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Abstract
In the perception of self-motion, visual cues originating from an embodied humanoid avatar seen from a first-person perspective
(1st-PP) are processed in the same way as those originating from a person’s own body. Here, we sought to determine whether the
user’s and avatar’s bodies in virtual reality have to be colocalized for this visual integration. In Experiment 1, participants saw a
whole-body avatar in a virtual mirror facing them. Themirror perspective could be supplementedwith a fully visible 1st-PP avatar
or a suggested one (with the arms hidden by a virtual board). In Experiment 2, the avatar was viewed from the mirror perspective
or a third-person perspective (3rd-PP) rotated 90° left or right. During an initial embodiment phase in both experiments, the
avatar’s forearms faithfully reproduced the participant’s real movements. Next, kinaesthetic illusions were induced on the static
right arm from the vision of passive displacements of the avatar’s arms enhanced by passive displacement of the participant’s left
arm. Results showed that this manipulation elicited kinaesthetic illusions regardless of the avatar’s perspective in Experiments 1
and 2. However, illusions were more likely to occur when the mirror perspective was supplemented with the view of the 1st-PP
avatar’s body than with the mirror perspective only (Experiment 1), just as they are more likely to occur in the latter condition
than with the 3rd-PP (Experiment 2). Our results show that colocalization of the user’s and avatar’s bodies is an important, but not
essential, factor in visual integration for self-motion perception.
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Kinaesthesia is the conscious perception of one’s own move-
ments. It emerges from the integration of muscular, tactile,
and visual signals from the individual’s body (Blanchard
et al., 2013; Chancel, Brun, et al., 2016; Romano et al.,
2013) and cannot be considered independently of the percep-

tion of one’s own body, also termed “embodiment” (Arzy
et al., 2006). However, the representation of one’s body is a
rather flexible construct and can stretch to incorporate external
objects like fake body segments (e.g., a rubber hand;
Botvinick & Cohen, 1998; Chancel & Ehrsson, 2020;
Ehrsson et al., 2005; Longo et al., 2008) and virtual whole
bodies (e.g., avatars; Pfeiffer et al., 2013; Slater et al., 2010).
As proposed by Kilteni and collaborators (2012) and in line
with de Vignemont (2011), “the sense of embodiment toward
an artificial body B is the sense that emerges when B’s prop-
erties are processed as if they were the properties of one’s own
biological body” (p. 375). This inevitably raises the question
whether or not these “external” objects or bodies are treated as
part of one’s own body for the purpose of kinaesthesia.

Recent research has shown that visual motion signals
originating from either an embodied rubber hand (Metral
& Guerraz, 2019) or an embodied whole-body avatar
(Giroux et al., 2019; Giroux et al., 2018) undergo multi-
sensory integration for the purpose of kinaesthesia in the
same way as signals from the biological body do (see
Barra et al., 2020, for a review)—at least when these
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external objects are viewed from a first-person perspective
(1st-PP). Indeed, displacement of an embodied humanoid
1st-PP avatar’s forearm evoked (in most individuals) an
illusory movement in their otherwise static, real forearm
(Giroux et al., 2019; Giroux et al., 2018). The visual in-
puts from the avatar’s arms were combined with congru-
ent muscle inputs from one of the participant’s arms
moved passively; these illusory movements were far more
vivid than those evoked with visual or muscular unimodal
stimulation (Giroux et al., 2019; Giroux et al., 2018). This
finding is in line with the multisensory integration frame-
work and therefore appears to be a relevant way of
highlighting the involvement of visual motion cues in
kinaesthesia (see also Chancel, Blanchard, et al., 2016;
Chancel et al., 2017; Hagura et al., 2007). From a 1st-
PP, the user’s body and its avatar are colocalized. The
latter is seen as occupying the space where the user’s
body should be, according to the user’s view of the virtual
environment. Colocalization of the avatar with the user’s
body facilitates embodiment, as embodiment is more lim-
ited when avatars are viewed from a third-person perspec-
tive (3rd-PP; Bertamini et al., 2011; Jenkinson & Preston,
2015; Kontaris & Downing, 2011; Maselli & Slater, 2014;
Preston et al., 2015). The 1st-PP can even override the 3rd-
PP view of one’s real body, leading to an out-of-body
illusion and disembodiment of the body viewed from a
3rd-PP (Ehrsson, 2007; Guters tam et al . , 2015;
Guterstam & Ehrsson, 2012). When facing a mirror, the
reflection of someone’s body is also not colocalized with
the real body but is located “on the other side” of the
mirror. Nevertheless, humans learn to recognize them-
selves in the mirror at a very young age (Anderson,
1984) and to use the mirror reflection to guide their move-
ments when (for example) putting on makeup or combing
their hair (Bertamini & Parks, 2005; Bianchi et al., 2008;
Lawson & Bertamini, 2006). Indeed, most interactions
with mirrors are about recognizing and perceiving
oneself—giving mirrors a special role in the perception
of one’s own body. Furthermore, a rubber hand or a
whole-body avatar viewed in a mirror can be embodied
in the same way as an avatar viewed from a 1st-PP
(Abdulkarim & Ehrsson 2016; Bertamini et al., 2011;
González-Franco et al., 2010; Jenkinson & Preston,
2015; Kontaris & Downing, 2011). This finding shows
that the avatar real (physical) position and orientation
are reconstructed from its reflection in the mirror and that
it is processed as being part of one’s own body (Bertamini
et al., 2011; Jenkinson & Preston, 2015; Kontaris &
Downing, 2011). We therefore hypothesized that the mir-
ror perspective could provide relevant visual motion cues
about one’s own body for the purpose of kinaesthesia. In
a first experiment (Experiment 1), we immersed our par-
ticipants in a virtual environment in which a whole-body

avatar was visible in a virtual mirror facing them. This
“mirror perspective” was evaluated either with or without
an additional 1st-PP. The 1st-PP avatar was itself either
fully visible or had its arms hidden by a virtual board
(i.e., they were only suggested). The involvement of vi-
sual motion cues in kinaesthesia was assessed by measur-
ing the characteristics of illusory arm displacements
evoked by manipulation of the avatar’s arm movements
(see Giroux et al., 2019; Giroux et al., 2018). In line with
the abovementioned hypothesis, we expected illusory dis-
placements to occur when the avatar was viewed in the
mirror perspective (i.e., even in the absence of a 1st-PP).
However, in view of the rules of multisensory integration
in general and the impact of the richness and reliability of
visual signals on perception in particular (Chancel,
Blanchard, et al., 2016; Ernst & Banks, 2002), we expect-
ed the illusions to be more frequent and more intense
when either the 1st-PP avatar is added to the mirror per-
spective or is only suggested making the mirror perspec-
tive more reliable.

