Lenggenhager et al., 2007; Maselli & Slater, 2013;
Petkova & Ehrsson, 2008). Based on results from partial and
full body illusions, three main components of embodiment
have been suggested: the experience of the body and its parts
as belonging to oneself (self-identification or body ownership),
the experience of the self and the body as being at the same
location (self-location), and the experience that the world is
perceived from the viewpoint of the owned body (first-person
perspective; Blanke, 2012; Blanke & Metzinger, 2009; Maselli
& Slater, 2013).

In partial body illusions, congruent multisensory stimula-
tion seems to be necessary for the embodiment of the artificial
body part (Botvinick & Cohen, 1998; Kalckert & Ehrsson,
2014; Tsakiris & Haggard, 2005). However, the embodiment
of a whole virtual body can occur only by looking at a plau-
sible virtual body even without the experience of correlated
tactile or motor signals (Maselli & Slater, 2013).

Thus, if embodiment of external objects is regarded as a
continuum from low anatomical plausibility, as in the case of
body-external tools, to high anatomical plausibility, as in the
case of embodiment for realistic virtual bodies, then the need
for congruent multisensory stimulation to induce the illusion
should increase as the anatomical plausibility of the external
object decreases (Maselli & Slater, 2013; Samad et al., 2015).
This assumption of an interaction between top-down and
bottom-up processing is supported by two types of evidence.
First, a humanoid shape and an anatomically plausible posi-
tion are critical constraints for the embodiment of external
physical or virtual objects (Petkova & Ehrsson, 2008;
Tsakiris et al., 2010; Tsakiris & Haggard, 2005). Second, for
tools and other non-corporeal objects, embodiment can occur
despite low anatomical plausibility of these objects (Liesner
et al., 2021; Maravita et al., 2003; Schettler et al., 2019).
However, for embodiment to emerge for anatomically less
plausible objects or non-corporeal objects, congruent multi-
sensory stimulation must be supplemented by the experience
of actively controlling the object (agency; e.g., Asai, 2016;
Brugada-Ramentol et al., 2019; Cardinali et al., 2009;
Kirsch et al., 2016; Liesner, Kirsch, Pfister, & Kunde,
2020b; Ma & Hommel, 2015a, 2015b; Short & Ward,
2009). Moreover, findings from several studies suggest that
not only the current experience of controlling a non-corporeal
object but also experience of agency with it in the past and/or
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prior knowledge about the object’s functional properties can
enhance the strength of embodiment (Bassolino et al., 2010;
Cardinali et al., 2021; Liepelt et al., 2017; Serino et al., 2007).

Whether agency influences the strength of embodiment in
more realistic body illusions is still debated. In the moving
rubber hand illusion, instead of passively receiving strokes
on the real hand and the corresponding rubber hand, a me-
chanical connection between the real hand and the rubber
hand enables participants to move either the whole rubber
hand or only selected fingers (Dummer et al., 2009; Kalckert
& Ehrsson, 2012, 2014, 2017). With this setup, direct com-
parisons between active and passive conditions of visuomotor
stimulation (synchronous or asynchronous) are possible.
While in the active condition participants perform movements
by themselves, in the passive condition, movements are real-
ized by the experimenter who moves the participants’ hand or
finger. Although the sensory experience in the active and pas-
sive conditions is the same, the two conditions differ with
respect to motor control processes or agency, which is present
only in the active condition. Thus, comparing active and pas-
sive movements allows for inferences about whether agency
contributes to the strength of embodiment. While some studies
found evidence for a stronger illusion in the active synchro-
nous as compared to the passive synchronous condition
(Jenkinson & Preston, 2015; Kalckert & Ehrsson, 2017),
others did not (Kalckert & Ehrsson, 2012, 2014; Tsakiris
etal., 2006). The mixed evidence concerning the role of agen-
cy might suggest that for the embodiment of an object that
resembles a real body part, such as the rubber hand, agency is
less important than for the embodiment of non-corporeal ob-
jects. However, for the embodiment of non-corporeal objects,
the past or present experience of agency with this object ap-
pears to be critical (e.g., Bassolino et al., 2010; Cardinali et al.,
2009; Cardinali et al., 2021; Liepelt et al., 2017; Liesner et al.,
2021; Maravita et al., 2003; Schettler et al., 2019).

Taken together, the available evidence suggests that humans
embody external objects that mediate their actions in the phys-
ical or virtual world. Yet, understanding how body representa-
tions are expanded addresses only one side of the coin. Tuning
body representations to current situational demands also re-
quires that parts become detached — or disembodied — from
the body representation if they are no longer warranted.
Despite considerable research that contributed to a better un-
derstanding of the formation of body representations, little is
known about disembodiment (De Vignemont, 2011).
However, three lines of research on disembodiment have re-
cently emerged.

Studying disembodiment
One approach to study disembodiment under experimental

conditions is to measure whether the real hand is disembodied
during the rubber hand illusion. This method is based on the
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theoretical proposal that a “default” body model constrains
what possibly can be experienced as belonging to the body
and what cannot (Tsakiris, 2010; Tsakiris et al., 2010).
According to this view, the real hand becomes disembodied
during the rubber hand illusion because embodiment can be
experienced for only two hands at a time (Longo et al., 2008;
Moseley et al., 2008). Whether such constraints do indeed
lead to disembodiment of the real hand has been debated
(e.g., Folegatti et al., 2009). For instance, observations of su-
pernumerary limb illusions (Ehrsson, 2009; Newport et al.,
2010) suggest that more than two hands can be embodied at
the same time without any accompanying experience of
disembodiment (see also De Vignemont, 2011, for a
discussion).

A second line of research is based on evidence from neuro-
logical patients. For example, in the case of asomatognosia, after
brain lesions, patients typically suffer from feelings of
disembodiment of their contralesional limb (mostly their left
hand, following lesions in the right fronto-temporo-parietal cor-
tex). It has been suggested that the default bodily self-perception
is impaired in these patients because of deficits in multisensory
integration (Vallar & Ronchi, 2009). This assumption is also
supported by findings on experimentally induced
disembodiment in healthy participants (Gentile et al., 2013;
Lesur et al., 2020; Newport & Gilpin, 2011). Two of these
studies used a mixed-reality setup. Through a head-mounted
display, participants saw either their own arm, which was video
recorded prior to the experiment (Gentile et al., 2013), or their
whole body, which was recorded and transmitted during the
experiment (Lesur et al., 2020). Moreover, in both studies, par-
ticipants saw the presented body or body parts from a first-
person perspective and at an anatomically plausible position.
In a third study, participants placed their hands in a multisensory
illusion box where the visibility and the location of the hand
could be manipulated (Newport & Gilpin, 2011). Because these
studies used projections of the participants’ real body or body
parts, a high degree of self-identification with the virtual coun-
terpart could be presupposed. This allowed controlled investiga-
tion of the factors underlying the disembodiment of the own
body or body parts. By providing visual information about the
body that was incongruent with the corresponding tactile or
sensorimotor sensations, the experience of a multisensory mis-
match was triggered. The induced multisensory conflict led to
disembodiment of one’s own body or body part (Gentile et al.,
2013; Lesur et al., 2020; Newport & Gilpin, 2011). These find-
ings suggest that disembodiment of a body part or even the
whole body is based on the disintegration of visual, propriocep-
tive, and tactile or sensorimotor signals.

The studies described so far have focused on disembodiment
of one’s own physical body parts. In contrast, a third approach
to studying disembodiment was used in a recently proposed
paradigm that focused on disembodiment of a previously em-
bodied rubber hand (Pfister et al., 2021; for a similar design, see

Abdulkarim et al., 2021). This study aimed to distinguish be-
tween two theoretical models of disembodiment: a persistence
model and an updating model. Based on findings such as feel-
ings of phantom limbs after amputation (e.g., Ramachandran &
Rogers-Ramachandran, 1996), the persistence model assumes
that an embodied entity remains within the body representation
unless new sensory information actively contradicts the current
state of embodiment of the given body part. According to the
updating model, embodiment emerges from multisensory bind-
ings that dissolve over time if they are not renewed continuous-
ly (e.g., Blanke, 2012; Samad et al., 2015). The general logic
of the experiment was to conduct a moving rubber hand illu-
sion first, which then allowed for observing how embodiment
of the artificial hand dissolves in different conditions. Each
trial consisted of a 2-min embodiment phase and a 2-min
disembodiment phase. Every 30 s, participants rated their
sense of embodiment of the rubber hand, and the critical in-
tervention took place right after the embodiment phase.
Participants either kept on moving their hidden real hand
and thus the visible rubber hand (active condition), or they
stopped moving and kept their hands still (no-movement con-
dition). In a third condition, the rubber hand was struck by a
hammer right after the embodiment phase (disruption condi-
tion). The rating procedure in the disembodiment phase was
the same as in the embodiment phase. The persistence model
and the updating model would predict instant disembodiment
for the disruption condition because the perceived lack of pain
and tactile sensations after seeing the rubber hand being hit by
the hammer actively contradicted the rubber hand illusion and
updated multisensory bindings. The results confirmed this
prediction. For the no-movement condition, the persistence
model predicted that embodiment would be maintained be-
cause of the absence of sensory signals that might have
contradicted the state of embodiment, whereas the updating
model predicted continuous, gradual disesmbodiment. The ac-
tive condition provided a baseline to evaluate the potential
fading of the illusion in the no-movement condition. Indeed,
the ratings in the no-movement condition decreased slowly
over time. The results therefore favored the updating model,
and they are in line with previous studies that demonstrated
the importance of multisensory integration for coherent bodily
self-perception (e.g., Ehrsson et al., 2004; Gentile et al., 2013;
Makin et al., 2008; Newport & Gilpin, 2011).

The present study

The present study assessed the embodiment and
disembodiment of new virtual entities. More specifically, we
asked whether embodiment and disembodiment of a 2D virtual
hand that could be controlled through movements of a comput-
er mouse or on a touchpad would show temporal dynamics like
those demonstrated for a rubber hand (Pfister et al., 2021). Such
scenarios appear to be especially relevant for research on
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disembodiment because the use of tools that mediate our ac-
tions in virtual environments has become an essential part of
our everyday activities (Haans & IJsselsteijn, 2012; Yee, 2014).

A computer mouse or other device for controlling a cursor on
a screen can be considered a special category of tool because
they do not directly connect to an object within the physical
environment. Instead, they connect physical actions to virtual
action effects on the screen (Bassolino et al., 2010; Schettler
et al., 2019). One study found that after operating a computer
mouse for several minutes, participants extended their
peripersonal space to the screen where the virtual interaction,
which is controlled by the movements of the mouse, took place
(Bassolino et al., 2010). This finding suggests that it is not the
computer mouse that is embodied but the cursor, which repre-
sents the functional part of the computer mouse within the vir-
tual environment. Interestingly, in a passive condition, it was
observed that experienced computer mouse users extended their
peripersonal space to the screen after resting their dominant hand
on the computer mouse without using it. This indicates that tool-
embodiment does not necessarily depend on current sensorimo-
tor experience. Rather, it can occur spontaneously because of
extended prior experience with and knowledge about the func-
tional properties of the tool (Schettler et al., 2019).

Thus, several studies have shown that current body repre-
sentations can be expanded to embody diverse virtual objects
ranging from realistic-looking 3D avatars in virtual reality
setups to non-corporeal 2D cursers presented on a screen
(e.g., Kirsch et al., 2016; Kokkinara & Slater, 2014; Liesner
et al., 2020a, b; Maselli & Slater, 2013; Sanchez-Vives et al.,
2010; Short & Ward, 2009; Slater et al., 2009). However, it is
less clear how these representations evolve after initial embodi-
ment. On the one hand, studies have shown that embodiment of
an avatar biases self-perception and behavior even after virtual
interaction (Banakou et al., 2013; Yee et al., 2009; Yee &
Bailenson, 2007). This suggests that embodiment of virtual
entities might sustainably change body representations, and this
should be reflected in a relatively slow and prolonged
disembodiment. Further support for the assumption of a rela-
tively slow disembodiment of a previously embodied external
object comes from findings on the embodiment of non-
corporeal objects. Extension of peripersonal space (Farné &
Ladavas, 2000) or a modified body schema (Cardinali et al.,
2009; Cardinali et al., 2011) because of active tool use were
stable for several minutes after participants stopped using the
tool. On the other hand, for subjects who are highly experi-
enced with a tool, the extension of peripersonal space can
emerge instantly after grasping the tool even without using it
(Bassolino et al., 2010; Serino et al., 2007). This suggests that
body representations can change quite dynamically. Thus, if it
is assumed that most people have become highly experienced
users of a computer mouse, the scenario of a very flexible and
fast embodiment and disembodiment in the context of virtual
interactions appears plausible as well.