It is known that a 3rd-PP is less effective for avatar
embodiment than a 1st-PP or a mirror perspective
(Denisova & Cairns, 2015; Maselli & Slater, 2013;
Petkova et al., 2011; Slater et al., 2010), as spatial con-
gruence may be an important element for multisensory
integration (Calvert & Thesen, 2004; Lopez et al., 2012;
Slutsky & Recanzone, 2001; Tsakiris & Haggard, 2005).
In fact, embodiment also named the sense of embodiment
(Kilteni et al., 2012), consists of an ensemble of subcom-
ponents (ownership, self-location, agency; Kilteni et al.,
2012; Longo et al., 2008; and external appearance;
González-Franco & Peck, 2018). Therefore, the effect of
the avatar perspective may differ from one subcomponent
to another. Indeed, “body ownership” (i.e., the feeling that
the avatar’s body is one’s own), “self-location” (i.e., the
feeling that one’s own body is located in the same place
as the avatar’s body), and “external appearance” (i.e., the
feeling that one resembles the avatar) may be found to be
weaker (though still possibly present) with a 3rd-PP than
with a 1st-PP (Debarba et al., 2017; Gorisse et al., 2017).
In contrast, “agency” (i.e., the feeling that one can control
the avatar’s body as though it was its own) can be equally
strong with 3rd-PP and 1st-PP—particularly when the av-
atar faithfully reproduces the participant’s actual move-
ments (Gorisse et al., 2017), as manipulated in the em-
bodiment phase in the present experiment. Thus, a 3rd-PP
avatar in virtual reality can—at least to some extent—be
felt as if it were one’s own body. Further, this perspective
can be used effectively to act in the virtual environment as
well as in real, more or less remote environments (i.e.,
teleoperation). In this respect, one can reasonably expect
visual motion cues originating from a 3rd-PP avatar to
provide relevant visual motion cues for the perception of
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one’s own movements, though to a lesser extent than the
mirror perspective, for instance. Experiment 2 was de-
signed to test the latter hypothesis. We immersed our par-
ticipants in a virtual environment in which their whole-
body avatar was viewed from a mirror perspective (facing
them, although in the absence of a virtual mirror) or from
a 3rd-PP rotated 90° to the left or right.

Methods

Participants

The expected effect size for Experiment 1 was based on
that observed in Giroux et al.’s (2018) study of the
involvement of visual motion cues from an embodied
1st-PP avatar on kinaesthetic illusions (n = 28; d =
0.92). An a priori power analysis with α = 0.05 and 1
− β = 0.80 indicated a minimum required sample size
of n ≈ 12 (RStudio software, RStudio Team, 2020).
Considering the comparison of interest in the present
study (i.e., a context of spatial translation thought to
lead to smaller effects), we doubled the minimum re-
quired sample size to n ≈ 24. The same number was
chosen for Experiment 2. Our sample sizes were
preregistered before conducting the experiments (see
Open Practices Statement).

The avatar used in both experiments was female; hence,
only female participants were recruited. Some individuals
do not experience any visually induced kinaesthetic illu-
sions (Chancel et al., 2017; Giroux et al., 2019; Giroux
et al., 2018; Guerraz et al., 2012). We therefore screened
the participants in a preliminary test assessing kinaesthetic
illusion with combined visual and muscular stimulation, as
performed by Giroux et al. (2018) and Giroux et al.
(2019). Of the 26 and 28 healthy participants respectively
recruited for Experiments 1 and 2, 24 and 26 experienced
the kinaesthetic illusion and were therefore included. The
mean ± SD age of the study population was 19.17 ± 0.96
years for Experiment 1 and 20.62 ± 6.64 years for
Experiment 2. None of the participants took part in both
experiments. All but six of the participants were right-
handed (as determined in the Edinburgh Inventory Test;
Oldfield, 1971). None of the participants had propriocep-
tive or neuromuscular disorders. All of the participants
had normal or corrected-to-normal vision and provided
their written, informed consent prior to initiation of the
experiments. The study was performed in accordance with
the ethical standards laid down in the 1964 Declaration of
Helsinki and was approved by the local independent ethics
committee (CEREUS, Savoie Mont Blanc University,
Chambéry, France).

Materials

Immersive virtual reality technology

Participants were seated in front of a desk on which two
manipulanda were positioned. These consisted of wooden arms
ending with a handgrip on which the participants placed their
forearms. The right manipulandum remained static, while the left
one, which was fitted with a low-noise synchronous DC motor
(24V, Maxon with planetary Maxon reductor 1296:1
Switzerland), could flex or extend the participant’s arm from its
initial starting position. A head-mounted display (HMD; Oculus
Rift; Oculus VR, Irvine, CA, USA) operating with Unity soft-
ware (Unity Technologies, San Francisco, CA, USA) and run-
ning on a computer equipped with an MSI Geforce GTX 980
Gaming 4Ggraphics card (Micro-Star International, Taiwan) and
an Intel Core i7–4790K processor (Intel Corporation, USA) im-
mersed the participants in a virtual environment in which they
saw a young female avatar. The avatar was seatedwith its elbows
on a virtual table and could be viewed from different perspec-
tives, depending on the experimental condition. The virtual fore-
arms could reproduce the same movements as the participant’s
forearms, thanks to an electromagnetic motion capture system
(Liberty™, Polhemus, Colchester, VT, USA). The motion sen-
sors were fixed to wrist pads worn by the participants to prevent
any wrist movements. The head-mounted display included real-
time tracking mechanisms to estimate the head’s position and
orientation. This feature enables perspective correction and al-
lows the user to move his or her head freely in a room-sized
environment, while the avatar’s head reproduces the samemove-
ments. Only the forearms’ movements and rotations and the
tilting of the participant’s head were reproduced on the avatar
in the virtual reality. The avatar’s other body parts remained
static. White noise was played through the head-mounted dis-
play’s headphones to cover the sound of the manipulandummo-
tor. A representation of the experimental setup is shown in Fig. 1.

The avatar’s perspectives in Experiment 1

In Experiment 1, a virtual mirror was placed in front of the
participant. This showed the reflection of the 1st-PP avatar, with
the avatar’s arms visible in the Avatar conditions (see Fig. 2a–c)
or hidden from view by virtual white boxes in the Control con-
ditions (Fig. 2d–f). The visual perspective in the Avatar condi-
tions was manipulated as follows: In the Mirror_P condition
(Fig. 2a), the avatar could be seen in the mirror, but not from
the 1st-PP. In theMirror+_P condition (Fig. 2b), the avatar could
be seen in themirror and from the 1st-PP, but with the forearms in
1st-PP masked by a virtual board and therefore only suggested
(Fig. 2b). In the Full_P condition (Fig. 2c), the avatar was fully
visible in the mirror and from the 1st-PP. A video for each of
these experimental conditions can be viewed from the following
address (https://doi.org/10.6084/m9.figshare.13359158).
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Fig. 1 A representation of the experimental setup

Fig. 2 A representation of the experimental conditions in Experiment 1.
The upper panels show the Avatar condition, with the mirror perspective
(Mirror_P, a), the mirror perspective plus the suggested 1st-PP avatar

(Mirror+_P, b), or the mirror perspective plus the full 1st-PP avatar
(Full_P, c). The lower panels show the corresponding Control
conditions (d–f), in which the avatar’s forearms are hidden
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The avatar’s perspectives in Experiment 2

In Experiment 2, the avatar was seated in front of the partic-
ipant. It either faced the participant (the Mirror_P condition;
Fig. 3a–d) or was turned 90° to the left or to the right (3rd_PP
conditions; Fig. 3b, c, e, f). A 1st-PP avatar was not present in
Experiment 2. A video for each of these experimental condi-
tions can be viewed from the following address (https://doi.
org/10.6084/m9.figshare.13359179).

Procedures

The avatar embodiment phase

Once the participant had been fitted with the experimental
material as described in the previous section, she sat with
her elbows on a table. She was required to look at the avatar’s
arms in the virtual environment and to actively flex and extend
her forearms (alternating phase and antiphase movements) at a
comfortable, self-paced frequency for 1 minute. During this
embodiment phase, the avatar’s forearms faithfully
reproduced the participant’s real movements, as captured by
the motion capture system. The spatiotemporal congruency
between real, active movements and virtual movements en-
abled the participant to embody the avatar (see Dummer et al.,
2009; Tsakiris et al., 2005). In Experiments 1 and 2, the
reflected forearms and the 3rd-PP avatar’s forearms moved
in a mirror-like way during the embodiment phases. The

participant’s left arm controlled the avatar’s right arm, and
vice versa. The embodiment phase was repeated for each per-
spective condition in a counterbalanced order and was imme-
diately followed by a brief embodiment questionnaire. To
maintain embodiment in a given perspective condition, an
additional embodiment period of 30 seconds (not followed
by the questionnaire) was performed between the blocks of
six trials. The questionnaire contained items from González-
Franco and Peck’s (2018) embodiment questionnaire. Fifteen
items of relevance to our virtual reality design were used for
Experiment 1 (1–5, 6–9, 14–15, 17–20), and 13 were used for
Experiment 2 (1-3, 6–9, 14–15, 17–20). Items 4 and 5 (related
to virtual mirrors) were only relevant in Experiment 1. Each
assertion (e.g., “I felt as if the virtual arms were my own
arms”) is scored on a 7-point Likert scale, from −3 (strongly
disagree) to 3 (strongly agree). A mean embodiment score
was computed for each participant, according to González-
Franco and Peck’s recommendations. Four embodiment
subscores were calculated from the various items: body own-
ership (Items 1–5), agency (Items 6–9), self-location (Items
14–15), and external appearance (Items 17–20). The items are
presented in the Supplementary Material.

The illusion induction phase

After the embodiment phase, the participant’s forearms were
positioned on the manipulanda. The right arm remained static
and was held at 30° to the horizontal plane. The left arm was

Fig. 3 A representation of the experimental conditions in Experiment 2.
The upper panel represents the Avatar conditions (with the avatar’s
forearms visible) and the lower panel represents the corresponding

Control conditions (with the avatar’s forearms hidden by virtual boxes).
The avatar was either facing the participant (Mirror_P; a, d) or rotated left
or right by 90° (3rd_PP; b, c, e, f)
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positioned at either 15° or 45° relative to the horizontal plane.
Following a baseline period of a few seconds, the left arm
could be passively moved with an angular amplitude of 30°
and a constant angular speed of 3.8°/s (duration: 8 s). The
sequence of movements consisted of six alternating flexions
and extensions (six trials), with the first movement being ei-
ther a flexion or an extension (counterbalanced between the
participants). The participants were told not to resist these
passive movements and to look at the avatar’s forearms.
Each movement was followed by a few seconds during which
the avatar’s and participant’s arms remained static, allowing
the participant to verbally grade the speed of the illusory dis-
placement experienced in the right arm on a 0-to-10 scale. A
rating of 0 corresponded to the absence of illusory displace-
ment, and 10 corresponded to the same speed of displacement
as for the passively moved left forearm. Next, the participants
had to indicate the direction of the perceived movement,
which could be either the same as or opposite to that of the
left forearm. On the basis of this second evaluation, the 0-to-
10 speed rating was considered to be either positive when the
illusory movement was in the direction of the left forearm, or
negative when it was in the opposite direction. Hence, the final
speed rating ranged from −10 to 10. The participant was also
required to estimate the beginning and the end of the illusory
displacement with respect to the start of the trial, with both
estimates ranging from 0 s to 8 s (e.g., “it started three seconds

after the beginning of the trial”was rated as 3; “it ended seven
seconds after the beginning of the trial” was rated as 7). Once
these variables had been rated, the next trial began.

In the Avatar conditions, passive displacement of the par-
ticipant’s left forearm was coupled in real time to displace-
ment of the left and right avatar’s forearms, both of which
moved with the same angular amplitude and speed (from ei-
ther 15° to 45° or from 45° to 15°, relative to the horizontal
plane). In theControl conditions, the participant’s left forearm
was moved passively, and the avatar’s arms were localized
inside virtual boxes and were therefore not visible either in
the mirror or from a 1st-PP or 3rd-PP.

Each experimental condition was performed in two blocks
of six trials with three flexions and extensions per block. This
led to a total of 36 experimental trials per participant for
Experiment 1 as well as for Experiment 2. For each experi-
mental condition, two familiarization trials were performed
before the experimental block of six trials. The various exper-
imental conditions were applied in a pseudorandom order. In
Experiment 2, we randomly added two sham trials in each
block. In a sham trial, the avatar’s forearms were masked in
virtual white boxes and no displacement of the participant’s
arm occurred. The sham trials were not included in the statis-
tical analyses but allowed us to determine whether an illusion
occurred in the absence of stimulation. Conceivably, such
illusions could reflect either experimental demand or

Fig. 4 The mean occurrence (a), speed (b), and duration (c) of the
kinaesthetic illusion for each of the Perspective (Mirror_P, Mirror+_P,
Full_P) and Avatar (Avatar vs. Control) conditions. The error bars

correspond to the confidence intervals after Cousineau–Morey correction
for within-subjects designs

Table 1 Mean (standard deviation) of the illusion occurrence, speed
and duration depending on the perspective condition (Mirror_P,
Mirror+_P, Full_P) and on the avatar condition (Avatar or Control)

and of the embodiment score and sub-scores (Ownership, Agency, Self-
location and External Appearance) in Experiment 1

Occurrence Speed Duration Embodiment Ownership Agency Location Appearance

Mirror_P Avatar 4.21 (1.93) 4.58 (3.20) 3.87 (2.71) 0.86 (0.79) 1.18 (1.03) 1.30 (0.51) 0.65 (1.16) -0.22 (1.46)
Control 1.58 (1.91) 0.97 (2.06) 1.15 (1.79)

Mirror+_
P

Avatar 4.58 (1.64) 4.43 (3.50) 4.24 (2.61) 0.92 (0.72) 1.28 (1.36) 1.18 (0.76) 0.88 (1.13) -0.24 (1.49)
Control 1.83 (2.16) 0.44 (1.68) 1.40 (2.15)

Full_P Avatar 5.79 (0.51) 7.16 (2.70) 6.49 (1.96) 1.24 (0.53) 1.42 (1.00) 1.42 (0.46) 1.44 (0.96) 0.10 (1.51)
Control 2.13 (2.03) 1.27 (2.36) 1.42 (1.78)
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“spontaneous sensations” (see Beaudoin & Michael, 2014;
Michael et al., 2015).