@ Springer

To investigate the temporal dynamics of virtual embodi-
ment and disembodiment, we adapted the paradigm of Pfister
et al. (2021) to a virtual setting. Participants controlled a 2D
virtual hand by operating a computer mouse or touchpad. To
induce embodiment, the virtual hand was repeatedly moved
back and forth between two targets (embodiment phase). We
then probed for disembodiment in a second phase
(disembodiment phase) by comparing two conditions:
Participants either continued moving the virtual hand (active
condition) or stopped moving and kept their hand still (no-
movement condition). Participants rated their sense of em-
bodiment of the virtual hand four times during each phase.
Based on previous findings on the disembodiment of a rubber
hand (Pfister et al., 2021), we expected ratings to continuously
increase during the embodiment phase for both conditions.
For the disembodiment phase, we hypothesized that ratings
would gradually decrease over time in the no-movement con-
dition but ratings would remain at a constant, high level in the
active condition.

Experiment 1

In Experiment 1, each trial featured a first phase to instill em-
bodiment (embodiment phase) and a second phase to probe for
disembodiment (disembodiment phase). During the embodi-
ment phase, participants performed movements with their com-
puter mouse or their touchpad, which were directly transformed
into movements of a virtual hand on the participants’ computer
screen. During the disembodiment phase, they either continued
moving (active condition) or stopped moving (no-movement
condition). Embodiment of the virtual hand was measured four
times during each phase by asking participants to rate the extent
to which the virtual hand felt like a part of their body. We
expected embodiment ratings to increase continuously during
the embodiment phase for both conditions. For the
disembodiment phase, we predicted that embodiment ratings
would remain at the level reached during the embodiment
phase in the active condition, but we expected embodiment
ratings to decrease gradually in the no-movement condition
(Abdulkarim et al., 2021; Pfister et al., 2021).

Method
Participants

We collected data from 40 participants and preregistered this
sample size (https://www.aspredicted.org/gz8jj.pdf). A power
analysis for the contrast probing for disembodiment in the no-
movement condition suggested a sample size of 15 participants
for a power of 1-3 = 0.80 when assuming the effect size of d, =
0.78, as reported by Pfister et al. (2021). The chosen sample
size therefore ensured a high power of 1-3 = 0.99 for this effect
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size while allowing for sufficient power in the face of dropouts
and a potentially weaker population effect size. Participants
were recruited on the online platform Prolific (https:/www.
prolific.co/). All experiments reported in this article were
conducted according to the ethical regulations of the Ethics
Committee of the Institute of Psychology, University of
Wiirzburg.

Following our preregistration, we excluded trials if the em-
bodiment ratings right before the onset of the disembodiment
phase were lower than three or if participants moved the vir-
tual hand more than three times during the disembodiment
phase of the no-movement condition. We stated in our prereg-
istration that we would also exclude all trials with more than
20 back-and-forth movements between two successive ratings
because we supposed that this might be a valid criterion for
categorizing movements as too fast. After data collection,
however, we found that in most of the trials, participants per-
formed between 20 and 25 back-and-forth movements. Thus,
the initial criterion appeared overly conservative, so we re-
laxed it slightly, considering only trials with more than 25
back-and-forth movements as too fast. We analyzed data only
from participants with at least one correct trial per condition.
Based on these criteria for trial exclusion, we removed 5
datasets completely as well as 12.9% of the trials (27 in total)
for the remaining 35 participants. Of the 27 excluded trials, 21
were due to the embodiment criterion.

One participant did not indicate his age; for the other 34
participants, the mean age was 26.87 years (SD = 6.13; range:
18-46). Of the 31 participants who reported their gender, 20
were male and 11 were female. Of the 32 participants who
made statements about their handedness, seven were left-
handed, and 25 were right-handed. Five participants made
no statement concerning the device they used, 18 participants
used a computer mouse, and 12 were equipped with a
touchpad. All participants stated that they had fluent English
language skills.

Apparatus and stimuli

Figure 1 illustrates the experimental setup. An image of a right
hand was presented on the screen. The overall appearance and
orientation of the virtual hand imitated the look of a real hand
that controlled a computer mouse or a touchpad. The position
was controlled by the x-coordinate of the mouse cursor so that
the movements of the computer mouse or touchpad were di-
rectly translated onto the virtual hand. Movements along the
y-axis did not affect the position of the hand. All stimuli were
scaled according to the participant’s display. Two circular
targets were presented on the vertical midline with eccentricity
of 40% from the midpoint toward either the left or the right
edge. The main purpose of the targets was to coordinate the
back-and-forth movements of the participants. The virtual
hand was aligned to the bottom edge of the monitor, and its

size was adjusted to enable exact placement of the virtual
index finger on each circular target. Text stimuli during the
experiment (e.g., instructions, feedback, or rating questions)
were presented in the horizontal center above the virtual hand.
The experiment was programmed using PsychoPy (Version
v2020.2.8, https://www.github.com/psychopy/psychopy/
releases/tag/2020.2.8).

Procedure

The exact timeline of events within one trial is shown in Fig. 2
for each condition. In the embodiment phase, participants had
to move the virtual hand continuously back and forth from a
circular target on one side of the screen to another circular
target at the other side of the screen by operating the com-
puter mouse or touchpad with their right hand. Only the
currently relevant target area appeared on screen. When
the visible target was reached with the virtual index finger,
it was immediately replaced by the alternative target.
During the whole experiment, if participants moved too
fast, they received a warning message (> 18 back-and-
forth movements between two successive ratings). The
embodiment phase lasted around 80 s, and approximately
every 20 s participants rated embodiment of the virtual
hand. To prevent interruptions of the back-and-forth
movements, the embodiment question was presented upon
reaching a target area after at least 20 s had passed since
the last rating. The timing was based on previous studies
that suggested that embodiment of the virtual hand should
emerge within the first minute after the onset of synchro-
nous visuomotor stimulation (Kalckert & Ehrsson, 2017;
Pfister et al., 2021).

The critical intervention was implemented in the
disembodiment phase. Participants were instructed either to
move the virtual hand for another approximately 80 s as in
the embodiment phase (active condition) or to stop moving
and to keep their hands still for the same amount of time (no-
movement condition). In the no-movement condition, no cir-
cular targets appeared on the screen. Instead, a brief text was
presented above the virtual hand, instructing participants to
place the virtual hand in the center of the screen and stop
moving. A warning message appeared if the participants did
not follow these instructions.