Statistical analyses

Analysis of variance and pairwise comparisons t tests were
assessed with Bayesian equivalent tests. Statistical analysis
was performed using JASP software (JASP Team, 2020
[https://jasp-stats.org/]; Kruschke 2010; Wagenmakers et al.,
2018). Statistical evidence was reported using Bayes factors
(BFs), BF10 for paired sample comparisons and BFincl for
analyses of variance (ANOVAs) denoting the level of evi-
dence of the alternate hypothesis (nonsigned difference), and
the inclusion of a specific parameter in a model (ANOVA)
respectively. The cutoff values defined by Jeffreys (1998)
were used to interpret BFs.

Results

Experiment 1

The kinaesthetic illusion’s occurrence, speed, and duration
were assessed in Experiment 1 in 3 × 2 within-subjects,

repeated-measures Bayesian ANOVAs [“Perspective”
(Mirror_P, Mirror+_P, Full_P) × “Avatar” (Avatar,
Control)]. Embodiment and subcomponents scores were eval-
uated with a one-way repeated-measures Bayesian ANOVA
[“Perspective” (Mirror_P, Mirror+_P, Full_P)]. Mean data
are provided in Table 1.

The occurrence of the kinaesthetic illusion

The analysis of variance (ANOVA) yielded strong statistical
evidence for an effect of Avatar (BFincl = 6.1e+15) and of
Perspective (BFincl = 10.8), but no convincing interaction be-
tween Avatar and Perspective (BFincl = 1.51). As shown in
Fig. 4 and confirmed by pairwise comparisons, the mean fre-
quency of occurrencewas greater when the avatar’s armswere
visible (the Avatar condition) than when they were not (the
Control condition), whatever the perspective (Mirror_P: BF10
= 745, CI95% [0.78, 2.03], Cohen’s d = 1.37; Mirror+_P:
BF10 = 1.6e+3, CI95% [0.73, 2.15], d = 1.43; Full_P: BF10 =
5.3e+5, CI95% [1.53, 3.04], d = 2.47). In the Avatar condition,
participants were also more likely to experience an illusion
with the Full_P than with either the Mirror_P (BF10 = 37.2,
CI95% [0.36, 1.58], d = 1.12) or Mirror+_P (BF10 = 44.9,
CI95% [0.37, 1.62], d = 1.00). The latter two conditions did
not differ from each other (BF10 = 0.34, CI95% [−0.77, 0.28], d
= 0.21). There were no differences between the Control con-
ditions (all BF10 < 1). It should be noted that the vast majority
of the kinaesthetic illusions were in the same direction as the
avatar’s forearm (and/or participant’s forearm) displacements.
However, 1.9% and 7.2% of the illusions were reversed in the
Avatar and Control conditions, respectively.

The speed and duration of the kinaesthetic illusion

The ANOVAs applied to both speed and duration showed
evidence for effects of Avatar (speed: BFincl = 6.01e+15; dura-
tion: BFincl > 10e+15) and Perspective (speed: BFincl = 228.7;
duration: BFincl = 1997.6) and an interaction between the two
(speed: BFincl = 9.1; duration: BFincl = 122.6). As shown in
Fig. 4, the mean speed was higher (Fig. 4b) and the mean
duration was longer (Fig. 4c) in the Avatar condition than in
the Control condition; this was confirmed by pairwise

Table 2 Mean (standard deviation) of the illusion occurrence, speed
and duration depending on the perspective condition (Mirror_P or 3rd_
PP) and on the avatar condition (Avatar or Control) and of the

embodiment score and subcomponents scores (Ownership, Agency,
Self-location and External Appearance) in Experiment 2

Occurrences Speed Duration Embodiment Ownership Agency Location Appearance

Mirror_
P

Avatar 4.58 (1.90) 4.39 (2.82) 4.04 (2.58) 0.73 (0.59) 0.85 (1.28) 1.49 (0.75) 0.33 (1.18) -0.21 (1.30)
Control 2.00 (1.57) 1.01 (1.89) 1.32 (1.42)

3rd_PP Avatar 3.48 (1.85) 2.87 (2.37) 2.75 (2.09) 0.48 (0.55) 0.72 (0.93) 1.41 (0.42) -0.11 (1.02) -0.65 (1.18)
Control 2.23 (1.68) 0.89 (1.37) 1.41 (1.43)

Fig. 5 The mean scores for each subcomponent of embodiment
(Ownership, Agency, Self-Location, and External appearance) and for
each Perspective condition (Mirror_P, Mirror+_P, Full_P)
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comparisons (all BF10 > 100). The mean speed and mean
duration were also higher and longer, respectively, in the
Avatar condition with Full_P than with Mirror+_P (speed:
BF10 = 62.1, CI95% [0.42, 1.67], d = 0.87; duration: BF10 =
499, CI95% [0.63, 1.97], d = 0.97) orMirror_P (speed: BF10 =
357, CI95% [0.62, 1.92], d = 0.87; duration: BF10 2515, CI95%
[0.85, 2.92], d = 1.11). The latter two conditions did not differ
from each other (speed: BF10 = 0.22, CI95% [−0.45, 0.57], d =
0.04; duration: BF10 = 0.28, CI95% [−0.32, 0.69], d = 0.14). In
the Control condition, there was no evidence of a difference
between Mirror_P, Mirror+_P, and Full_P (speed: BF10 <
1.5 for all; duration: BF10 < 0.5 for all).

The embodiment score

On a scale from −3 (no embodiment) to 3 (perfect
embodiment), the mean ± standard deviation (SD) embodi-
ment score was 0.86 (0.79), 0.92 (0.72), and 1.24 (0.53), in
the Mirror_P, Mirror+_P and Full_P conditions, respective-
ly. These scores were far from −3 (strongly disagree) and so
probably reflected avatar embodiment in each Perspective
condition. The ANOVA showed only anecdotal evidence of
an effect of Perspective (BFincl = 2.02), with a slightly stron-
ger embodiment for Full-P than forMirror+_P (BF10 = 1.91,
CI95% [0.03, 1.12], d = 0.51) orMirror_P (BF10 = 2.13, CI95%
[0.05, 1.15], d = 0.56). The latter two conditions did not differ
from each other (BF10 = 0.23, CI95% [−0.42, 0.61], d = 0.08).
Concerning the subscores, the ANOVA yielded substantial
evidence for an effect of Perspective on Self-Location
(BFincl = 3.24). Indeed, as shown in Fig. 5, participants felt
that the avatar was more colocalized with their own body in
the Full_P condition than in the Mirror_P condition (BF10 =
3.38, CI95% [0.09, 1.21], d = 0.75). There was no evidence of a
difference between Full_P and Mirror+_P (BF10 = 0.74,
CI95% [−0.02, 0.96], d = 0.54), and there was anecdotal evi-
dence for the null hypothesis (H0) between Mirror_P and
Mirror+_P (BF10 = 0.34, CI95% [−0.27, 0.77], d = 0.20).
ANOVA analyses gave anecdotal or substantial evidence for
H0 for Ownership (BFincl = 0.17), Agency (BFincl = 0.35) and
Appearance (BFincl = 0.34).

Brief discussion of Experiment 1

As assessed through kinaesthetic illusion, visual motion cues
also participate in kinaesthesia when they originate from an
embodied avatar that is not colocalized with the participant’s
body, but viewed from a mirror perspective. Indeed,
kinaesthetic illusions were more frequent, faster, and longer-
lasting when the movement was seen in the avatar’s arms in a
mirror (the Avatar condition) than when they were not visible
(the Control condition). The purpose of Experiment 2 was to
test whether this result is specific to the mirror perspective, a
perspective that is experienced in everyday life, or whether it
can be extended to an avatar that is not colocalized with par-
ticipant’s body, but also rotated 90° with respect to it.