The participants were informed about the experimental
procedure in written form in detail before the experiment.
The wording of the instruction for the active condition was
as follows:

Task 1: If you see a filled circle on the right or left side of
the screen, then please move the virtual hand toward this
circle until your virtual index finger points directly on
the circle. Pointing at a circle will trigger the next target
on the opposite side of the screen. The task will consist
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Fig. 1 Experimental setup and procedure. Notes: Left panel: Participants
could control a virtual hand by moving the computer mouse. To instigate
embodiment, participants moved the virtual hand toward white target
circles that appeared alternatingly on the left and right sides of the
display. Reaching the target on one side of the screen made this target
disappear and triggered the next target on the opposite side of the screen.
Right panel: Participants provided embodiment ratings in regular

of several back-and-forth movements from one circular
target to the other, and you will be asked a simple ques-
tion occasionally. Important: In between the questions,
you should perform approximately 10-15 back and
forth movements. Please move casually from one side
to the other as long as you see the circular targets on the
screen. Don’t stop moving until you are asked to

Active Condition

intervals by using the number keys of the keyboard. Ratings were
prompted by a question and verbal anchors for selected rating levels on
a scale from 1 to 9 (see text for details). Participants used their right hand
to operate the computer mouse and their left hand to enter the numbers for
the rating procedure. Because the current study was an online study, the
illustrated setup is a prototypical one

respond to the question (more on this question on the
next screen).

For the no-movement condition, it was:

Task 2: If there are no circular targets on the left or right
side of the screen and you see the instruction “Please do

s
\WJ

Timeline

Q

in Seconds | | |
| | | Submitting
&J embodiment
0 20 40 60 80 100 120 140 160 rating
Embodiment Phase Disembodiment Phase W Moving back
and forth
No-Movement Condition @ Not moving
N /N 4 I I I I I 2 Q Instruction
Timeline | W’J | WU | W’J | W |
in Seconds | | | | |
0

Embodiment Phase

Fig. 2 Timeline of events in one trial of either the active or the no-
movement condition for Experiment 1. Notes: The first embodiment rat-
ing was collected before the onset of the trial. Then, the trial started with
the embodiment phase. Right after submitting the fifth embodiment rating
(after 80 s), the disembodiment phase began. During the disembodiment
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100 120 140 160

Disembodiment Phase

phase, participants were either supposed to go on moving back-and-forth
(active condition) or to stop moving (no-movement condition).
Participants rated embodiment of the virtual hand four times in each phase
(every 20 s). A more detailed description of the procedure is given in the
main text
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not move” instead, then please stay in the screen center
and do not move. Important: Please leave your hand on
the computer mouse/touchpad and wait until you will be
asked the same simple question like in Task 1.

During the disembodiment phase of the no-movement con-
dition, participants received additional brief reminders of the
main instructions. For the interval between the last rating of
the embodiment phase and the first rating of the
disembodiment phase, the wording of this brief reminder
was: “Place the hand in the screen center. Then please do
not move it.” For the following three inter-rating intervals it
was: “Please do not move.” Participants were asked to operate
the computer mouse with their right hand.

We asked for embodiment ratings right before the onset of
the embodiment phase and approximately every 20 s during
the trial — four times in each phase. Thus, we collected nine
ratings in each trial. Embodiment ratings were given in re-
sponse to the question: “Does the hand on the screen feel like
a part of your body?” Participants were asked to rate the
strength of their feeling on a scale from 1 to 9. Semantic
anchors for the rating were provided, as shown in Table 1.
Instead of a multi-item questionnaire, which is often used in
embodiment studies (e.g., Botvinick & Cohen, 1998), we had
a single question to measure embodiment. This allowed us to
collect multiple subjective embodiment ratings at different
time points without interrupting the ongoing manipulation
procedure too much. Participants were instructed to enter the
ratings with their left hand and to keep their right hand on the
computer mouse or touchpad. Crucially, during the rating pro-
cedure, the virtual hand was visible and controllable in the
same way as during the tasks between ratings.

A pilot study without specific movement instructions (N =
12) revealed that participants moved excessively fast, with
some individuals moving back and forth about 100 times in
20 s. We therefore implemented a movement counter that kept
track of the number of back-and-forth movements.
Participants were explicitly instructed at the beginning of the
experiment to perform 10-15 back-and-forth movements in

Table 1

The rating question and semantic anchors used for Experiment 1

phases with movement and to move constantly throughout
the period between two rating questions. A short break be-
tween trials was implemented to disrupt the embodiment of
the virtual hand on-screen before the onset of the consecutive
trial. During the break, the virtual hand was not visible, and
participants were asked to take their hands off the computer
mouse or touchpad. After the experiment, the participants
were probed about their beliefs regarding the research ques-
tion in an open-ended debriefing question.

Although the overall procedure was a close replication of
previous work on disembodiment (Pfister et al., 2021), there
were two notable differences. First, in the present setting, the
participant’s real hand was not covered. Second, participants
performed hand movements in the horizontal plane and ob-
served the virtual hand moving in the vertical plane. Hence,
the orientation of the virtual hand relative to the participants’
body was not fully anatomically plausible. Because these fac-
tors have been shown to moderate embodiment of artificial
physical or virtual body extensions (e.g., Kalckert &
Ehrsson, 2012; Longo et al., 2008; Perez-Marcos et al.,
2012; Tieri et al., 2015), we expected to observe lower em-
bodiment ratings than in the previous setup. Therefore, the
semantic anchor at rating level three was slightly rephrased
from the text used in the earlier study (phrasing in Pfister et al.,
2021: “I could imagine that the hand belongs to me”) to allow
for sufficient variability of responses.

All participants were assigned to each condition in a full
within-subject design, and they performed three trials of each
condition, thus completing six trials in total. The order of
conditions was alternated trial by trial, and we randomly
assigned whether participants began with the active condition
or with the no-movement condition.

Results

Figure 3a shows the mean embodiment ratings as a function of
rating position (first to ninth) and condition (active vs. no-
movement). Raw data and syntax files for recreating the re-
ported analyses and all computer programs and stimulus

Embodiment rating

Item

Text

Question

Semantic Anchor 1
Semantic Anchor 3
Semantic Anchor 7
Semantic Anchor 9

Does the hand on the screen feel like a part of your body?
Please rate your feeling on a scale from 1 to 9.

I feel no relation between the hand on the screen and my body

I could imagine the hand on the screen as an extension of my body
I have the feeling that the hand on the screen is a part of my body
I have the feeling that the hand on the screen is my own hand
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material for all reported experiments are available online |
(https://www.osf.io/btcsq/). 6.5 L —-Active Condition

—e—No-movement Condition

6.0 +

Analysis plan a
w 55+
The data were analyzed using R, version 4.0.3. All Bayesian fﬁ r
analyses were performed using the R package BayesFactor. _g’ 5.0 T
For the embodiment phase, we tested the preregistered § I
hypothesis that mean embodiment ratings at the end of the 457
embodiment phase (i.e., for the fifth rating) are higher than 40 _:

mean embodiment ratings at the beginning of the trial (first
rating) in a 2 x 2 analysis of variance (ANOVA) with the 35

factors rating position (first vs. fifth rating) and condition Emggglsn;ent Dlser;:):gément
(active vs. no-movement). We further probed for equiva- —
lence of both conditions by using Bayesian approaches, 1 2 3 4 5 6 7 8 9
with BFy; > 3.0 as a decision criterion for accepting the Rating Position

null hypothesis of equivalence of both conditions. We had

initially preregistered a 2 x 2 Bayesian ANOVA for this B |
purpose. Due to the variability of the corresponding 65 4
Bayes factor estimates in current implementations of L
Bayesian ANOVAs (Pfister, 2021), we decided to use 6.0 +
Bayesian t-tests to compare embodiment ratings between o
conditions. tl.l/ﬁ:' 55 1
As preregistered, for the disembodiment phase, we ex- + I
pected mean embodiment ratings to evolve differently in _g’ 5.0 T
the active as compared to the no-movement condition, so § I
we predicted an interaction in a 2 x 2 ANOVA with the 45 7 - 4 -Active Condition
factors rating position (fifth vs. ninth rating) and condition 40 1 —e—No-movement Condition
(active vs. no-movement). In the next step, we performed a '
t-test to examine whether mean embodiment ratings would 35 1 ) ] )
S " : : Embodiment Disembodiment
decline in the no-movement condition. A Bayesian t-test Phase Phase
was performed to determine whether the mean embodi- — s
ment ratings remained constant in the active condition. 1 2 3 4 5 6 7 8 9
We further planned to assess any gradual decline in the Rating Position
ratings during the disembodiment phase of the no- c
movement condition by fitting linear versus exponential ) .
. - &-Active Condition
decay functions. 65 4
—e—No-movement Condition
6.0 +
Embodiment phase o -
o
¢L}J) 55 +
A significant main effect of rating position, F(1, 34) =35.07,p + I
<.001,n p2 =.51, indicated that mean ratings increased during _g’ 5.0 1
the embodiment phase. Neither the main effect of condition, § I
F(1,34) < 1, nor the interaction, F(1,34)=1.73,p=.197,1 > 45 7
= .05, was significant. A Bayesian t-test revealed substantial
. . . . 40 1t
evidence in favor of the equality of conditions at the end of the
embodiment phase, BFy; = 5.50. An additional Bayesian t-test 35 1 ) ) .

. : Embodiment Disembodiment
was computed to compare the average rating level for the Phase Phase
overall embodiment phase between the active and the no- —_—
movement conditions. This also supported the null model, 1 2 3 4 5 6 7 8 9
suggesting no between-condition differences, BFy; = 8.31. Rating Position
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<« Fig. 3 Mean embodiment ratings (scale: 1-9) for the virtual hand during
the embodiment phase (rating position: first—fifth) and the
disembodiment phase (rating position: sixth—ninth) for Experiment 1
(a), Experiment 2 (b) and Experiment 3 (c¢). Notes: Experimental
procedures were identical across both conditions up to the fifth rating.
In the active condition (dashed line with triangles), participants continued
moving like before, whereas they were instructed to stop moving and
keep their hands still in the no-movement condition (solid line with cir-
cles). The error bars represent standard errors of paired differences be-
tween the two conditions, computed separately for each rating position
(SEpp; Pfister & Janczyk, 2013)

Disembodiment phase

The ANOVA revealed a significant main effect of condition,
F(1,34)=12.43,p=.001,7n p2 = .27, whereas the main effect
of the rating position was not significant, F(1, 34)=3.18, p =
.084,1 p2 =.09. The predicted interaction was significant, F(1,
34) =10.99, p = .002, n p2 = .24. A follow-up t-test showed
that ratings in the no-movement condition declined across the
disembodiment phase, #(34) = 2.77, p = .009, d, = 0.47. For
the active condition, a Bayesian t-test suggested no change of
rating over time, BFy; = 3.94.

Follow-up analyses

Descriptively, the results plotted in Fig. 3a are incompatible
with the predicted gradual decline of ratings, as suggested by
previous findings on disembodiment of physical entities
(Pfister et al., 2021). In contrast, embodiment ratings dropped
immediately at the beginning of the disembodiment phase and
remained low thereafter. Because of this, we decided to devi-
ate from our analysis plan. Instead, we tested the unpredicted
rapid disembodiment in the no-movement condition by con-
trasting the last rating in the embodiment phase with the first
rating of the disembodiment phase (fifth rating vs. sixth rat-
ing). The t-test indicated a marked difference for this compar-
ison, #(34) = 4.95, p < .001, d, = 0.84. Further, we explored
whether the level of the embodiment ratings at the beginning
of the disembodiment phase of the no-movement condition
was comparable with the level of the embodiment ratings at
the end of the trial (sixth rating as compared to the ninth
rating). The result favored the null-hypothesis, BFy; = 3.61.
We further observed an across-participant correlation between
the last rating in the embodiment phase (fifth rating) and the
difference between this rating and the first rating in the
disembodiment phase (fifth rating—sixth rating), » = .44, p =
.008.

Discussion
The observed increase in embodiment ratings throughout the

embodiment phase suggests that participants integrated the
virtual hand in their body representation by actively

controlling it through movements of a computer mouse
or on a touchpad. Surprisingly, however, embodiment rat-
ings dropped considerably already at the beginning of the
disembodiment phase of the no-movement condition and
did not change thereafter. This suggests that ceasing
movement leads to instant disembodiment of the virtual
hand.

Prior observations of the disembodiment of a previously
embodied physical rubber hand had supported accounts that
conceptualize body representation as a set of multisensory
bindings (Abdulkarim et al., 2021; Pfister et al., 2021). We
took these accounts to expect disembodiment of a 2D virtual
hand to unfold steadily over time. Therefore, the instant
disembodiment in the no-movement condition is incompatible
with our hypothesis. This discrepancy might suggest the in-
volvement of distinct mechanisms in the case of virtual
disembodiment.

We discuss this implication in the General discussion
after addressing methodological limitations that might al-
ternatively explain the current results. In Experiment 2, we
ruled out the possibility that the observed rapid
disembodiment might reflect anchor effects by removing
the critical semantic anchor from the rating scale entirely
(e.g., Bishop & Herron, 2015). In Experiment 3, we imple-
mented an attention task during the phases without move-
ment to control the amount of attention participants paid to
the virtual environment after ceasing movement. This
allowed us to assess whether possible attention shifts from
the virtual hand on-screen to the real hand on the computer
mouse/touchpad-generated perceptual signals that might
have updated the body representation instantly and, hence,
led to the rapid disembodiment of the virtual hand on screen
(Pfister et al., 2021).