Experiment 2

The kinaesthetic illusion’s occurrence, speed and duration
were assessed in 2 × 2 within-subjects Bayesian ANOVA
[“Perspective” (Mirror_P, 3rd_PP) × “Avatar” (Avatar,
Control)]. Embodiment scores were evaluated with Bayesian

Fig. 7 The mean scores for each subcomponent of embodiment
(Ownership, Agency, Self-Location, and External appearance) and for
each Perspective condition (3rd_PP, Mirror_P)

Fig. 6 Themean occurrence (a), speed (b), and duration (c) of the kinaesthetic illusion for the 3rd_PP andMirror_P in theAvatar andControl conditions
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pairwise comparisons t tests [“Perspective” (Mirror_P,
3rd_PP)]. Mean data are provided in Table 2.

The occurrence of the kinaesthetic illusion

The ANOVA yielded statistical evidence for an effect of
Avatar (BFincl = 1.3e+8), an effect of Perspective (BFincl =
2.85), and an interaction between the two (BFincl = 8.52). As
shown in Fig. 6a, participants were more likely to experience
an illusion in the Avatar condition than in the Control condi-
tion, with bothMirror_P (BF10 = 1.21e+4, CI95% [0.98, 2.30],
d = 1.48) and 3rd_PP (BF10 = 15.6, CI95% [0.23, 1.41], d =
0.71). Furthermore, the mean occurrence in the Avatar condi-
tion was higher for Mirror-P than for 3rd_PP (BF10 = 131,
CI95% [0.47, 1.70], d = 0.58). No difference was observed in
the Control condition (BF10 = 0.34, CI95% [−0.75, 0.28], d =
0.14). A few illusions occurred in the opposite direction to that
of the avatar’s displacements (6% and 9.2% of the Avatar and
Control trials, respectively). In the sham trials, a kinaesthetic
illusion occurred in 10.6% of the cases.

The speed and duration of the kinaesthetic illusion

The ANOVAs of the speed and duration data showed evi-
dence of an effect of Avatar (speed: BFincl = 7.5e+9; duration:
BFincl = 1.22e+6), an effect of Perspective (speed: BFincl = 7.6;
duration: BFincl = 1.89), and an interaction between the two
(speed: BFincl = 6.8; duration: BFincl = 3.9). As shown in Fig.
6, the mean speed was higher (Fig. 6b), and the mean duration
was longer (Fig. 6c) in the Avatar condition than in the
Control condition, for both Mirror_P (speed: BF10 = 6.2e+4,
CI95% [1.17, 2.52], d = 1.41; duration: BF10 = 585, CI95%
[0.65, 1.88], d = 1.31) and 3rd_PP (speed: BF10 = 821,
CI95% [0.68, 1.92], d = 1.02; duration: BF10 = 10.3, CI95%
[0.23, 1.34], d = 0.75). The illusions were also faster and
lasted longer in the Avatar condition withMirror_P than with
3rd_PP (speed: BF10 = 36.7, CI95% [0.374, 1.52], d = 0.58;
duration: BF10 = 10.9, CI95% [0.24, 1.35], d = 0.55); this was
not the case in the Control condition (speed: BF10 = 0.22,
CI95% [−0.42, 0.57], d = 0.07; duration: BF10 = 0.22, CI95%
[−0.58, 0.41], d = 0.06).

The embodiment score

The mean (SD) embodiment score was 0.73 (0.59) and 0.48
(0.55) forMirror_P and 3rd_PP, respectively. There was only
anecdotal evidence for a higher embodiment score for
Mirror_P than for 3rd_PP (BF10 = 1.55, CI95% [−0.002,
1.07], d = 0.44). Subcomponent analyses revealed that partic-
ipants felt that the mirror avatar (Mirror_P) was more strongly
colocalized with their own body than the 90°-rotated avatar
(3rd_PP) (BF10 = 4.04, CI95% [0.11, 1.21], d = 0.40).
Concerning the other three subscores, results showed only

very limited evidence for H1 for Appearance (BF10 = 1.31,
CI95% [−0.05, 1.04], d = 0.35) and substantial evidence for H0
for Ownership and Agency (BF10 < 0.3).

The Mirror_P condition in Experiment 1 and 2

TheMirror_P condition in Experiment 1 was the same as the
Mirror_P condition in Experiment 2, except that the avatar
was viewed in a virtual mirror frame in the former, but not in
the latter. To check whether the presence of a virtual mirror
affected kinaesthetic illusions and avatar embodiment, we
used a Bayesian t test for independent samples to compare
the Mirror_P condition of Experiment 1 with that of
Experiment 2. The results showed that there was anecdotal
to substantial evidence for H0 for the occurrence, speed, and
duration of the kinaesthetic illusion and for the mean embodi-
ment and subcomponent scores (all BF10 < 1). Therefore,
viewing the avatar facing the participant, with or without a
virtual mirror, did not affect kinaesthetic illusions nor
embodiment.

Brief discussion of Experiment 2

Experiment 2 shows that visual motion cues can be used for
kinaesthesia even when they originate from an embodied av-
atar that is seen from a third-person perspective and rotated
90°. Indeed, kinaesthetic illusions in one arm (combined by
the actual move of the other arm) were more frequent and
slightly stronger when both arms of the avatar were seen to
move (the Avatar condition) than when they were not visible
(the Control condition). However, these illusions were less
frequent and weaker than those induced when the avatar was
seen from a mirror perspective, indicating that the mirror per-
spective has a specific status among potential third-person
perspectives.

Discussion

The objective of the present study was to establish whether
visual motion cues from an embodied avatar that was not
colocalized with the participant’s physical body contribute to
kinaesthesia. This contribution was assessed by measuring the
characteristics of illusory arm movements evoked by manip-
ulation of the avatar’s arm movements. In Experiment 1, the
avatar was viewed from a mirror perspective only (Mirror_P)
or from a mirror perspective to which a fully visible or sug-
gested 1st-PP avatar was added (Full_P and Mirror+_P, re-
spectively). In Experiment 2, the avatar was viewed from a
mirror perspective (Mirror_P) or from a 3rd-PP rotated 90° to
the left or to the right (3rd_PP). Before the induction of any
kinaesthetic illusions, participants were required to move their
arms at a comfortable self-paced frequency. The avatar’s
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forearms faithfully reproduced these movements. Whatever
the setup and the experimental conditions considered, 1 min-
ute of this visuo-motor activity appeared to be enough tomake
participants embody their avatar (as evaluated with the em-
bodiment questionnaire), albeit with slight differences be-
tween the various perspective conditions. In line with our
starting hypotheses, the study’s results revealed that regardless
of the perspective (Mirror_P, Mirror+_P, Full_P, 3rd_PP),
kinaesthetic illusions in the hidden static right arm were more
frequent, faster, and longer-lasting when displacements of the
avatar’s arms were combined with passive movements of the
left arm (the Avatar condition) than when the avatar’s arm
were not visible (the Control condition). This finding indi-
cates that visual motion cues from an avatar are used to per-
ceive one’s own movements even when that avatar is not
viewed from a 1st-PP. However, the characteristics of the il-
lusions varied from one condition to the next. The illusions
were most frequent and strongest when the avatar was fully
visible in the mirror and from the 1st-PP (Full-P) and were
least frequent and weakest when the avatar was viewed from a
3rd-PP only.

Use of visual motion cues from the mirror perspective
and 3rd-PP for kinaesthesia

A key finding in Experiment 1 was that displacements of the
avatar’s arms viewed from a mirror perspective, combined
with passive movements of the left arm (the Avatar condition)
induced stronger kinaesthetic illusions in the static (right)
forearm than when the avatar’s arms were hidden from view
(the Control condition). Therefore, visual motion cues from
the avatar viewed in a virtual mirror facing the participant
(self-avatar) contributed to kinaesthesia, and therefore corrob-
orated Jenkinson and Preston’s (2015) statement that arm
movements viewed in a mirror are processed as one’s own
movements and not as an external object’s. An additional
finding of Experiment 1 was that induced illusions were more
frequent and stronger in Full_P (when a 1st-PP view of the
avatar was combined with the mirror perspective) than in
Mirror_P or Mirror+_P (a mirror perspective only). This re-
sult was not unexpected, given that we have shown repeatedly
that vision of an embodied avatar from a 1st-PP alone can
induce kinaesthetic illusions (Giroux et al., 2018; Giroux
et al., 2019). However, the mean illusion speed (7.16/10)
and mean duration (6.49 s) for Full-P in Experiment 1 were
greater than or at least similar to those observed in our previ-
ous studies with the 1st-PP only (Giroux et al., 2018: mean
speed: 6.30/10; mean duration: 5.56 s; Giroux et al., 2019:
mean speed: 5.98/10; mean duration: 5.01 s).

Themain finding in Experiment 2 was that the combination
of displacement of the arms of a 90°-rotated 3rd-PP embodied
avatar with the passive displacement of the participant’s left
arm induced more frequent, stronger kinaesthetic illusions in

the static (right) forearm than when the avatar’s arms were
hidden from view (the control condition). This finding indi-
cates that visual motion cues from a 90°-rotated 3rd-PP avatar
can be used for kinaesthesia. However, although the degree of
the illusions experienced with the 3rd-PP avatar was strongly
related to those experienced with the mirror avatar (speed: r
=.70, p < .01; duration: r = .63, p < .01), they were weaker
than them.

Taken as a whole, our results show that the impact of visual
cues on kinaesthesia increases in proportion to the available
amount of concordant and coherent visual information about
self-movement. This may be the consequence of different in-
tegration processes. In the well-known maximum likelihood
estimation (MLE) framework proposed by Ernst and Banks
(2002; see also Ernst & Bülthoff, 2004), multisensory integra-
tion results from the weighted average of the different sensory
modalities involved, the weights of which being proportional
to the relative reliability of each sensorial modality. The lack
of congruence between the external motion signals with the
3rd_PP avatar and the participant’s position in space may limit
the reliability of that signal and therefore its weight in the final
percept. In addition, integration of redundant sensory cues
does not occur only between, but also within senses (van
Dam et al., 2014). In that respect, the superiority of the
Full_P to induce kinaesthetic illusion as compared with the
Mirror_P in Experiment 1, may result from the integration of
visual motion cues from the 1st-PP avatar with that from the
avatar seen through the mirror, increasing consequently the
overall weight of visual cues in the final percept. The involve-
ment of these different processes in the genesis of the present
kinaesthetic illusions remains, however, speculative, as the
experimental setup of Experiment 1 and 2 were not specifical-
ly designed to test it.

It is worth mentioning that the illusion reported here is
some sort of virtual reality replica of the well-known physical
“mirror illusion.” In the physical mirror illusion, participants
move one arm in a mirror positioned in the sagittal plane and,
thanks to the left–right body symmetry, perceive the reflected
arm (or hand) as their own, and mistakenly experience a bi-
manual movement of both arms, although only one arm is
moving. This is similar in the present experiments, as the
two arms could be represented in the virtual environment
and only one is moving. We repeatedly showed that this illu-
sion of bimanual movement (either the physical mirror illu-
sion or its virtual reality replica), often considered as a proto-
typic visual illusion involves nonvisual signals (bilateral
proprioceptive-somaesthetic signals, in fact; see Hakuta
et al., 2014; Izumizaki et al., 2010) that interact with the visual
signals and strengthen the kinaesthetic effect (Chancel, Brun,
et al., 2016; Chancel et al., 2017; Giroux et al., 2018). This
potentiation of visual motion signals by proprioceptive ones
may partly explain why rather equivocal visual motion signals
about the self, can be integrated for kinaesthesia, even when
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provided by a mirror facing the participant or from a third-
person perspective 90° rotated. It may also account for the
higher sensitivity of the illusion (in terms of occurrence and
strength) to changes of visual perspective as compared with
the sense of embodiment which appeared to be more stable
over the different perspective conditions of Experiments 1 and
2 (see below for the discussion about the sense of embodi-
ment). Taken all together, our results show the extreme plas-
ticity of body representation since, for kinaesthesia, it is not
mandatory that the visual information of the body segments
stand in the reachable space but they can be presented in the
extrapersonal space.

Cognitive processes and self-motion perception

At present, it is no longer necessary to demonstrate that percep-
tion (including the perception of one’s own body or body move-
ment) does not solely result from bottom-up processing (i.e., a
simple flow of afferent sensory information from the periphery to
the cortex). In fact, cognitive processes often modulate the up-
stream processing of sensory stimuli. For example, visuo-tactile
synchronization is not sufficient for self-attribution of an object
because cognitive processing modulates the strength of self-
attribution according to the anatomical and morphological simi-
larities between the object and the internally stored representation
of the body (de Vignemont & Farnè, 2010; Haans et al., 2008;
Kilteni et al., 2012; Tsakiris et al., 2010; Tsakiris & Haggard,
2005; Waltemate et al., 2018). As is the case for body represen-
tation, the CNS relies on prior experience for self-motion percep-
tion. For instance, Dieter et al. (2014) reported that we can per-
ceive “visual”movement in the complete absence of the primary
visual input that ordinarily triggers that perceptual experience.
Indeed, the execution of handmovements in a way that normally
results in retina-driven visual experiences can be enough to gen-
erate the corresponding visual perceptions. Not to mention this
extreme case, expectations, prior knowledge or beliefs about
one’s body are involved in multisensory integration because they
modulate the reliability of a particular item of sensory informa-
tion. In the field of perception, this cognitive modulation is often
referred to as Bayesian inference (Debats & Heuer, 2018;
Kersten et al., 2004). The occurrence of kinaesthetic illusions
with Mirror_P or 3rd_PP in Experiments 1 and 2 demonstrates
that the movements of avatar’s arm are processed as one’s own
movements and not as those of an external object—even though
the avatar is not physically colocalized with the participant’s
body. This is doubtless related to the ability (acquired at a very
young age; Anderson, 1984) to recognize ourselves from an
external point of view (e.g., in a mirror) and to use these external
visual cues to guide our movements (Bertamini & Parks, 2005;
Bianchi et al., 2008; Lawson & Bertamini, 2006). This ability
attests to the involvement of cognitive processes in kinaesthesia.