Experiment 2

The main aim of Experiment 2 was to replicate the
unpredicted immediate disembodiment in the no-
movement condition and to rule out possible anchor effects.
In Experiment 1, the mean embodiment ratings in the
disembodiment phase of the no-movement condition
dropped instantly to the level of the semantic anchor pro-
vided for position 3 of the rating scale (see Table 1).
However, rather than indexing the actual disembodiment
experience, such a stable response pattern might reflect a
tendency to align a response with this semantic anchor. To
test this, we removed the anchor in question from the rating
scale while retaining all other semantic anchors. If the re-
sults of Experiment 1 do indeed reflect subjective embodi-
ment rather than anchoring effects, then the pattern of re-
sults should still replicate in this setup.
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Method
Participants

On the online platform Prolific, we collected data from 40
participants who had not participated in Experiment 1. Trials
were excluded according to the same criteria as in Experiment
1 (for the preregistration of Experiment 2, see: https://www.
aspredicted.org/pb595.pdf). This also implies that, as in
Experiment 1, we changed the criterion according to which
trials were categorized as too fast (more than 25 back-and-
forth movements). We analyzed only data from participants
with at least one correct trial per condition. Datasets from ten
participants had to be excluded, as were 12.8% of the trials for
the remaining 30 participants (23 trials in total, 11 of which
were due to a lack of embodiment). The mean age of the
participants (five female) was 29.3 years (SD = 9.99; range:
18-56). Eight participants were left-handed. Four participants
provided no statements about the device they used. Of the
remaining 26 participants, 23 used a computer mouse and
three a touchpad. All participants stated that they had fluent
English language skills.

Apparatus, stimuli, and procedure

The apparatus and stimuli were the same as in Experiment 1.
The procedure was almost identical, except that we omitted
the previously provided anchor for the rating value of three,
thus retaining anchors only at positions 1, 7, and 9 of the rating
scale.

Results

Figure 3b shows the mean embodiment ratings plotted for
each condition (active vs. no-movement) and rating position
(first—ninth). The results of Experiment 2 mirrored the main
results of Experiment 1.

Embodiment phase

A 2 x 2 ANOVA with the factors rating position (first rating
vs. fifth rating) and condition (active vs. no-movement) con-
firmed the expected main effect of rating position, F(1, 29) =
19.25, p < .001, npz = .40, but it also revealed an unpredicted
interaction, (1, 29) = 5.39, p = .027, n,> = .16. The main
effect of the condition was not significant, F(1, 29) < 1. The
result of a first Bayesian t-test yielded mixed evidence in favor
of the null hypothesis of equality between conditions at the
end of the embodiment phase, BFy; = 1.92. A second
Bayesian t-test indicated that the overall level of embodiment
was comparable between conditions across rating positions,
BF01 =4.76.
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Disembodiment phase

Based on the observations of Experiment 1, we preregistered
an ANOVA that focused entirely on the disembodiment phase
(comparing the sixth and the ninth ratings rather than the fifth
and ninth ratings as for Experiment 1). This ANOVA revealed
a significant main effect of condition, F(1, 29) = 11.75, p =
.002,m p2 =.29. Neither the interaction, F(1, 29) < 1, nor the
main effect of rating position, F(1, 29) < 1, was significant.
Subsequent Bayesian t-tests provided substantial evidence for
the null hypothesis of equality between rating positions in the
active condition, BFy; = 5.13, and in the no-movement con-
ditiOIl, BFOI =5.10.

Relative to the last rating in the embodiment phase, ratings
decreased slightly at the first rating position in the
disembodiment phase of the active condition, BFy, = 1.62.
For the no-movement condition, ratings dropped markedly
between those two rating positions, #29) = 2.86, p = .008, d,
=0.52.

Discussion

The results of Experiment 2 replicated the main finding of
Experiment 1, despite the changed rating anchors. During
the embodiment phase, participants embodied the virtual hand
by controlling it through active movements, and they instantly
disembodied it after ceasing movement. This finding rules out
a possible anchor effect, as the ratings in the disembodiment
phase were not close to any remaining anchor.

Close inspection of the chosen experimental design might
suggest a second alternative explanation, however. In
Experiments 1 and 2, the participants’ real hand that con-
trolled the virtual hand was not covered. After stopping to
move the virtual hand, participants might have shifted atten-
tion toward their real hand. Attending to the real hand might
have contradicted the embodiment of the virtual hand and
instantly updated the body representation by rapidly
disembodying the virtual hand. Therefore, in Experiment 3,
we ensured that participants continuously focused the screen
during the disembodiment phase of the no-movement condi-
tion with an additional task.

Experiment 3

To control how much attention participants paid to the virtual
hand after they stopped moving it, we implemented an atten-
tion task for the disembodiment phase of the no-movement
condition. Continuously attending the virtual hand should pre-
vent participants from looking at their real hand and therefore
impede potential instant updating of the body representation.
If the results of Experiments 1 and 2 were partly due to atten-
tion effects, ratings in the disembodiment phase should now
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decrease gradually. This would be evident in higher ratings at
the beginning of the disembodiment phase compared to the
last rating. If attention effects did not affect the results of
Experiments 1 and 2, then the results of Experiment 3 should
replicate the previous findings.

Method
Participants

Using the online platform Prolific again, we collected data
from another 40 participants who did not participate in either
Experiment 1 or Experiment 2. Besides the criteria used in the
preceding experiments for categorizing trials as valid/non-val-
id, in Experiment 3 trials were excluded if there were two or
more mistakes in the attention task (slightly more conservative
than preregistered: https://www.aspredicted.org/7862c.pdf).
As in the preceding experiments, we categorized trials as too
fast if participants made more than 25 back-and-forth move-
ments. For the statistical analyses, we used only data from
participants with at least one valid trial per condition. Based
on the predefined criteria for trial exclusion we removed 12
datasets entirely. In addition, 17.3% of the trials (29 in total)
were excluded for the remaining participants, 23 of which
were due to the embodiment criterion. The mean age of the
sample was 23.68 years (SD = 5.82, range: 18-47). Out of
the 26 participants who reported their gender, 19 were male
and seven were female. Twenty-two participants were
right-handed, five participants were left-handed, and one
participant did not disclose his/her handedness. Four par-
ticipants participated with a touchpad, 18 with a computer
mouse, and six made no statement regarding their technical
equipment. All participants stated that they had fluent
English language skills.

Apparatus, stimuli, and procedure

The apparatus and stimuli were the same as in Experiment
1. Relative to Experiment 1, the only new component of the
procedure in Experiment 3 was the attention task in the
disembodiment phase of the no-movement condition. In
this phase, participants were presented with white circular
targets that appeared alternately on the left and right sides
of the resting virtual hand. It was randomly selected wheth-
er 10, 11, or 12 targets appeared during one inter-rating
interval. Participants were instructed to count how many
targets appeared after they ceased movement. We tested
whether participants engaged in the attention task by asking
them after each embodiment rating to state how many tar-
gets they had counted during the preceding inter-rating
interval.

Results

Figure 3c displays the results of Experiment 3 as a function of
rating position (first-ninth) and condition (active vs. no-
movement). The results of Experiment 3 replicated the main
findings of the two preceding experiments.

Embodiment phase

A 2 x 2 ANOVA with the factors rating position (first rating
vs. fifth rating) and condition (active vs. no-movement condi-
tion) confirmed the predicted main effect of rating position,
F(1,27)=21.16,p < .001,m pz = .44. Neither the main effect
of condition, F(1, 27) = 1.85, p = .184, 1 pz = .06, nor the
interaction of both factors, F(1, 27) < 1, was significant.
Although the overall level of embodiment was not equal for
both conditions, BFy; = 0.06, the mean embodiment ratings
right before the onset of the disembodiment phase, at rating
position 5, were comparable between conditions, BFy; = 3.81.

Disembodiment phase

A 2 x2 ANOVA with the factors rating position (sixth rating
vs. ninth rating) and condition (active vs. no-movement con-
dition) yielded a significant main effect of condition, F(1, 27)
=11.73,p=.002,1 p2 =.30. Neither the main effect of rating
position, F(1,27) =2.15, p = .154, 1 pz = .07, nor the inter-
action between condition and rating position, F(1, 27) = 2.81,
p=.105n pz = .09, was significant. Subsequent Bayesian t-
tests comparing the mean embodiment ratings between the
sixth and ninth rating positions indicated that the ratings were
comparable between the two rating positions in the no-
movement condition BFy; = 4.89, whereas ratings slightly
increased across the active condition, BFy; = 0.68.

‘While embodiment ratings did not change between the fifth
and sixth rating positions in the active condition, BFy; = 4.25,
they decreased markedly in the no-movement condition, #27)
=3.39, p =.002, d, = 0.64. We further computed the percent-
age of correct responses for the attention task. The result sug-
gested that participants counted the targets quite accurately, as
89.34% of the attention task trials were correct.

Discussion

The results of Experiment 3 replicated the main findings of
Experiments 1 and 2. During the embodiment phase, the par-
ticipants reported an increasing sense of embodiment of the
virtual hand. Embodiment of the virtual hand preserved or
even increased further if participants continued moving the
virtual hand during the disembodiment phase. However, em-
bodiment ratings immediately dropped if the participants
stopped moving the virtual hand. This suggests that the virtual
hand was instantly disintegrated from the body representation,
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although the participants attended the screen continuously.
Thus, Experiment 3 showed that attention effects cannot eas-
ily account for the observed rapid disembodiment in
Experiments 1 and 2.

General discussion

We conducted three online experiments to investigate how the
disembodiment of a previously embodied 2D virtual hand
unfolds over time. First, we showed that the virtual hand
was embodied after a short period of actively using it. The
second and major finding of the current study is that an em-
bodied 2D virtual hand becomes immediately disembodied if
participants stop moving it. This unpredicted result suggests
that disembodiment in the context of virtual action effects
might be especially dynamic and flexible.

Immediate disembodiment

The immediate disembodiment in the no-movement condition
is incompatible with our initial hypothesis, in which we ex-
pected that after ceasing movement, disembodiment of the
virtual hand would become evident by a gradual decrease of
embodiment ratings. This prediction was based on the as-
sumption that the progression of disembodiment of the 2D
virtual hand might display a similar temporal dynamic as the
disembodiment of a physical rubber hand (Pfister et al., 2021).
The results point toward striking differences, however.
According to the terminology proposed by De Vignemont
(2011), embodiment of an external object is about processing
it in the same way as processing one’s own body. Thus, one
might wonder under which circumstances the cognitive sys-
tem processes an external object as a body part and integrates
it in the body representation. The modal view of embodiment
attributes changes in bodily self-perception to multisensory
integration. In the current study, during the embodiment
phase, participants experienced the 2D virtual hand moving
synchronously and compatibly with their own hand move-
ments. Thus, based on the integration of correlated
visuomotor signals, the cognitive system might have inferred
that the virtual hand could be a part of the body (e.g.,
Kokkinara & Slater, 2014; Sanchez-Vives et al., 2010; Slater
et al., 2009). This bottom-up processing of congruent multi-
sensory signals is modulated by top-down knowledge, as is
suggested by findings that showed embodiment to vary with
the anatomical plausibility of an external object, like human-
oid shape (Petkova & Ehrsson, 2008; Tsakiris et al., 2010;
Tsakiris & Haggard, 2005) and body continuity (Kalckert &
Ehrsson, 2012; Perez-Marcos et al., 2012; Tieri et al., 2015).
An external object that looks like a hand and is placed at
nearly the same position where one would expect to see his
or her own hand would be more likely processed as a part of
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the body than an external object that does not meet these
criteria.

In common physical setups of the moving rubber hand
illusion, the rubber hand is placed slightly above the covered
real hand, so it looks like it is connected to the rest of the body
(Kalckert & Ehrsson, 2014; Pfister et al., 2021). A mechanical
connection between the real covered index finger and the cor-
responding rubber finger allows for an exact spatial and tem-
poral coupling of the real and rubber finger movements. In the
current study, participants performed back-and-forth move-
ments with their real hand in the horizontal plane, while the
corresponding action effects — i.e., the movement of the 2D
virtual hand — were presented in the vertical plane. In addition
to this violation of the body continuity constraint, the real
hand was not covered. The observation of lower embodiment
ratings in the current study (compared to Pfister et al., 2021)
might therefore partly reflect different degrees of anatomical
plausibility (Maselli & Slater, 2013; Samad et al., 2015).