Our results also showed that the presence of a “virtual
mirror”was not a prerequisite for the occurrence of an illusion

in the Mirror_P condition, since similar illusions were ob-
served in Experiment 1 (with a virtual mirror) and in
Experiment 2 (without a virtual mirror). It seems that as long
as the avatar facing the participant is expected to move its
arms according to the participant’s will (as experienced during
the embodiment phase), it is perceived to reflect one’s own
body regardless of whether or not it is framed by a mirror.
Hence, the avatar’s arm movements are processed as being
one’s own movements and not as those of an external
(nonembodied) object. These results are somewhat surprising,
given that how a given item of visual information is processed
may depend on whether it is coming from a mirror or not. For
example, a dark silhouette can activate different brain areas
depending on whether it is imagined to be oneself viewed
from a 3rd-PP or oneself viewed in a mirror (Arzy et al.,
2006). In contrast to Arzy et al.’s (2006) findings, our partic-
ipants’movements were tightly coupled to those of the avatar
during the embodiment phase. This strong visuomotor cou-
pling and immersion in a virtual world might explain why the
participants were able to imagine a mirror when the (virtual)
mirror frame was absent.

We expected in Experiment 1 to observemore frequent, stron-
ger illusions not only when the avatar’s 1st-PP was added to the
mirror perspective (inFull_P) but also when it was suggested (as
in Mirror+_P). We hypothesized that the provision of implicit
cues related to the presence of a 1st-PP (as with transparent
avatars; see Guterstam et al., 2015, Guterstam et al., 2013;
Dieter et al., 2014) would reinforce the mirror avatar’s reliability
as a reflection of one’s own body. This hypothesis was not con-
firmed by our results, as we did not observe any difference (sub-
stantial evidence for H0), whatever the variable considered, be-
tween the suggested 1st-PP avatar (Mirror+_P) and the lack of a
1st-PP avatar (Mirror_P). Therefore, the suggestion of an avatar’s
1-PP did not seem to enhance the reliability and therefore the
weight attributed to visual motion cues from the mirror avatar in
the kinaesthetic percept.

Embodiment of an avatar and visual perspectives

It has long been known (Tastevin, 1937) that healthy partici-
pants can perceive an artificial body segment as part of their
own body when the latter is hidden from view but moved or
stroked synchronously with the artificial body segment (for a
review, see Tsakiris, 2010). Embodiment can even be extend-
ed to full bodies (Beaudoin et al., 2020; Giroux et al., 2018;
Petkova & Ehrsson, 2008; Serino et al., 2013), as was ob-
served in the present study. Our results showed that embodi-
ment via synchronous visuomotor coupling does not neces-
sarily require colocalization between the avatar and the partic-
ipant’s body (1st-PP), since an avatar viewed from a mirror
perspective and (to a lesser extent) an avatar viewed from a
3rd-PP were sufficient for embodiment. This indicates that
spatial incongruence between the participant’s biological
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body and that of the avatar (90° rotation) constrains embodi-
ment (Blanke et al., 2015; Calvert & Thesen, 2004; González-
Franco & Peck, 2018, Slutsky &Recanzone, 2001; Tsakiris &
Haggard, 2005), but does not prevent it. Mirror or 3rd-PP
avatars may be processed in a very specific way and may
become body extensions or even body substitutes, thus ex-
tending the peri-personal space as do mirror images
(Maravita et al., 2002; Noel et al., 2015) or even tools (Berti
& Frassinetti, 2000; Guerraz et al., 2018; Miller et al., 2018).

However, the embodiment scores reported in Experiments 1
and 2 must be interpreted with caution because of the absence of
a control condition in which no embodiment is expected (with
visuomotor asynchrony, for example). The absence of a control
conditionwithout visuomotor synchrony prevented us frommea-
suring the full extent of embodiment, since cognitive biases or
demand characteristics may lead to responses above the mini-
mum score (−3: fully disagree) when evaluating each of the
assertions in the embodiment questionnaire. However, our results
are consistent with the large number of literature reports attesting
to the embodiment of artificial body parts (Bertamini et al., 2011;
Jenkinson & Preston, 2015; Kontaris &Downing, 2011; Preston
et al., 2015) andwhole virtual bodies (Slater et al., 2010;Debarba
et al., 2017) especially following visuomotor coupling. For ex-
ample, Debarba et al. (2017) showed that illusory ownership (a
subcomponent of embodiment) of a virtual body and response to
threats can be achieved not only with a 1st-PP but also with a 3rd-
PP under congruent visuomotor-tactile conditions—although the
latter were stronger for the 1st-PP than for the 3rd-PP (see also
Gorisse et al., 2017).

The sense of embodiment consists of different
subcomponents—namely ownership, self-location, agency
(Kilteni et al., 2012), and external appearance (González-
Franco&Peck, 2018), whichmay be affected to different extents
by the avatar’s perspective. Our results confirmed this differential
effect of perspective, since only “self-location” varied from one
perspective condition to another. As suggested by Kilteni et al.
(2012), “self-location is a determinate volume in space where
one feels to be located” (p. 375 ). Self-location and body-space
usually coincide, though in the context of virtual reality this
colocalization can artificially be broken down according to the
visual perspective. Unsurprisingly, our results showed that the
sensation that one’s own body is localized at the same place as
the avatar’s body was stronger in the Full_P condition, in which
participants can see their virtual body from a first-person perspec-
tive, than under the mirror perspective conditions in Experiment
1, just as it was stronger under the mirror perspective condition
than in the 3rd_PP in Experiment 2.

In contrast to self-location, agency, body ownership, but also
external appearance, were similar in the various perspective con-
ditions of Experiments 1 and 2. This was expected concerning
agency. As defined by Blanke and Metzinger (2009), agency
refers to having a “global motor control, including the subjective
experience of action, control, intention, motor selection and the

conscious experience of will” (p. 9). In the context of virtual
reality, agency refers therefore to the feeling that one can control
the avatar’s body as though it was one’s own. The lack of dif-
ferences between the different perspective conditions in
Experiments 1 and 2 (also reported by Gorisse et al., 2017) is
most likely the consequence of the visuomotor coupling (self-
generated movement and congruent visual feedback) experi-
enced during the experiments’ embodiment phase of
Experiments 1 and 2.

Visuomotor coupling makes a person feel that he or she fully
controls the avatar and may also change the way he or she con-
sciously experience his bodies (Kalckert & Ehrsson, 2012;Ma&
Hommel, 2015). The visuomotor coupling experienced by our
participants in the embodiment phase of Experiments 1 and 2
may have therefore enhanced the feeling that the avatar was the
source of the experienced sensations (body ownership), as report-
ed previously by several authors (Dummer et al., 2009; Shimada
et al., 2009; Tsakiris et al., 2005), andmasked any potential effect
of perspective. This interpretation must, however, be taken with
caution, as other have not found conclusive evidence for such a
relationship between agency and ownership and consider that the
two components are related to different, independent psycholog-
ical processes (Kalckert & Ehrsson, 2012).

In future research, it will be important to establish the causal
relationship between embodiment and kinaesthetic illusions. As
shown by the results of Experiments 1 and 2, embodiment (par-
ticularly the “self-location” subcomponent) and kinaesthetic illu-
sions seem to change in the same direction; both were stronger in
Full_P than in Mirror_P and stronger in Mirror_P than in
3rd_PP. Asmentioned above, our experimental design prevented
us from investigating this relationship. To do so, one would have
to compare experimental scenarios in which embodiment is ex-
pected to be strong (such as with visuomotor synchrony as ma-
nipulated in Experiments 1 and 2) with those in which it is
expected to be weak or even absent (such as with visuomotor
asynchrony; for instance, see Dummer et al., 2009; Kalckert &
Ehrsson, 2012; Ma & Hommel, 2015; Tsakiris et al., 2005).
Comparison of visually induced kinaesthetic illusions under
these conditions would highlight the relationship between em-
bodiment (and each of its subcomponents) and kinaesthesia.

Conclusion

Our results confirmed that the visual perspective influences
the weight allocated to visual-motion cues originating from an
embodied avatar in the kinaesthetic percept. However, it ap-
pears that colocalization between the user’s body and the av-
atar’s body (viewed with a 1st-PP) is not a prerequisite for
visual integration. These results are particularly relevant in
the context of professional or recreational activities using vir-
tual reality.
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Appendix 1: Embodiment questionnaire
based on Gonzalez-Franco and Peck (2018)

All these questions were asked in both experiments, except
for Question 4 and Question 5, which were only asked in
Experiment 1.

“During the preceding experimental phase, there were mo-
ments in which . . . .”

Q1 – “I felt as if the virtual arms were my own arms”
Q2 – “It felt as if the virtual arms I saw were someone else’s

arms”
Q3 – “It seemed as if I might have more than two arms”
Q4 – “I felt as if the virtual arms I saw when looking in the

mirror were my own arms”
Q5 – “I felt as if the virtual arms I saw when looking at

myself in the mirror were another person’s arms”
Q6 – “It felt like I could control the virtual arms as if they

were my own arms”
Q7 – “The movements of the virtual arms were caused by

my own movements”

Q8 – “I felt as if the movements of the virtual arms were
influencing my own movements”

Q9 – “I felt as if the virtual arms were moving by
themselves”

Q14 – “I felt as if my arms were located where I saw the
virtual arms”

Q15 – “I felt out of my body”
Q17– “It felt as if my real arms were turning into ‘avatar’

arms”
Q18 – “At some point it felt as if my real arms were

starting to take on the posture or shape of the virtual
arms that I saw”

Q19 – “At some point it felt that the virtual arms resembled
my own real arms, in terms of shape, skin tone, or other visual
features”

Q20 – “I felt like I was wearing different clothes fromwhen
I came to the laboratory”

Table 3 Participants had to give their degree of agreement concerning the following assertions, basing on the following 7-point Likert-scale ranging from:

−3 −2 −1 0 +1 +2 +3

Strongly disagree Disagree Somewhat disagree Neither agree nor disagree Somewhat agree Agree Strongly agree

2646 Atten Percept Psychophys  (2021) 83:2634–2655



Appendix 2 Boxplots for each item
of the embodiment questionnaire grouped
by embodiment subcomponent (Ownership,
Agency, Location, and External Appearance)
for Experiment 1

Fig. 8 Boxplot for each items of the embodiment questionnaire which
apply to the ownership feeling toward the avatar, depending on the
perspective condition (Mirror_P, Full_P or Mirror+_P), in Experiment
1. The item Q1 was: “I felt as if the virtual arms were my own arms”; Q2:
“It felt as if the virtual arms I saw were someone else’s arms”; Q3: “It

seemed as if I might havemore than two arms”; Q4: “I felt as if the virtual
arms I saw when looking in the mirror were my own arms”; and Q5: “I
felt as if the virtual arms I saw when looking at myself in the mirror were
another person’s arms.” Items Q2, Q3, and Q5 were reversed items, a
greater score on these items indicated a lower feeling of ownership
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Fig. 9 Boxplot for each items of the embodiment questionnaire which
apply to the agency feeling toward the avatar, depending on the
perspective condition (Mirror_P, Full_P or Mirror+_P), in Experiment
1. The item Q6 was: “It felt like I could control the virtual arms as if they
were my own arms”; Q7: “The movements of the virtual arms were

caused by my own movements”; Q8: “I felt as if the movements of the
virtual arms were influencing my own movements”; and Q9: “I felt as if
the virtual arms were moving by themselves.” Item Q9 was a reversed
item; a greater score on this item indicated a lower feeling of agency

Fig. 10 Boxplot for each items of the embodiment questionnaire which
apply to the self-location feeling, depending on the perspective condition
(Mirror_P, Full_P or Mirror+_P), in Experiment 1. The item Q14 was: “I

felt as if my armswere located where I saw the virtual arms”; and Q15: “I felt
out of my body.” Item Q15 was a reversed item; a greater score on this item
indicated a lower feeling of self-location at the place of the avatar
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Fig. 11 Boxplot for each items of the embodiment questionnaire which
apply to the external appearance feeling, depending on the perspective
condition (Mirror_P, Full_P or Mirror+_P), in Experiment 1. The item
Q17 was: “It felt as if my real arms were turning into ‘avatar’ arms”; Q18:
“At some point it felt as if my real arms were starting to take on the

posture or shape of the virtual arms that I saw”; Q19: “At some point it
felt that the virtual arms resembled my own real arms, in terms of shape,
skin tone, or other visual features”; and Q20: “I felt like I was wearing
different clothes from when I came to the laboratory”
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Appendix 3: Boxplots for each item
of the embodiment questionnaire grouped
by embodiment subcomponent (Ownership,
Agency, Location, and External Appearance)
for Experiment 2.

Fig. 12 Boxplot for each items of the embodiment questionnaire which
apply to the ownership feeling toward the avatar, depending on the
perspective condition (3rd_PP or Mirror_P), in Experiment 2. The item
Q1 was: “I felt as if the virtual arms were my own arms”; Q2: “It felt as if

the virtual arms I saw were someone else’s arms”; and Q3: “It seemed as
if I might have more than two arms.” Items Q2 and Q3 were reversed
items; a greater score on these items indicated a lower feeling of
ownership
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Fig. 13 Boxplot for each items of the embodiment questionnaire which
apply to the agency feeling toward the avatar, depending on the
perspective condition (3rd_PP or Mirror_P), in Experiment 2. The item
Q6 was: “It felt like I could control the virtual arms as if they were my
own arms”; Q7: “The movements of the virtual arms were caused by my

ownmovements”; Q8: “I felt as if the movements of the virtual arms were
influencing my own movements”; and Q9: “I felt as if the virtual arms
were moving by themselves.” Item Q9 was a reversed item; a greater
score on this item indicated a lower feeling of agency

Fig. 14 Boxplot for each items of the embodiment questionnaire which
apply to the self-location feeling, depending on the perspective condition
(3rd_PP or Mirror_P), in Experiment 2. The item Q14 was: “I felt as if

my arms were located where I saw the virtual arms”; and Q15: “I felt out
of my body,” Item Q15 was a reversed item, a greater score on this item
indicated a lower feeling of self-location at the place of the avatar
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