However, the hypothesis that weak initial embodiment
would go along with strong and instant disembodiment is
not compatible with the observation of a significant correla-
tion between the last rating in the embodiment phase and the
difference between this rating and the first rating in the
disembodiment phase of the no-movement condition. This
correlation suggests that disembodiment was more rapid for
participants who had reported a stronger embodiment experi-
ence in the first place. This is the opposite of the assumption
that a more rapid disembodiment is associated with a relative-
ly lower level of preceding embodiment. However, the valid-
ity of the reported correlation is limited because of the rela-
tively small sample size and the algebraic dependency be-
tween the two correlated variables. Thus, the observed corre-
lation should be treated with caution. Future studies are there-
fore required to address this point directly, for example, by
varying the degree of anatomical plausibility between
conditions.

Interestingly, research on the embodiment of non-corporeal
objects suggests that it is possible to overcome the anatomical
plausibility constraint through current or prior experience of
actively using the object for an intended interaction (Bassolino
et al., 2010; Brugada-Ramentol et al., 2019; Cardinali et al.,
2021; Kilteni et al., 2012; Liepelt et al., 2017; Liesner et al.,
2021; Ma & Hommel, 2015a, 2015b; Schettler et al., 2019;
Serino etal., 2007; Short & Ward, 2009). Thus, based on these
findings it could be assumed that not only the embodiment but
also the disembodiment of an external object might be due to
the amount of agency experience someone has with this ob-
ject. In this view, the observed rapid disembodiment in the
current study possibly reflects that participants are already
highly experienced with handling virtual body extensions
when interacting with computer technology. In other words,
because we spend a great amount of time using different tools
for diverse virtual interactions every day, we might have
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learned to rapidly disembody a virtual body extension as soon
as it is no longer needed because task demands have changed.
Taken together, the instant disembodiment in the current study
possibly suggests that body representations can be flexibly
tuned to changing task demands by disembodying parts that
are no longer functional for current task performance.

Implications and future directions

Compared to other studies that induced embodiment of a re-
alistic virtual hand (e.g., Sanchez-Vives et al., 2010), the em-
bodiment of the 2D virtual hand in this study was relatively
high. This might further support the assumption that motor
control processes play a pivotal role in the formation of body
representations. In the current study, the experience of active
control or agency might have been critical for the embodiment
of'the virtual hand because embodiment occurred despite con-
flicting visuosomatic information of one’s own hand versus
the virtual hand, such as displacement and discontinuity.
Although several studies have shown that active control over
a virtual object promotes embodiment (e.g., Bassolino et al.,
2010; Brugada-Ramentol et al., 2019; Liesner et al., 2021; Ma
& Hommel, 2015a; Short & Ward, 2009), it is still an unre-
solved question whether, besides the bottom-up integration of
correlated multisensory signals, motor control processes sig-
nificantly contribute to the embodiment of external objects
(e.g., Burin et al., 2015; Burin et al., 2017; Kalckert &
Ehrsson, 2012, 2014, 2017; Riemer et al., 2013; Walsh
et al., 2011). Regarding the main research question of the
current study concerning the disembodiment of external ob-
jects, it would be of particular interest to investigate in future
studies whether external objects are disembodied differently
when preceding embodiment is induced by active movements
as compared to passive visuomotor or visuotactile stimulation.

Furthermore, our experimental setup allowed us to assess
the time course of embodiment and disembodiment ratings for
a remotely controlled 2D virtual hand, highlighting the in-
volvement of actual sensory or sensorimotor input. Here, we
add to the relatively sparse literature on the temporal evolution
of embodiment sensations (e.g., Ehrsson et al., 2004; Kalckert
& Ehrsson, 2017; Pfister et al., 2021). Typically, experiments
using bodily illusion report group data only in terms of the
strength of the illusion. However, following the time course of
these sensations can provide additional and valuable informa-
tion on the cognitive and neural processes underlying the ex-
perience of embodiment of external objects.

The current findings might equally inform applied re-
search, for example, of neuroprosthetic devices (Ehrsson
etal., 2008; Velliste et al., 2008) or in digital technologies that
aim to manipulate the embodiment experience of the user
through basic 2D virtual interactions on-screen or more
immersive virtual reality applications (Bohil et al., 2011;
Bric et al., 2016; Ortiz-Catalan et al., 2016). First, users may

require a certain amount of time until sensations of embodi-
ment develop or fade with the actual sensory information.
Second, the experience of active control over a virtual entity
that is required for a certain task might promote the embodi-
ment experience and prevent disembodiment of the virtual
entity. A better understanding of the processes that enhance
or impede embodiment and disembodiment can help to im-
prove the outcomes of therapeutic treatments or training that
rely on eliciting embodiment of physical or virtual objects.

Limitations

Several methodological limitations apply to the present exper-
imental setup. First, it is possible that the chosen time intervals
between two ratings (20 s) were not sensitive enough to detect
a rapid but gradual decrease in ratings, because such a decay
might have occurred within the interval from the no-
movement instructions to the first rating of the disembodiment
phase. To clarify this point, we plan to test time intervals of
different lengths in a future study. This limitation does not
undermine our comparison with previous physical setups in
which participants reported substantial embodiment through
several inter-rating intervals of 30 s each (see also Abdulkarim
etal., 2021).

A second limitation stems from the assumption that the
disembodiment of a rubber hand and the disembodiment of
the 2D virtual hand, which was investigated in the current
study, could be directly compared. Our current setup does
not allow for any conclusions about whether the 2D virtual
hand was experienced as a corporeal or a non-corporeal object.
A follow-up experiment comparing the progression of
disembodiment between a simple 2D hand and an anatomical-
ly more plausible hand could help determine whether the ap-
pearance of the virtual object and its location relative to the
participant influences the temporal dynamics of
disembodiment.

Finally, the validity of the rating scale used in the current
study to measure embodiment and disembodiment must be
established more thoroughly because it was used in only one
other study (Pfister et al., 2021). Assessing how results for this
rating scale compare to other questionnaires used in the field is
required to increase the comparability to other studies (e.g.,
Abdulkarim et al., 2021; Dummer et al., 2009; Sanchez-Vives
et al., 2010).

Conclusion

In sum, the current results show that active control of a 2D
virtual object that is presented on the computer screen leads to
embodiment of the virtual object. The same virtual object
becomes instantly disembodied if actively controlling it is no
longer required for the current task. The results are consistent
with findings showing that the body representation can be
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extended to integrate tools as a consequence of using them for
interacting with other objects in real or virtual environments.
The observation that the previously embodied virtual object
was disembodied as soon as embodiment was no longer func-
tional for task performance suggests an especially flexible and
dynamic adjustment of body representations in the context of
virtual interactions.
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